=rE OpenMIP

SC25 OpenMP Tech Talk Series

PyOMP: Parallel Programming
with OpenMP in Python

&25 Giorgis Georgakoudis,

‘ nites.

Lawrence Livermore National Laboratory



...

PyOMP: Parallel Programming
with OpenMP in Python

Lawrence

feme  hodoai ©) anaconpa. (1

Laboratory merly.ai

|2

Giorgis Georgakoudis (LLNL), Todd A. Anderson (Bodo.ai), Stuart Archibald (Anaconda Inc.),

Prepared by LLNL under Contract DE-AC52-07NA27344. Bronis R. De Supinksi (LLNL), Timothy G. Mattson (Merly.ai)

8
LLNL-PRES-2012164 N A‘Sp"—i’i 2

National Nuciear Security Administrati



.

PyOMP: Portable, productive, high-performance
parallel programming in Python

OpenMP

* easy, portable, popular

@ python’ PyOMP

* easy, productive, popular &

2 Numba

* easy, fast, extensible JIT compiler
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Python’s parallel programming software landscape

Is highly fragmented

dispy
Delegate
forkmap
forkfun
Jobibppmap
POSH
PP
pprocess
processing
PyCSP
PyMP
Ray
torcp

VecPy

batchlib

Celery

Charm4py

PyCUDA

Ramba

PyTorch

DaCE
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Dask
Deap
disco
dispy

J

PyCOMPSs
PyLinda

pyMPI

pypar
multiprocessing
PyOpenCL
cuPy

PyKokkos
Taichi

DistributedPYthon

pyPastSet

pypvm
pynpvm

W

superrpy
torcpy

StarCluster
dpctl
arkouda
PyOMP

Dpnp
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PyOMP supports familiar OpenMP syntaxin a
pythonic way

1 from numba.openmp import njit

Imports4 2 from numba.openmp import openmp_context as openmp
3 from numba.openmp import omp_get_thread_num
4

5 @i
6 def hello():

with context 7 with openmp("parallel"):

construct print("Hello from thread", omp_get_thread_num())
9
10 hello()

Hello from thread 31
Hello from thread 3

Hello from thread 20
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PyOMP supports the OpenMP common core on
CPUs and...

with openmp ("parallel") : Create a team of threads. Execute a parallel region

with openmp ("for") : Use inside a parallel region. Split up a loop across the team.

with openmp ("parallel A combined construct. Same a parallel followed by a for.

for") :

with openmp ("single"): One thread does the work. Others wait for it to finish

with openmp ("task"): Create an explicit task for work within the construct.

with openmp ("taskwait") : Wait for all tasks in the current task to complete.

with openmp ("barrier") : All threads arrive at a barrier before any proceed.

with openmp ("critical"): Mutual exclusion. One thread at atime executes code

schedule (static [,chunk]) Map blocks of loop iterations across the team. Use with for.

reduction (op:1list) Combine values with op across the team. Used with for

private (list) Make a local copy of variables for each thread. Use with parallel, for or task.
firstprivate (list) private, butinitialize with original value. Use with parallel, for or task
shared (list) Variables shared between threads. Use with parallel, for or task.
default (none) Force definition of variables as private or shared.

omp get num threads () Return the number of threads in a team

omp get thread num/() Return an ID from O to the number of threads minus one

omp set num threads(int) Set the number of threads to request for parallel regions

omp get wtime () Return a snapshot of the wall clock time.
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... the general form of common core GPU
programming

Data
env

Target
Region
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with openmp ("target

data map(to: A,B) map(tofrom: C)"):

with openmp ("target teams distribute parallel for thread_limit (256)"):

for x in range (Nx) :
for v in range (Ny) :

# operations with vectors A and B with results written to C

Construct /Clause

Description

target data
map(to:A,B)
map(tofrom:C)
target teams
distribute
parallel for
thread_limit(256)

Create a data region on the device.

Map arrays A and B to the device without copying back to host
Map array C to the device and copy back to the host

Offload to device and launch a league of teams.

Distribute loop iterations among the league of teams.

