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MEM I
CPU

MEM
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//MPI rank O

MPI Send(s buf d,size,MPI BYTE,n-1,tag,MPI COMM WORLD) ;

//MPI rank n-1

MPI Recv(r buf d,size,MPI BYTE,

,tag,MPI COMM WORLD, &stat) ;
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YOU WILL LEARN

How to use MPI for inter GPU communication with CUDA and OpenACC
How CUDA-aware MPI works

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

5 NVIDIA.



A SIMPLE EXAMPLE



EXAMPLE: JACOBI SOLVER

Solves the 2D-Laplace Equation on a rectangle
Au(x,y) =0V (x,y) € Q\dQ

Dirichlet boundary conditions (constant values on boundaries)
ulx,y) =fx,y)Vv(x,y) € éQ

2D domain decomposition with n x k domains

7 <ANVIDIA.



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 newl[ix] [1vy] 0.0f = 0.25f*%( ul[ix-1][1iy] + ul[ix+1][ivy]

OQPOOOO
1 @

00000

Swap u new and u O ‘ ‘ ‘ ‘ O
OC000®O

Next iteration Q Q Q Q Q Q
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+ uf[ix][iy-1]1 + ul[ix][iy+1]);



EXAMPLE: JACOBI SOLVER

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

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

u newl[ix] [1vy] 0.0f = 0.25f£*(

Exchange halo with 1 to 4 neighbors

Swap u new and u

Next iteration

Multi GPU

ulix=-11[1y] + vl[ix+1][1v]

+ uf[ix][iy-1]1 + ul[ix][iy+1]);
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EXAMPLE JACOBI

Top/Bottom Halo
000000

o) I X
OOO0OC

MPI_Sendrecvdu_new+offset_first_row, m-2, MPI DOUBLE, t nb, O, 2
u new+offset bottom boundary, m-2, MPI DOUBLE, b nb, 0, 1
MPI COMM WORLD, MPI_STATUS_IGNORE); K;)C><:>

OC0000®O
ol 1 11)®

MPI_Sendrecvﬂu newt+offset last row‘lm—Z, MPI DOUBLE, b nb, 1, C) Cj
u new+offset top boundary, m-2, MPI DOUBLE, t nb, 1,

MPI COMM WORLD, MPI STATUS IGNORE) ;

(IX [®
0000
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OpenACC

CUDA

EXAMPLE JACOBI

Top/Bottom Halo

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

MPI Sendrecv (u new+offset first row,l m-2,
u new+oftset bottom boundary, m-2,
MPI COMM WORLD, MPI STATUS IGNORE) ;

MPI Sendrecv (u new+offset last row,| m-2, MPI DOUBLE, b nb, 1,
hZHEW?S??EEE:ESE:BSEHE%E§, m-2, MPI DOUBLE, t nb, 1,

MPI COMM WORLD, MPI STATUS IGNORE) ;

MPI DOUBLE, t nb, 0,
MPI DOUBLE, b nb, 0,

}

MPI_Sendrecvdu_new_d+offsetfirstrow] m-2, MPI DOUBLE, t nb, 0,
u new d+offset bottom boundary, m-2, MPI DOUBLE, b nb, U,

MPI COMM WORLD, MPI STATUS IGNORE) ;
MPI_Sendrecvlu new d+offset last row} m-2, MPI DOUBLE, b nb, 1,

u new d+offset top boundary, m-2, MPI DOUBLE, t nb, 1,
MP T COMM WORLD, MPI STATUS IGNORE)

ol 11110
o) I X
OOO0OC

DOO
(11 je
OC0000®O
000000

ODCQ;E

O C
(11 je

C000®O
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OpenACC

CUDA

EXAMPLE JACOBI

#pragma 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, 0,

u new+offset bottom boundary, m-2, MPI DOUBLE, b nb, 0O,
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])

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

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

MPI_Sendrecv(u new+offset first _row, m-2, MPI DOUBLE, t nb, 0O,
u newtoffset bottom boundary, m-2, MPI DOUBLE, b nb, ,

MPI COMM WORLD, MPI STATUS IGNORE)
cudaMemcpy ( u_new_d+offset_bottom_boundary,
u newtoffset bottom boundary, (m-2)*sizeof(double), cudaMemcpyDeviceToHost);

12 NVIDIA.



OpenACC

EXAMPLE: JACOBI

Left/Right Halo

//right neighbor omitted
#fpragma acc parallel loop present ( u new, to left )
for ( int i=0; i<n-2; ++1 )

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

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

O
1 1@
1 1@

#fpragma acc parallel loop present ( u new, from right ) ““‘
for ( int i=0; i<n-2; ++i )

u new[ (m-1)+(1+1)*m] = from right[i]; OOOOOO

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, 0O,
from right d, 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);

O
1 1@
1 1@

OO000O0O
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LAUNCH MPI+CUDA/OPENACC PROGRAMS

Launch one process per GPU

MVAPICH: $ =1 mpirun -np S${np} ./myapp <args>
Open MPI: CUDA-aware features are enabled per default

Cray: MPICH RDMA ENABLED CUDA

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

ParaStation MPI: 3 =1 mpirun -np S${np} ./myapp <args>

15 NVIDIA.



HANDLING MULTI GPU NODES
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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);

18 NVIDIA.



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 (enum devs) ;

affinity

cudaSetDevice (local ranksnum devs);

21 <A NVIDIA.



