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Running Example for this Presentation: saxpy

void saxpy() {
float a, x[SZ], y[SZ];

double t = 0.0; M)

double tb, te; Timing code (not needed, just to have

tb = omp_get wtime(); a bit more code to show ©)
#pragma omp parallel for firstprivate(a) <

for (int i = @; i < SZ; i++) { X This is the code we want to execute on a
y[i] = a * x[1] + y[i]; target device (i.e., GPU)

J !
te = omp_get wtime(); . :
t = te - tb; Timing code (not needed, just to have

a bit more code to show ©)

printf("Time of kernel: %1f\n", t);

Don’t do this at home!
Use a BLAS library for this!
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Device Model

m As of version 4.0, the OpenMP API supports accelerators/coprocessors

m Device model:
" One host for “traditional” multi-threading
= Multiple accelerators/coprocessors of the same kind for offloading

Accelerators
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OpenMP Execution Model for Devices

m Offload region and its data environment are bound to the lexical scope of the
construct
= Data environment is created at the opening curly brace
= Data environment is automatically destroyed at the closing curly brace

= Data transfers (if needed) are done at the curly braces, too:
= Upload data from the host to the target device at the opening curly brace.
= Download data from the target device at the closing curly brace.

I$omp target &

I$omp  map(alloc:A) &
01010101011010 I .
01111010110101 ! $omp map(to:A) &
00010101010101 I .
01010101010201 '$omp map(from:A) &
01011010000100 call compute(A)
10101010101010
00110011100110 ! $omp end ta rget




OpenMP for Devices - Constructs

m Transfer control and data from the host to the device

m Syntax (C/C++)
#pragma omp target [clause[[,] clause],..]
structured-blocR

m Syntax (Fortran)
I$omp target [clause[[,] clause],..]
structured-block
I$omp end target

m Clauses
device(scalar-integer-expression)
map([{alloc | to | from | tofrom}:] List)
if(scalar-expr)

OpenMP
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Example: saxpy

The compiler identifies variables that are
used in the target region.

void saxpy() {
float a, Xx[SZ] , ' All accessed arrays are copied from
double t = 0.0; host to device and back
double tb, te;
tb = omp_get wtime();
#pragma omp target “map(tofrom:y[0:SZ])”
for (int 1 = 0; 1 < SZ; i++) {

a * x[1] + y[i];

} Presence check: only transfer
te = omp_get_wtime(); if not yet allocated on the
t = te - tb; device.
printf("Time of kernel: %1f\n", t);

clang/LLVM: clang -fopenmp -fopenmp-targets=<target triple> Copying X back is not necessary:

GNU: gcc -fopenmp .

AMD ROCm: clang -fopenmp -offload-arch=gfx908 It was not Changed'

NVIDIA: nvcc -mp=gpu -gpu=cc80

Intel: icx -fiopenmp -fopenmp-targets=spir64

IBM XL: xlc -qsmp -qoffload -qtgtarch=sm_70 9



Exa

subroutine saxpy(a, x, y, n)

l$omp target “map(tofrom:y(1:n))”*
do i=1,n

Presence check: only transfer
a * x(i) + y(1i) if not yet allocated on the
end do

I$omp end target

OpenMP

The compiler identifies variables that are
used in the target region.

mple: saxpy

use iso_fortran_env

integer :: n, 1 All accessed arrays are copied from

real(kind=real32) :: a host to device and back
real(kind=real32), dimension(n X

real(kind=real32),Cdimension(n) :: vy

x(1:n)
y(1l:n)

device.

] x(1:n)
end subroutine y(1:n)
clang/LLVM: flang -fopenmp -fopenmp-targets=<target triple> Copylng X back is not necessary:
GNU: gfortran -fopenmp

AMD ROCm: flang -fopenmp -offload-arch=gfx908

it was not changed.

NVIDIA: nvfortran -mp=gpu -gpu=cc80

Intel:
IBM XL:

ifx -fiopenmp -fopenmp-targets=spir64
x1f -gqsmp -qoffload -qtgtarch=sm_70 10



Example: saxpy

void saxpy() {
double a, x[SZ], y[SZ];
double t = 0.0;
double tb, te;
tb = omp get wtime();
#pragma omp target map(to:x[0:SZ]) \
map(tofrom:y[0:SZ])
for (int 1 = 0; 1 < SZ; i++) {
y[i] = a * x[1] + y[i];

}
te = omp _get wtime();
t = te - tb;

printf("Time of kernel: %1f\n", t);

y[0:SZ]

OpenMP
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Example: saxpy

The compiler cannot determine the size

. of memory behind the pointer.
void saxpy(float a, float* xf{ float* vy,

int sz) {
double t = 0.0;
double tb, te; Observation when running this: the loop
tb = omp get wtime(); is a sequential loop, and the capabilities
#pragma omp target map(to:x[0:sz]) \ of the GPU are not really used! ®

map(tofrom:y[@:sz])

for (int 1 = 0; 1 < sz; i++)
(y[il3 a * x[i] + y[il;

}
te = omp _get wtime();
t = te - tb;

APUUER L @F erlels ZAEWT, B Programmers have to help the compiler

with the size of the data transfer needed.