Create a team of threads to execute loop iterations in parallel.
Default number of threads (256) per team.
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Pion GPU

1 from numba.openmp import njit

Imports™ 2 from numba.openmp import openmp_context as openmp

3 from numba.openmp import omp_get_thread_num

4

:

6 def calc_pi(num_steps):

7 step = 1.0/num_steps

8 red_ sum = 0.0
Target 9 with openmp("target map(tofrom: red_sum)"):
Region 10 with openmp("loop private(x) reduction(+:red_sum)"):
& Loop| 11 for i in range(num_steps):
Data 12 x = (i+0.5)*step
env 13 red_sum += 4.0 / (1.0 + x*Xx)

14

15 pi = step * red_sum

16 return pi

17

18 print("pi =", calc_pi(1000000))

19
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PyOMP extends Numba and bases on LLVM to
support both CPU/GPU parallel programming

PyOMP Backend ﬁﬁ ﬁ

-~ N AT —,
Outlined LLvM [ LLVMIR
target PyOMP +
LLVM IR LLVM OpenMP Device
* pass device Binary
PyOMP runtime
intrinsics calls
Lower
PyOMP Frontend Device Enged
‘ \ Lark + @ | ) ( ) (i TN
3 Lower Host . Device Binary | P
+ Numba PyOMP + . LIVM Host LLVM IR
OpenMP | numba IR Parser PyOMP PyOMP + Host
contexts IR nodes L pass OpenMP host Binary
Inringice runtime calls
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@njit PYOMP Frontend Device
def inc(x): N\ N Laked ()
with openmp("target teams " Python < | Numba IR
"distribute parallel for map(tofrom:x)"): + Numba + Host
for i in range(len(x)): - OpenMP | \imba IR Parser PyOMP
x[i] = x[i] + 1 contexts IR nodes
return Xx
Directive
[Numba IR + PyOMP nodes}
label 32.1:
o openmp_region_start
openmp_tag(DIR.OMP.TARGET.TEAMS.DISTRIBUTE.PARALLEL.LOOP,Q),
openmp_tag (QUAL.OMP.NUM_TEAMS,0), openmp_tag(QUAL.OMP.THREAD_LIMIT,Q),
openmp_tag (QUAL.OMP.MAP.TOFROM, x), openmp_tag (QUAL.OMP.PRIVATE, i),
. openmp_tag (QUAL.OMP.MAP.TOFROM.STRUCT, xxdata, omp_slice(@,x_num_elements_varoo))
Region openmp_tag (QUAL.OMP.MAP.TO0.STRUCT, xxshape, omp_slice(0,1)),
markers openmp_tag (QUAL.OMP.MAP.T0.STRUCT, x*strides, omp_slice(0,1)), Array metadata

openmp_tag (OMP.DEVICE,None)

<region body>
label 126:

() openmp_region_end openmp_tag(DIR.OMP.END.TARGET.TEAMS.DISTRIBUTE.PARALLEL.LOOP,Q)

Lawrence Livermore

National Laboratory

LLNL-PRES-2012164

[]

10



N
PyOMP lowers the extended Numba o
IR to LLVM IR with PyOMP intrinsics e

| LLVM IR + PyOMP intrinsics |
B32.1:

—@)s.50 = call token @llvm.directive.region.entry() I Directive & clause qualifiers
"DIR.OMP.TARGET.TEAMS.DISTRIBUTE.PARALLEL.LOOP" (132 @), /operand bundles
"QUAL.OMP.NUM_TEAMS"(i32 @), "QUAL.OMP.THREAD LIMIT"(i32 @),

"QUAL.OMP.MAP.TOFROM" ({ i8%, i8%, 164, i64, doublex, [1 x i64], [1 x i64] }* %%arg.x),

Intrinsics "QUAL.OMP.PRIVATE" (i64% %i),
"QUAL.OMP.MAP.TOFROM.STRUCT" ({ i8%, %i8%, 164, i64, doublex, [1 x i64]1, [1 x i64] }* %arg.x, i32 4, i64 0, i64 %%.47),
markers "QUAL.OMP.MAP.TO.STRUCT" ({ i8%, i8%, 164, i64, doublek, [1 x i64], [1 x i64] }* %arg.x, i32 5, i64 0, i64 1),

"QUAL.OMP.MAP.TO.STRUCT" ({ i8%, i8%,%i64, i64, doublex, [1 x i64], [1 x i64] }* %arg.x, i32 6, i64 @, i64 1),
%"OMP.DEVICE" () ]
br label %B92

<region body>

B126:
->@ tail call void @llvm.directive.region.exit(token %.50) [ "DIR.OMP.END.TARGET.TEAMS.DISTRIBUTE.PARALLEL.LOOP"(i32 @) ]
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PyOMP Backend ﬁ ﬁ
Pl )]