UCX TIPS AND TRICKS

case ${SLURM_LOCALID} in

0)

1)

2)

3)

esac

export CUDA_VISIBLE DEVICES=
export UCX_NET_DEVICES= .1
CPU_BIND=

)

export CUDA_VISIBLE_DEVICES=1
export UCX_NET_DEVICES=mlx5 ©:1
CPU_BIND=6-11

)

export CUDA_VISIBLE_DEVICES=
export UCX_NET DEVICES= :1
CPU_BIND=

)

export CUDA_VISIBLE_DEVICES=3
export UCX_NET DEVICES=mlx5_2:1
CPU_BIND=30-35

)l

numactl --physcpubind=${CPU_BIND} $*

GPU1

GPU3

mlx5 ©
mlx5 1
mlx5 2
mlx5 3

Legend:

SYS

NODE
node

PHB
PXB
PIX
NV

GPU® GPU1
X NV4
NV4 X
NV4 NV4
NV4 NV4
SYS PIX
PIX SYS
SYS SYS
SYS SYS
Self
Connection
Connection
Connection
Connection
Connection
Connection

GPU2
NV4
NV4
X
NV4
SYS
SYS
SYS
PIX

traversing
traversing

traversing
traversing
traversing
traversing

[kraus1@jwboe07]$ nvidia-smi topo -m

GPU3 mlx5_0 mlx5_2
NV4 SYS SYS
NV4 PIX SYS SYS
NV4 SYS SYS SYS

X SYS SYS PIX
SYS X SYS SYS
SYS SYS X SYS
PIX SYS SYS X

SYS SYS SYS SYS

PCIe as well as the SMP interc
PCIe as well as the interconne

PCIe as well as a PCIe Host Br
multiple PCIe bridges (without
at most a single PCIe bridge

a bonded set of # NVLinks

SYS
SYS

SYS
SYS
SYS
SYS

CPU Affinity
,66-71

6-11,54-59
,90-95

30-35,78-83

R

65 53 e

NUMA Affinity
3

1
7
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https://apps.fz-juelich.de/jsc/hps/juwels/booster-overview.html

CUDA HANDS-ON: HANDLING GPU AFFINITY

Run with CUDA VISIBLE DEVICES=0,1,2,3
Handle GPU affinity with MPT COMM TYPE SHARED

Run and report the performance

900, 0.122885
Num GPUs: 4.

8192x8192: 1 GPU: 25.1564 s, 4 GPUs: 24.4987 s, speedup: 1.03
Make Targets:
run: run jacobi with SNP procs.
jacobi: build jacobi bin (default)
sanitize: run with compute-sanitizer
profile: profile with Nsight Systems

Solutionisin ../solutionl

23 NVIDIA.


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

CUDA HANDS-ON: APPLY DOM. DEC.

Calculate first (iy start) and last (iy 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

Solutionisin ../solution?

24 NVIDIA.
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OPENACC HANDS-ON: APPLY DOMAIN DECOMPOSITION

/p/scratch/share/jwb-porting-2021/Multi-GPU-Programming-with-
MPI/OpenACC/exercises/C|FORTRAN/taskl

 Handle GPU affinity

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

 Halo Exchange

make

mpicc —-c¢ —-DUSE DOUBLE -Minfo=accel -fast -acc=gpu —-gpu=cc/70 poissonZd.c [...]
srun ./poisson2d

Jacobil relaxation Calculation: 4096 x 4096 mesh Make Targets: .

[ ] run. run poisson2d (default)

N. ' .GPU . poisson2d: build poisson2d binary
um S:o 4 profile: profile with Nsight Systems

4090x4096: 1 GPU: 1.3159 s, 2 GPUs: 1.3446 s, speedup: * solution: same as above with solution

MPI time: 0.0000 s, inter GPU BW: 2484.22 GiB/s

(poisson2d.solution. *)

[ X J
l) JULICH
Mitglied der Helmholtz-Gemeinschaft 25
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THE DETAILS



UNIFIED VIRTUAL ADDRESSING

One address space for all CPU and GPU memory System Memory GPU Memory

0540101010
Determine physical memory location from a pointer
value 0xFFFF

I I
Enable libraries to simplify their interfaces (e.g. MPI and
cudaMemcpy)
Supported on devices with compute capability 2.0+ for é ‘

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

27 <A NVIDIA.



NVIDIA GPUDIRECT

Peer to Peer Transfers

_I

we e

NVLINK




NVIDIA GPUDIRECT
Support for RDMA

G e
NVLINK
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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

30 NVIDIA.



MPI GPU TO REMOTE GPU

Support for RDMA
MPI Rank O MPI Rank 1

MPI Send(s buf d,size,MPI BYTE,l,tag,MPI COMM WORLD)

MPI Recv(r buf d,size,MPI BYTE,OU,tag,MPI COMM WORLD, &stat) ;

31 <A NVIDIA.



MPI GPU TO REMOTE GPU

Support for RDMA

MPI Sendrecv

Time

>




MPI GPU TO REMOTE GPU

without GPUDirect
MPI Rank O MPI| Rank 1

MPI Send(s buf h,size,MPI BYTE,l,tag,MPI COMM WORLD) ;

MPI Recv(r buf h,size,MPI BYTE,U,tag,MPI COMM WORLD, &stat) ;

33 <A NVIDIA.



MPI GPU TO REMOTE GPU

without GPUDirect

Time




REGULAR MPI GPU TO REMOTE GPU

MPI Rank 0 MPI| Rank 1

cudaMemcpy (s buf h,s buf d,size,cudaMemcpyDeviceToHost) ;
MPI_Send(S_buf_h,size,MPI_BYTE,1,tag,MPI_COMM_WORLD);

MPI_ReCV(r_buf_h,size,MPI_BYTE,O,tag,MPI_COMM_WORLD,&Stat);
cudaMemcpy (r buf d,r buf h,size,cudaMemcpyHostToDevice) ; 35 SANVIDIA



REGULAR MPI GPU TO REMOTE GPU




PERFORMANCE RESULTS GPUDIRECT RDMA

25000

20000
“» 15000
N
=
3
3 CUDA-aware MPI
e 10000 _=-CUDA-aware MPI wo GDR

-+regular MPI with staging
5000
0 r n n—n A n l 7% n N

S A VR SR - T TP PR SEPAS « TP < SN RPN SN - TS\  JEPCA VIR SR - SEPN. < S/ IR S« BEP CIRPAA PN

N N
® 57 AN S\

v AT A g L 0

Message Size (byte)

Latency (1 byte) 24.56 us 25.64 us
JUWELS: 37
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http://fz-juelich.de/ias/jsc/juwels

PERFORMANCE RESULTS GPUDIRECT P2P

90000
80000
70000

60000

Ul
o
o
o
o

40000

BW (MiB/s)

30000
20000
10000

0

L i i i i i - i i L —i—l
N > % o > D o > o
Vv N P X & ,\9"‘ S
Message Size (Byte)

Latency (1 byte)
JUWELS:

A
N
N

/\’\'

o
%’9 ,3)‘0 O ,@\

22.01 us

N o) >
,»&» > & N ¥ S
ARSI

23.50 us

CUDA-aware MPI

-=-CUDA-aware MPIl wo GDR

-+regular MPI with staging
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http://fz-juelich.de/ias/jsc/juwels

UCX TIPS AND TRICKS

$ ucx_info -caf | grep -B9 UCX_RNDV_SCHEME

#

# Communication scheme in RNDV protocol.

# get zcopy - use get zcopy scheme in RNDV protocol.

# put_zcopy - use put _zcopy scheme in RNDV protocol.

# auto - runtime automatically chooses optimal scheme to use.
#

#

# syntax: [get zcopy|put zcopy|auto]

H

UCX_RNDV_SCHEME=auto

39 NVIDIA.



UCX TIPS AND TRICKS

UCX LOG LEVEL=data UCX _LOG FILE=log-%h-%p helpful to check for used protocols

and selected HCAs:

[1605706306.970537] [jwb1238:7263 :0]
[1605706306.972721] [jwb1238:7263 :0]

[1605706306.997849] [jwb1238:7263 :1]

ucp_worker.c:1627 UCX

ucp_worker.c:1627 UCX

ucp_worker.c:1627 UCX

INFO

INFO

INFO

ep _cfg[0]: tag(cuda_copy/cuda); rma(gdr_copy/cuda);

ep_cfg[l]: tag(self/memory rc_mlx5/mlx5 1:1 cma/memory cuda_copy/cuda);

ep_cfg[2]: tag(rc_mlx5/mlx5 1:1);

40
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UCX TIPS AND TRICKS

UCX_NET_DEVICES: To select HCA for optimal GPU-HCA affinity, should not be necessary with UCX 1.9 or newer

UCX_MAX_RNDV_RAILS: Defaults to 2, negatively impacting large message perf if UCX_NET_DEVICES is not used to mask out HCAs.

UCX_TLS: Select transports to use, default: all

cuda is an alias for: cuda_copy, cuda_ipc, gdr_copy

To run without any GPUDirect flavor set UCX_TLS to only include cuda_copy, e.g. UCX_TLS=rc,sm,cuda_copy and
UCX_IB_GPU DIRECT _RDMA=no (rc transport uses GPUDirect RDMA otherwise).

Parastation MPI also has PSP_CUDA ENFORCE_STAGING=1.

Up to UCX 1.8 using sm (alias for mm, cma, knem, xpmem) effectively disabled cuda_ipc. This is fixed with UCX 1.9 so it is
recommended to include sm with UCX 1.9 or later.

UCX_MEMTYPE_CACHE: Set to n to disable mem type cache. Often necessary if the CUDA runtime is linked statically!

UCX_IB_PCI_RELAXED_ORDERING: On UCX 1.9.0 set to on
see

41
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https://hpcadvisorycouncil.atlassian.net/wiki/spaces/HPCWORKS/pages/1280442391/AMD+2nd+Gen+EPYC+CPU+Tuning+Guide+for+InfiniBand+HPC#Relaxed-Ordering
https://github.com/openucx/ucx/wiki/UCX-environment-parameters

HANDS-ON: OSU MICROBENCHMARKS

Download build and run the OSU Microbenchmarks:

Configure:

../configure CC= which mpicc CXX= which mpicxx --prefix=<prefix>
--enable-cuda --with-cuda=$CUDA_ HOME

Benchmarks used in this presentation:
srun mpi/pt2pt/osu bw D D

srun mpi/pt2pt/osu latency D D

42 NVIDIA.
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COLLECTIVES



HIERARCHICAL COMMUNICATION ALGORITHMS LIBRARY

HCOLL

Library for software
Hierarchical COmmunication alLgorithms (HCOL) - CPU and GPU data
NCCL - GPU data*
and hardware
Scalable Hierarchical Aggregation and Reduction Protocol (SHARP - in Network/Switch)
Collectives Offload Resource Engine (CORE-Direct - HCA offloading)
accelerated collectives.

To be evolved into the UCF project Unified Collective Communications (UCC): https://github.com/openucx/ucc

Used by HPC-X, other MPIl implementations can link 1ibhcoll.so, e.g. OpenMPI, Parastation MPI (in internal QA)

HCOLL predecessor was Fabric Collective Accelerator (FCA)

*With MPI depending on the used thread mode and if blocking or non-blocking collectives are used limitations apply. 44 SINVIDIA.


https://github.com/openucx/ucc

NCCL ACCELERATED MPI COLLECTIVES

Limitations

NCCL accelerated collective do not work with MPS

Thread Mode Blocking Collectives Non-blocking Collectives

thread-single Any communicator COMM_WOLRD only
thread-funneled Any communicator COMM_WORLD only
thread-serialized Any communicator COMM_WORLD only
thread-multiple COMM_WORLD only COMM_WORLD only

Limitations apply to HCOLL and similar limitations will apply to UCC!
HCOLL NCCL backend requires opt-in by setting: HCOLL_CUDA_BCOL=nccl

CAVEAT: HCOLL does not enforce these restrictions so apps my run into deadlocks if they opt into the NCCL backend
and use an unsupported combination!

45 <ANVIDIA.



ACCELERATED MPI COLLECTIVES

HPC-X 2.7 + UCX 1.9.0 + NCCL 2.7.8 on JUWELS-Booster

1 Node 4 GPUs: Allreduce BW vs. size
1000.00

100.00

<

©

O

%]

=)

\

— 10.00

ole}

o

>
~~

=

S,

= 100 —— .
2 1024 762144 524288 1048576 2097152 T67/7216 33554432
©

%

o

0.10
0.01

size [byte] log (2) scale

—e—NCCL BW [GiB/s] —e—MPI| + HCOLL[1] BW [GiB/s] MPI + HCOLL with NCCL BW [GiB/s] —e—MPI BW [GiB/s]

(1] With HCOLL_GPU_STAGING_MAX_THRESHOLD=65536 JUWELS: http://fz-juelich.de/ias/jsc/juwels 4% <Anvibia
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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

48 NVIDIA.



MULTI PROCESS SERVICE (MPS)

For Legacy MP| Applications

wm  GPU parallelizable part
s  CPU parallel part
B Serial part

With MPS
Available on Tesla/Quadro since CC 3.5
________________________________________________________________________________________________________ -
1 HH R ] e Jj SEEE gummmEmm
[] H N HEHEB HEEEEEEN ] H BN HENEN EEEEEEERENR
N=1  N=2 N=4 N=8 N=1 N=2 N=4 N=8
Multicore CPU only GPU-accelerated

49 <ANVIDIA.