Outlined LLVM LLVM IR
target PYOMP +

Split compilation with the PyOMP LLVM S (P
pass lowers intrinsics to the OpenMP AP|

Device

Binary

runtime
calls

Host [ Device }

LLV:d IR Host LLVM IR PYOMP HOStLLVMIR i..Binary :
PyoMP * LLVM + Host
. freinsies _EYOMP || pass OpenMP host Binary
: intrinsics runtime calls
n
n
n
Y n
Device LLVM IR : Host LLVM IR
n
n
n
_ n
n
Kernel ® ot r i e S X ' . .omp_offloading.entry = ...
= =5 efine void @__omp_offload_numba_uid(..., numba.array.ty * %arg.x, ... ; ; -
entry point ’ ’ . .omp_offloading.entries .

.omp_offloading.device_image = internal constant [14128 x i8] c'<binary image>"
.omp_offloading.device_images = ...
.omp_offloading.descriptor = { <images>, <entries> }

[ —) %3 = call i32 @__kmpc_target_init(...)
%4 = call i32 @device_func(...)
—)  call void @__kmpc_target_deinit(...)

™ MMM M

define 132 @ ZN8__main_inc(...) {
call void @__kmpc_push_target_tripcount_mapper(..., i64 %tripcount)
%54 = call i32 @ _tgt_target_teams_mapper(...i, i8% @__omp_offload_numba_uid, ...)

}...

define internal i32 @device_func(..., numba.array.tyx %arg.x, ...) {
call void @device.teams(...)
OpenMP }

runtime API }

define internal void @device.teams(..., numba.array.tyx %arg.x, ...) {

= > call void @__kmpc_distribute_static_init_8u(...) define internal void @.omp_offloading.descriptor_reg() section ".text.startup" {

. entry:

——) Call void @ _kmpc_parallel _51(..., device.parallel, ...) call void @ __tgt_register_lib(%struct.__tgt_bin_descx @.omp_offloading.descriptor)
S ret void

—) call void @ _kmpc_distribute_static_fini(...) }

mEF=TYzZO0O0

}

define internal void @.omp_offloading.descriptor_unreg() section ".text.startup" {

define internal void @device.parallel(..., numba.array.ty* %arg.x,...) { entry:
P> call void @__kmpc_for_static_init_8u(...) call void @__tgt_unregister_lib(S%struct.__tgt_bin_descx @.omp_offloading.descriptor)
ssene . ) n ret void
—  Call void @ _kmpc_for_static_fini(...) }

— ¥
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Evaluating performance

e HeCBench benchmarks
e C/C++ OpenMP offload
* PyOMP

e Hardware

« AMD EPYC 7763 CPU + NVIDIA A100
GPU with 80 GB of memory

e Software
* Python 3.9
* Numba 0.57.1
e Clang/LLVM 14.0.6
« CUDA12.2

Lawrence Livermore
National Laboratory LLNL-PRES-2012164

Georgakoudis, G., Anderson, T.A., Archibald, S., Supinski, B.R.d., Mattson, T.G. (2026).
Programming GPUs with OpenMP and Python. In: Yan, Y., Klemm, M., de Supinski, B.R.,
Saule, E., Klinkenberg, J., Pophale, S. (eds) OpenMP: Balancing Productivity and
Performance Portability. IWOMP 2025. Lecture Notes in Computer Science, vol 16123.
Springer, Cham. https://doi.org/10.1007/978-3-032-06343-4 14

* Metrics
* Kernel execution time
 Data transfer size, time
 Compilation time

adam ML
floydwarshall Graph analysis
haccmk Cosmology
hotspot3D Thermal stencil
lavaMD Molecular dynamics
miniBUDE Protein docking
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Kernel execution time: PYOMP is competitive with

the C/C++ version

1001

B

Time (us
&

0

Time (ms)

adam floydwarshall
- _ _ *
_ _
=201
114.1 1108 E 299 %.0
omp pyomp =
0
1 ! Lack of FMAs ,
ac:cm Can be optimized avaMD
I -
E 1001
2.9 ) 154.0 155.8