PROCESSES SHARING GPU WITHOUT MPS

No Overlap

@ NVIDIA Nsight Systems 2019.6.1 - O e

File View Tools Help

Project Explorer X | WEENAI N mps.qdrep X |

B default.qdrep

|| mps.qdrep

= - - -
| = Timeline View =

Oy l_T':,' AN warnings, 22 messages

FY

1,.& +110ms . +111ms +112ms +113ms

= (8 [62020] /mps_demo

~ Threads (10)

PrOcess A ProceSS B ~ || [62020] MPI Rank 0 ~ : : : . : . . . . .

MPI
CUDA APl

Profiler overhead

Context A Context B e N Qg
100.0% Kernels G”F CoCoocoooo 000000000

[Search... -
# Mame ~ Duration TID GPU Context Start {5 dummy_kernel |
7 dummy_kernel 65083 ps | - GPUD Stream 1110485 Begins: 1.11069=
Ends: 1.17075s (+63.951T p
8 dummy_kernel 65983 ps | - GPUD Streamgy 1.11055s 5)
9 dumemy_kernel 65984 s | - GPUD Strean7 | 1.11062s gridi <<<80,1, 1>>>

block: << <1024, 1, 1>>>

10 dummy_kernel 31 ps Strea 17 1.11069s Launch Type: Regular

11 dummy_kernel 66304 ps | - GRUO Stregn 7| 1.11186s Static Shared Memory: 0 b
ytes

12 dummy_kernel 65951 ps | - GPUD Strelim 7 1.11167s Dynamic Shared Memory:

13 dummy_kernel 65084 ps | - GPUD Stham 7 | 1.11174s 0 bytes

'+ Registers Per Thread: 16 |«

=

Process A Process B

50 <A NVIDIA.



PROCESSES SHARING GPU WITHOUT MPS

Context Switch Overhead

@ NVIDIA Nsight Systems 2019.6.1

File Wiew Tools Help

Project Explorer X | EEENIALE S mps.qdrep X
k default.qdrep

__| mps.qdrep

= Timeline View - a~ Tx LS

1s @— 10.4ms +110.6ms +110.8ms
« (@) [62020] ./mps_demo

* Threads (10)

EpRN——

MPI

= (& [62020] /mps_demo

* |v| [62020] MPI Rank 0 -

+1109%

* Threads (10)

MPI

CUDA API  cudaDeviceSynchronize |

Profiler overhead

i Lo0000 -t

100.0% Kernels ~ B

dummy_kernel

g —— »

Prafiler overhead

B ekt R | -

100.0% Kernels ¢ cumm. gumm... dumm..._dumm.| dumm..] qummy..
100.0% Kernels i o
1

Events View ~
# Mame * |Duration TID GPU Context
7 dumrny_kernel 65983 ps | - GPUD Stream 7
8 dummy_kernel 65983 ps | - GPUD Stream 7
g dummy_kernel 65984 ps | - GPU D Stream 7

O 7 N T " KT

dumrny_kernel 66304 ps - GPUD Stream 7
12 dumrny_kernel 65951 ps | - GPUD Stream 7
13 dummy_kernel 65984 ps - GPUD Stream 7

an P P ' e e i -

Start

1.11049s
1.11055s
1.11062s

1.1116s
1.11167s
1.11174s

_'

Search...

-

dummy_kernel

Begins: 1.11069s

Ends: 1.11075s (+65.951 p
5)

grid: <<«<80, 1, 1>>>
block: <=<1024 1, 122>
Launch Type: Regular
Static Shared Memorny: 0 b
yies

Cynamic Shared Memory:
0 bytes

Registers Per Thread: 16 -

=
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PROCESSES SHARING GPU WITH MPS

Maximum Overlap

@ NVIDIA Nsight Systems 2019.6.1 — O X

File View Tools Help

Project Explorer X | | default.gdrep 3K [WleElelf=vied

Process A Process B —
Context A Context B

}-:' 1x I:II : . | .& 3 warnings, 22 messages
15 +108ms +108.2ms +108.4ms +108.6ms +108.8ms =
1 B 1 1 1 1 1 1 1 1

* Threads (10)

- | [61852] MPI Rank 0 -

MPI
CUDA API

Profiler overhead

V| [61877] mps_demo -

100.0% Kernels F o
100.0% Kernels @

Events View A ‘
[Search... w.]
# Mame Duration TID Start [ dummy_kernel =
1 dummy_kernel 60856 s | - GRU O Streany 7 1.10779s Begins: 1.108s
| Ends: 1.10807s (+69.215 p
2 dumrmy_kernel 68767 ps | - GPUD Strean 7 1.10786s 5)
3 dummy_kernel 60.248ps | - GRU O Strea 1.10793s grid: <<<80, 1, 1>>>
block: <<<1024, 1, 122>
5 dummy_kernel BO4T2ps | - GRU O Stream 1.10807s Static Shared Memory: 0 b
ytes
5] dumrmy_kernel 69.023 ps | - GPUD Stream 1.10814s Dynamic Shared Memory:
7 dummy_kernel BO.567 pus | - GRU O Stream 1.10821s 0 bytes
| Renicters Per Thread: 16 =

Kernels from @ Kernels from 2

Process A Process B
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PROCESSES SHARING GPU WITH MPS

No Context Switch Overhead

e MVIDIA Msight Systerms 2079.6.1 - O >
File View Tools Help

Praoject Explorer X | | default.gdrep X | mps.gdrep X
| | default.qdrep

B mps.qdrep = Timeline View = #~ Tx _.[ . . . A\ 3 warnings, 22 messages |

1s +107.9ms +108ms +108.1ms 1s +105.06ms

* Threads (10)

B 4
= | [61852] MPI Rank 0 -

* CUDA (MPI Rank 0)

MPI * 100.0% Kernels i g dummy_kernel

CUDA API T adbe ~ 100.0% dummy_kemel dummy_kernel

Profiler overhead 100.0% durmmy_kernel{ dummy_kernel
V| [61877] mps_demo ~ - [61853] ./mps_demo

* Threads (10)

Events View -
= Mame ~ Duration TID GPU Context Start dummy_kernel
1 dummy_kernel 69.856 us | - GPUD Stream 7 1.10779s Begins: 1.108s
Ends: 1.10807s (+69.215 p
2 dummy_kernel 68767 ps | - GPUD Stream 7 1.10786s 5)
3 dummy_kernel 69.248 ps | - GPUD Stream 7 1.10793s grid: <<<80, 1, 1>>>
- = » = block: <<<1024 1, 122>
5 dummy_kernel 69472 pus | - GPU O Stream 7 1.10807s Static Shared Memory: 0 b
ytes
] dummy_kernel 69023 ps - GPUD Stream 7 1.10814s Dynamic Shared Memory:
7 dummy_kernel 69.567 ps | - GPUOD Stream 7 1.10821s 0 bytes

+ | Registers Per Thread: 16 -

e P P . PR TR, . - PR

=

100.0% Kernels & dum dummy ker) dummy ker.J dummy ker dummy kel ~ V| [61253] WP Rank 1 - N,
! 100.0% Kernels & dummykeme ) [ dummykems
[ ]
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MPS CASE STUDY: RELION

Enables overlap

0 MVIDIA Msight Systems 2019.6.1
File View Tools Help

between copy and

Project Explorer LAl reliongdrep X

B relion.qdrep

compute of different pae
~ Processes (4) e processes 873ms [«

* [28263] relion_refine_mpi

= - . -
= Timeline View -

k Threads (3)
b CUDA (Tesla V100-SXM2-16GE, 0000:06:00.0)
= [28262] relion_refine_mpi

¥ Threads (3)

W100-5XM2-16GE, 0000:06:00.0) ——

GPU Sharing W100-5XM2-16GB, 0000:06:00.0 Eh
between MPI ranks

increases ut'i l'izat'ion V100-5XM2-16GB, 0000:06:00.0) o
cpy * E

99.8% Kernels # cudaken
Y- * &= = g
4 | b
[Search... ~-<.]
# Name i TID GPU Context Start '~ Begins: 0.64867s E
15 cuda_kemel_backproject3D . GPUO Stream 34 | 06269725 Ends: 06487335 (+02.208 ps)
grid: <=<8 1 T=»>
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USING MPS

No application modifications necessary #Manually
Not limited to MPI applications nvidia-sml —-c¢ EXCLUSIVE PROCESS

nvidia-cuda—-mps—-control —-d
MPS control daemon P

Spawn MPS server upon CUDA

application startup #JUWELS-Booster

sbatch —--cuda-mps
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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
MPS server. L

(=)
=
[
=
=
£
=
o
=]
[=]
()]
m
i
17
m
o
=
=
[

e e

More security: Each Volta MPS client owns its |'|/ Tﬁ|
own GPU address space instead of sharing GPU

address space with all other MPS clients.

+—
<
=]
-
_'
=
=
=
=
L |—
Esl
=
-

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

CUDA MPS ACTIVE THREAD PERCENTAGE
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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 Depls

C @

X

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

‘3 DEVELOPER GPU Manacemenr ano DeprovymeEnT

ViDL 2NN E

L Do ame

¥ Mult-Process Senvice

O LD

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

Introduction

A A AKIFTE
= = o L -

MPS
The Multi-Process Service (MPS) is an alternative, binary-compatible implementation of the CUDA Application Programming
Interface (APl). The MP5 runtime architecture is designed to transparently enable co-operative multi-process CLUDA
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
Th o VWaly=s wsrchi ¥y c~Frire imnFrmaddiremmd metar BADT ~am=bili 1o 6 mmme = e A Fm RADOT ~m e AWl = RO e AWimlbs AADT mrmrra e = Femvar Lo r
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DEBUGGING AND PROFILING



TOOLS FOR MPI+CUDA APPLICATIONS

Memory checking: compute-sanitizer
Debugging: cuda-gdb

Profiling: NVIDIA Nsight Systems
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ERROR CHECKING WITH COMPUTE SANITIZER

compute-sanitizer is a functional correctness checking suite comparable to Valgrind

Can be used in a MPI environment

OpenMPIl: OMPI COMM WORLD RANK

mpiexec -np 2 compute-sanitizer ./myapp <args>

MVAPICH2: MV2 COMM WORLD RANK

Problem: Output of different processes is interleaved
Slurm with PMI-2:  PMI RANK

Solution:  Use save or log-file command line options
Slurm with PMIX: PMIX RANK

mpirun -np 2 compute-sanitizer \
--log-file name.%g{OMPI COMM WORLD RANK}.log \
--save name.3%gq{OMPI COMM WORLD RANK}.compute-sanitizer \

./myapp <args>
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ERROR CHECKING WITH COMPUTE SANITIZER

e:?l kraus1@jwlogin

oain

_—
= |C] i

acobi.%q{PMIX_RANK}.compute-sanitizer

Lon In -0 2 compute-sanitizer

--log-file jacobi.%q{PMIX_RANK}.compute-sanitizer.log --save j

./jacobi

ERROR: CUDA RT call "cudaStreamSynchronize( compute_stream )" in line 353 of file jacobi.cpp failed with unspecified lau

nch failure (719).
ERROR: CUDA RT call

"cudaMemcpy( a_ref_h, a, nx*nyxsizeof(real), cudaM

p failed with unspecified launch failure (719).

ERROR: CUDA RT call
failure (719).
ERROR: CUDA RT
ilure (719).
ERROR: CUDA
lure (719).
ERROR: CUDA RT call
nch failure (719).

ERROR: CUDA RT call
failure (719).
ERROR: CUDA RT
failure (719).
ERROR: CUDA RT
19).

ERROR:
ERROR:
ERROR: CUDA RT
ERROR: CUDA RT
failure (719).
ERROR: CUDA RT call
unch failure (719).
ERROR: CUDA RT call
ch failure (719).