2.3

Tim

0

Lawrence Livermore
National Laboratory

LLNL-PRES-2012164

0

—_
o

= 001

fa—

Time

ms)

n

j —

Time

251

0
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hotspot3D

*

70.6
54.8

minibude

*

31.3
20.7

*Toolchain differences, we expect on par
performance with LTO, LLVM upgrades
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Data transfer size: PyOMP is comparable with the
C/C++ version

adam floydwarshall hotspot3D
0.15 0.15 400.0 400.0 16 16.0 16.08
=) 0.12501 omp = 198! =
= & pyomp = & = &
2 =2 1 0eos o2 s
8~ 0.0625 &~ 16 8
(0p] p! (8]
0.04 0.04 40 4.0 3 8.0 80
DtoH HtoD DtoH HtoD Numba elides DtoH HtoD
hacemk lavaM]) unused fields manibude
9.2 9.25 )9.59 1.52 1.52
. . 95.68 .
an 1 m an 1.0001
= & = & =
g 0 .g -g 0.500
5 7 N
0.01 0.01 41.2 41.2 0.950 1 0.25 0.25
DtoH HtoD DtoH HtoD DtoH HtoD
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Data transfer time: PyOMP is slower but data are
re-used in compute (also impl. can be optimized)

adam
0.04
_ 0.0312] SR
70
z 0.02
2 o« ‘ pyomp =
o 0.0156]
=
= 000781 001 001
DtoH HtoD
haccmk

y 12.15

16 471
)
g8 o 11
== A
9 3
£ 0
= 0.01 001

DtoH HtoD
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Time (ms)

Time (ms)

logo

logs

8.01

1.04

161

floydwarshall hotspot3D
21.47 20.78 19.03
g _ 801 672
— &
g A
033 (96 = 20 120 (0
= ok
DtoH HtoD DtoH HtoD
metadata [quaMD Numba elides minibude
static 23,62 unused fields0 - 0.14
o 0.08
E N
PR
8™ 0.0314
4‘{’0 = 0.01 0.01
DtoH HtoD DtoH HtoD
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Compilation: PyYOMP JIT compilation (first time) is
slower than AOT C/C++ but caching mitigates

adam
omp
L9 pyomp
g 3.0
; -
1.0
0
hacemk
E 2
= 3.2
- -
0.9
0
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PyOMP is open source and available to use

* https://github.com/Python-for-HPC/PyOMP

PyOMP Public & Watch 8 ~ % Fork 18 v Starred 146 -

* Installation
* PyPI: pip install pyomp
* Conda: conda install -c python-for-hpc -c conda-forge pyomp

We 'Users!

Lawrence Livermore 18
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Conclusion

T with openmp("target data ma
with openmp(*for” with openmp("target team £(256)") 2
¥ith oenee ("pasalial for x in range (Nx):
- single”) for y in range (Ny):
w: openmp ("task") # perati wit W Z
° w: openmp ("taskwait”) :
" “barrier*): before any proceed P
Y ¥ ::m*u‘:::l!b e Construct /Clause Description
static [, chunk))
en target data Create a data region on the device.
m § o1, for or task. map(to:A, ap arrays A and B to the device without copying back to host
! bl i Tel, fox or task. AB Map arrays A and B to the device with pying back to k
ist) rivate, butinitialize with original vaiue. 1el, for or task from:C M ¢ C to the devi d « back to the host
Variables shared between threads. Use with parallel, for of task. map(tofrom:C) ap array C to the device and copy back to the hos
[Force definition of variable target teams Offload to device and launch a league of teams.
- 't“:”:'::'”” distribut Distribute loop iterations among the league of teams
L ot parallel for Create a team of threads to execute loop iterations in parallel.
omp_get wtime () thread limit(256)  Default number of threads (256) per team.

PyOMP Backend e >

* PyOMP is implemented on top of Numba and

Device
Binary
PyOMP Frontend Device Enfled

Host
LVMIR

Device Binary
Host LLVM IR

Numba R | Hoge

PyOMP Y
IR nodes Srone

intrinsics

Numba

OpenMP host

adam. floydwarshall hotspot3D

* Competitive performancevs. C/C++ OpenMP v - =

1141 1108 29 0.6

260 518
omp pyomp
o 0 o
hacemk lavaMD minibude
= 7
E =
29 1540 1558 @ 313
23 E 207
=

* We are working in the new OpenMP Python
subcommittee to make Python officially
supported by OpenMP
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Thank you!

georgakoudis1@llnl.gov
https://github.com/Python-for-HPC/PyOMP
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