ERROR: CUDA RT call

call

RT call

call

call

call
call
call
call

CUDA
CUDA

RT
RT

"cudaEventDestroy( push_bottom_done )" in line 366
"cudaEventDestroy( push_top_done )" in line 367 of
"cudaEventDestroy( compute_done )" in line 368 of
"cudaStreambDestroy( push_bottom_stream )" in line
"cudaStreamDestroy( push_top_stream )" in line 37€
"cudaStreamDestroy( compute_stream )" in line 371
"cudaFreeHost( 12_norm_h )" in line 373 of file ja
"cudaFree( 12_norm_d )" in line 374 of file jacobi
"cudaFree( a_new )" in line 376 of file jacobi.cpp
"cudaFree( a )" in line 377 of file jacobi.cpp fai
"cudaMalloc( &a, nx*ny*sizeof(real) )" in line 173
"cudaMalloc( &a_new, nx*ny*sizeof(real) )" in line€
a, 8, nx*ny*sizeof(real) )" in line 1

"cudaMemset(

"cudaMemset( a_new, ©, nx*ny*sizeof(real) )" in 1i

launch failure (719).

D kraust @jwlogin23:~workspace

[jwbeee1:31218] Failing at address: 8x2uUlceees79f2

[jwbeee1:31218] [ e] /usr/libeu4/libpthread.so.e(+8x12dde)[exiusfffcdbdde]

[jwbeee1:31216] [ ] fusr/libsu/libpthread.so.e(+ex12dde)[ex1u9c2dudbdde]

[jwbeee1:31216] [ 1] /p/software/jumelsbooster/stages/Devel-2020/software/nvidia-driver/default/1libsu/1libcuda.so.1(+8x22
f960) [0x1u9c2bbd5960]

[jwbeee1:31216] [ 2] /p/software/juwelsbooster/stages/Devel-2020/software/nvidia-driver/default/libeud/1libcuda.so.1(+0x3f
cc29)[ex1u9c2b2a2c29]

[jwbeee1:31216] [ 3] /p/software/juwelsbooster/stages/Devel-20208/software/CUDA/11.08/1ib6u/libcudart.so.11.0(cudaMemsetAs
ync+0xbe) [0x149c2e2751ae]

[jwbeee1:31216] [ 4] /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi[exue2e8f]
[jwbeeel:31216] [ 5] fusr/libeu/libc.so.6(__libc_start_main+exf3)[ex149c2d78c6a3]

[jwbeee1:31216] [ 6] /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi[exuelf2e]
[jwbeee1:31218] [ 1] /p/software/juwelsbooster/stages/Devel-2020/software/nvidia-driver/default/libéd/1libcuda.s0.1(+0x22
f9e8) [@x1u8ffdad5968]

[jwbeee1:31218] [ 2] /p/software/juwelsbooster/stages/Devel-2020/software/nvidia-driver/default/lib6d/1libcuda.so.1(+0x3f
cc29)[ex1u8ffdaa2c29]

[jwbeee1:31218] [ 3] /p/software/juwelsbooster/stages/Devel-2020/software/CUDA/11.08/1ib6d/1libcudart.so.11.8(cudaMemsetAs
ync+0xbe) [8x1490800a751ae]

[jwbeee1:31218] [ 4] /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi[exue2e8f]
[jwbeee1:31218] [ 5] /usr/libeud/libc.so.6(__libc_start_main+exf3)[exiusffffecea3]

[jwbeee1:31218] [ 6] /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi[exuelf2e]
[jwbeee1l:31218] *** End of error message ***
[jwbeee1:31216] *** End of error message ***

srun: error: jwbeeel: task ©: Exited with exit code 11
srun: error: jwbeeel: task 1: Terminated

srun: Force Terminated job step 36891u45.8
[krausl@jwlogin23 solution2]$ 1s

Makefile

core. jwbeeel. juwels.31216
core.jwbeeel. juwels.31218
[krausl@jwlogin23 solution

jacobi.l.compute-sanitizer
jacobi.l.compute-sanitizer.log
jacobi.cpp

jacobi_kernels.cu
jacobi_kernels.o

jacobi.®.compute-sanitizer
jacobi.®.compute-sanitizer.log

13
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ERROR CHECKING WITH COMPUTE SANITIZER

A kraus o4 fworkspace

[krausi@jwlogin23 solution2]$ compute-sanitizer --read jacobi.ﬂ,compute-sanitizeﬂ

{jl kraus1@jwlogin23:~/workspace <
in /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi

Invalid __global__ read of size 4 bytes
at @xle® in /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/jacobi_kernels
.cu:85: jacobi_kernel(float*, 6 float const *, float*,int,int,int)
by thread (11,1,) in block (68,2,8)
Address 8x149c28082234 is out of bounds
Saved host backtrace up to driver entry point at kernel launch time
Host Frame:culLaunchKernel [8x149c2bl8acde]
in /p/software/juwelsbooster/stages/Devel-2020/software/nvidia-driver/default/libé4/libcuda.so.

[ex1u9c2e23662b]

in /p/software/juwelsbooster/stages/Devel-2028/software/CUDA/11.8/1ib6u/libcudart.so.11.0

:cudaLaunchKernel [@x149c2e2765b1]

in /p/software/juwelsbooster/stages/Devel-2020/software/CUDA/11.08/1ib64/1libcudart.so.11.0
[exuB5clb]

in /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi
[exuUB5a9e]

in /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi
[exue5afl]

in /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi
[exuB569F]

in /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi
[exupu5a8]

in /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi
[exue281d]

in /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi

:__libe_start _main [0x149c2d78c6a3]

in /usr/libéd/libc.so.6
[exuplf2e]

in /p/home/jusers/krausl/juwels/workspace/cuda/6-Multi_GPU_MPI/exercises/solution2/./jacobi

ERROR SUMMARY: 25918 errors
[krausi@jwlogin23 solution2]$|
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DEBUGGING MPI+CUDA APPLICATIONS

Use cuda-gdb just like gdb

For smaller applications, just launch xterms and cuda-gdb

mplexec -x -np 2 xXterm -e cuda-gdb ./myapp <args>

~

cuda-gdb | = =] |—Ehr cuda-gdb | = | =] |£hr

MYIDIA (R} CUDA Debugger

5.0 releaze

Portions Copyright (C) 2007-2012 MVIDIA Corporation

GHU gdb (GDB) 7.2

Copyright (C) 2010 Free Software Foundation, Inc,

Licenze GPLw3+: GHU GPL werzion 3 or later <httpi/donu,orgdlicenses/gpl,html
Thiz i= free szoftware: you are free to change and redistribute it,

There iz NO WARRAMTY, to the extent permitted by law, Type "show copying®

and “show warranty" for details,

Thiz GDB waz configured az “xB6_Bd-unknown—1inue—gnu®,

For bug reporting instructions, pleaze see

httpd S, gnu, orgdsoftuare/gdb bugz >, . .

Feading symbols from Shomebszam jkraus workspaces JSC-GPU-Courze/CUDA-aware_HPI &
xercizesstazkss jacobi _mpi+cuda, | done,

{cuda-gdb) run

Starting program: Shomebszam jkrauz workspaces JSC-GPU-Courses/CUDA-aware_MP 1/ exer
cises tasks/s jacobi_mpi+cuda

[Thread debugging using libthread_db enabled]

Copyright (C) 2010 Free Software Foundation, Inc,

Licenze GPLw3+: GHU GPL werszion 3 or later <http:/donu,orgdlicensesSgpl, html>
Thiz is free software: you are free to change and redistribute it,

There iz HO WARRAMTY, to the extent permitted by law, Type “show copying®

and “show warranty" for details,

Thiz GDB waz configured as "xB6_Bd-unknown—1inug—gou® ,

For bug reporting instructions, please see:

{http:d A, gnu, orgdsof tware/gdb bugz >, |

RBeading symbols from Ahomebszand jkraussworkspaces/ JSC-GPU-Courze/CUDA-aware_HPI &
rercizesstazkss jacohi_mpitcuda, ,  done,

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

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

> mpiexec -np 2 ./jacobi mpi+cuda

Jacobl 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(O7 ready for attach
> ssh judgelQ7

jJkraus@judgelO7:~> cuda-gdb --pid 30034
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DEBUGGING MPI+CUDA APPLICATIONS

Ee jkraus@sb077:~/workspace/Jacobi/main/bin

----- . 1] - S aT, g ] f o . 71 y = F- ] _ T T - .
RS mEE e e = o mEEEsa - = Leal ] 3Y = /usr/ nE4/1libnes—-rdmav? . so0... (no dek

symbols
ired dewvic LTI gl L = =1 g =Symbol
syvmbols

74/ 1ibnes—rdmas

4-rdmav2.so. .. (no
— ek Wi o n i m omow I--—'

S1libm

1x4-r

R

. =
. W o e

=Ty =]
L B A L

-:-'—'-jI'- ™ 3 =My
S—ILIONa Ve « S0 o .
o TrAmatrs o
ig—rdmavd.=so
] ey
domain
Pt
domain
Jacobi
Wil LR RN

wWarp

Td=]

ock=0x2300b2
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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

&

[kraus@ivbl14:~ fworkspace/CUDA-aware_MPIL/cuda/exercises/solutions | = (B -
| P
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DEBUGGING MPI+CUDA APPLICATIONS

-~

Jkraus@ivbl14:~ fworkspace/CUDA-aware_MPL/cuda/exercises/solutions

/gpl.html >

"show copyving™

_
|—|
el
=l
;-J
M
]

m
0
5
m
L

v k= )

hlock (107,0,0)

1
it
Hh |_|'

&y M

29,1}, (16

[

d=0x230

-
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DEBUGGING MPI+CUDA APPLICATIONS

Arm DDT debugger

Rogue Wave TotalView

Stacks

Threads

CLDA Threads | Function

10
101
10
101

ol ] — main [prefix.cu:193)

o[ ] Seudasummer (prefi

ol ] “prefixsum (prefix,
512 [ zarre (prefix.cu:ag)
420 I zarro (prefix.cu:90)

w.el143)
cu:10s)

:us on current: @ Process ¢ Thread ||_ Step Threads Together

K1
5l

Blnckl 0 = | 0 = Thread| 0 = | 0 = | (= Go Grid size: 8x1 Block size: Gdelxl

& X

£,

» prefi<.cu (£ |
T X = Lrredulux X + UIULKLUX . L ™ DLULKR_ 31240, ‘I

if (x ¢ length)
outlx] = dinlx];

syncthreads () ;

[ |

for ¢ dint i = 1; i « BLOCK_SIZE; i <<= 1)

if (threadIdx.x + i < BLOCK SIJE &8 x + i = lengthy
{

I
.
on this line:

1 Process: rank 0

1 Thread (Process 0): #2

512 GPU threads:
<«=(0,00,(0,0,0)==>> ... <<=<(7,00.(63.0,00=>= (512 threads)|~

Locals | Current Line(s) |

Locals g2

“/ariable Mame |Va|ue |
[ a

ut 0100800
ength 500

iin 0100000

[Type: @reqister int

| aeammaman L o s

" AR e aee feere Pene A fum e

*»BEP i) v ’

S i A |

- Rt et e

|
BRRRERRE R ET S r 5800 0 b Sies TERERRERREN]
Jllmtom e wenn e o arser oo e Mnewmmmetend WL A
——yT™ rpe—
.- L R 4
e
[p—
———v |\ —_
I ——— o
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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 openmpl

MVAPICH2: Mv2 COMM WORLD RANK

--mpli-1impl mpich
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PROFILING MPI+CUDA APPLICATIONS

@‘? prom.nvidia.com - PuTTY

— O X
Jkrau m-dgx-01:~/workspace/mult u-prao
pi, cuda i Pl « nm O ja

ofi) prom.nvidia.com - PuTTY
WARNING: S On

ogramming-model

JaCoRlL.pIrcC

gpu ogramming-mod

rofile.l.qgdrep

amming-mod
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PROFILING MPI+CUDA APPLICATIONS

‘-NVIDIA Nsight Systems 2019.5.1 - X
File View Tools Help

Project Explorer L Gl jacobi.profile.0.qdrep X
[ ] jacobi.profile.0.qdrep

= Timeline View v #~ 1x Mg warnings, 14 messages
1s +295.5ms +296ms +296.5ms +297/ms -
» CPU (80)

¥ Threads (10)

¥ 1 [58255] MPI Rank 0~

MPI (mp1_se.)mpLs.) (prse
NUTX Jacobi solve [25.261 ms]

CUDA API cudan) I cudaEventSynchronize )

Profiler overhead

v [58284] jacobi ~

8 threads hidden -
~ CUDA (MPI Rank 0)
b 49.6% Default stream (7)
¥ 33.6% Stream 21
> 16.8% Stream 24

Events View v

Search...

# 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.

:. <

(rnsaesn BMG .0

e - =T SIiT =5 e s

s Fle Edit Chart Fiter

Process 0
CUDA[0] 1:2
CUDA[1] 21
CUDA[2] 31
CUDA[3] 41
Thread 5.1
Process &

Process 7
Process 8
Process 9
Thread 9.3
Thread 10:2
Thread 11:2
Thread 12:2
CUDA[0] 13:2 5
CUDA[] 14:1 3
CUDA[2] 151
CUDA[3]16:1 |

Erueed

JIITTOTTT

BEE B~V

Timeline

S0s

CUDA[1] &1, CUDA[2] 7:1, CUDA[3] 81, CUDA[D] 5:2, Values of Metric "Active Threads" over Time

s
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ADVANCED MPI ON GPUS



BLOCKING

NON-BLOCKING

BEST PRACTICE USE NON-BLOCKING MPI

#pragma acc host data use device U new
MPI_Sendrecv(u_new+offset_f1rst_row, m—2, MPI_DOUBLE, t nb, O,
u newt+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 newt+offset top boundary, m-2, MPI DOUBLE, t nb, 1,
MPI COMM WORLD, MPI STATUS IGNORE) ;

}

MPI Request t b reqg[4];

fpragma acc host data use device ( u new ) {
MPI Irecv(u new+offset top boundary,m-2,MPI DO
MPI Irecv(u newt+offset bottom boundary,m-2,MP
MPI Isend(u new+offset last row,m-2,MPI DOUBL
MPI Isend(u new+offset first row,m-2,MPI DOUBLE ~WORLD, t b _reg+3);

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

ParaStation MPI 5.4.2-1 JUWELS - Tesla V100 - Jacobi on 18432x18432
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Source: https://github.com/NVIDIA/multi-gpu-programming-models/
JUWELS: http://fz-juelich.de/ias/jsc/juwels 77 <NVIDIA



https://github.com/NVIDIA/multi-gpu-programming-models/
http://fz-juelich.de/ias/jsc/juwels

COMMUNICATION + COMPUTATION OVERLAP

process boundary and pack<<<gs b,bs b,0,s81>>>(u new d,u d,to left d,to right d,n,m);
process inner domain<<<gs 1id,bs 1d,0,s2>>>(u new d, u d,to left d,to right d,n,m);
cudaStreamSynchronize (sl) ; //wait for boundary

MPI Request reqg[&];

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

MPI Waitall (8, 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

#pragma acc parallel loop present ( u new, u, to left, to right ) async(1l)
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 reqg[&];
#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

#GPUs

Source: https://github.com/NVIDIA/multi-gpu-programming-models/
JUWELS: http://fz-juelich.de/ias/jsc/juwels 80 <INVIDIA
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CUDA HANDS-ON: MPI/COMPUTE OVERLAP

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

Solutionisin ../solution3
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https://www.open-mpi.org/doc/current/

OPENACC HANDS-ON: HIDE MPI COMMUNICATION TIME

/p/scratch/share/jwb-porting-2021/Multi-GPU-Programming-with-
MPI/OpenACC/exercises/C|FORTRAN/task?2

Look for TODOs
e Start copy loop asynchronously

e \Walt for async copy loop after MPlI comm. Is done

make
mpicc —-c¢ —-DUSE DOUBLE -Minfo=accel -fast -acc=gpu —-gpu=cc/0 poissonZd.c [...]
srun ./poisson2d
Jacobili relaxation Calculation: 4096 x 4096 mesh

[...]

Make Targets:
Num GPUs: 2. run. run poisson2d (default)
4096x4096: 1 GPU:  1.3163 s, 2 GPUs: 0.7757 s, speedup: |poisson2d: build poisson2d binary
MPI time: 0.0878 s, inter GPU BW: 1.39 GiB/s profile: profile with pgprof

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

[ X J
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HIGH PRIORITY STREAMS

Improve scalability with high priority streams (available on CC 3.5+)

cudaStreamCreateWithPriority

Use-case: MD Simulations

Stream 1 Comp. Local Forces
Stream 2 . Non-local | Comp. Non- Ex. Non-local
Atom POS. | Local Forces forces
Stream 1 (LP) Comp. Local Forces < Possible gain >
Ex. Non-local Comp. Non- Ex. Non-local




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

Unified Memory-aware: CUDA-aware MPI with support for Unified Memory s Snvioia



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);
MPI Send(array,...); Array is intended to 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 MPIl 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);
MPI Send(array,...); Array is intended to be used on the

CPU

foo(array,n);

}

Remark: Data Usage Hints are available since CUDA 8, but currently not evaluated by any Unified Memory-aware MPIl 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
ighore 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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DETECTING CUDA-AWARENESS

ParaStation MPl 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 avallable);
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http://www.open-mpi.org/faq/?category=runcuda#mpi-cuda-aware-support

THANK YOU FOR YOUR ATTENTION

Work on your own codes

Tasks from CUDA |OpenACC courses in /p/scratch/share/jwb-porting-
2021/Multi-GPU-Programming-with-MPI

OpenACC task are available in C and FORTRAN
Instructions are in CUDA|OpenACC/exercises/Instructions.ipynb
PDFs with solutions are in CUDA|OpenACC/slides

Makefiles pick up: export JSC _SUBMIT CMD="srun --reservation=booster-
porting-day3 -p booster -N 1 --gres=gpu:4 --pty"

Play with OSU Microbenchmarks:
Simple Jacobi Solver:
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CUDA-AWARE MPI IMPLEMENTATIONS

HPC-X: OpenMPI/UCX based

OpenMPI: UCX based

MPICH: UCX based, next stable release 3.4 adds GPU support
MVAPICH2-GDR: MPICH based, no UCX, CUDA-aware MPI pioneer
Cray MPICH: MPICH based

IBM Spectrum MPI: OpenMPI/PAMI based

Parastation MPIl: MPICH/UCX based, new kid on the block

Disclaimer: List might be incomplete!
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