12
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Commercial Break... Community Interaction

- o
_QpenMP Use I'S m ¢ .'. ISC e performance

The HPC Event.
DEVELOPER CONFERENCE & USER GROUP

Check out openmp.org/news/events-calendar/

13
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Exploiting (Multilevel) Parallelism
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Creating Parallelism on the Target Device

mThe target construct transfers the control flow to the target device
" Transfer of control is sequential and synchronous
" This is intentional!

m OpenMP separates offload and parallelism
" Programmers need to explicitly create parallel regions on the target device
" |In theory, this can be combined with any OpenMP construct

" |[n practice, there is only a useful subset of OpenMP features for a target device such
as a GPU, e.g., no I/0, limited use of base language features.

15
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Example: saxpy

void saxpy(float a, float* x, float* y,
int sz) {
#pragma omp target map(to:x[0:sz]) \
map (tofrom(y[0:sz])
#pragma omp parallel for simd
for (int i = 0; 1 ¥ sz; i++) {
y[i] = a * x[i]

¥

} GPUs are multi-level devices:
SIMD, threads, thread blocks

Create a team of threads to execute the loop in
parallel using SIMD instructions.

16
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Multi-level Parallel saxpy

m Manual code transformation
= Tile the loop into an outer loop and an inner loop.
= Assign the outer loop to “teams”.
= Assign the inner loop to the “threads”.
= (Assign the inner loop to SIMD units.)

void saxpy(float a, float* x, float* y, int sz) {
#pragma omp target teams map(to:x[0@:sz]) map(tofrom:y[@:sz]) num teams(nteams)

{
int bs = n / omp_get num_teams(); // n assumed to be multiple of #teams
#pragma omp
for (int i = 0; 1 < sz; i += bs) {
#pragma omp parallel for simd firstprivate(i,bs)
for (int ii = i; ii < i + bs; ii++) {
y[ii] = a * x[ii] + y[ii];
Yooy oy %

17
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Multi-level Parallel saxpy

m For convenience, OpenMP defines composite constructs to implement the
required code transformations

void saxpy(float a, float* x, float* y, int sz) {
#pragma omp target teams distribute parallel for simd \

num_teams(num_blocks) map(to:x[0:sz]) map(tofrom:y[@:sz])
for (int 1 = 0; i < sz; i++) {
yl[i] = a * x[i] + y[i];
}

}

subroutine saxpy(a, X, y, n)

I$omp omp target teams distribute parallel do simd &

1$omp& num_teams(num_blocks) map(to:x) map(tofrom:y)
do i=1,n
y(i) = a * x(1) + y(i)
end do

I$omp end target teams distribute parallel do simd
end subroutine

18
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teams Construct

m Support multi-level parallel devices
mSyntax (C/C++):

#pragma omp teams [clause[[,] clause],..]
structured-blocR

m Syntax (Fortran):

l$omp teams [clause[[,] clause],..]
structured-block

mClauses

num_teams(integer-expression), thread limit(integer-expression)
default(shared | firstprivate | private none)
private(list), firstprivate(list), shared(list), reduction(operator:Llist)

19
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Optimizing Data Transfers
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Optimizing Data Transfers is Key to Performance

Accelerators

m Connections between host and accelerator are
typically lower-bandwidth, higher-latency interconnects

= Bandwidth host memory: hundreds of GB/sec
= Bandwidth accelerator memory: TB/sec
= PCle Gen 4 bandwidth (16x): tens of GB/sec

m Unnecessary data transfers must be avoided, by
= only transferring what is actually needed for the computation, and
= making the lifetime of the data on the target device as long as possible.

21
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Role of the Presence Check

m|f map clauses are not added to target constructs, presence checks
determine if data is already available in the device data environment:

subroutine saxpy(a, X, y, n) = OpenMP maintains a mapping table that
use iso_fortran_env records what memory pointers have been
integer :: n, i mapped.
real(kind=real32) :: a = That table also maintains the translation
real(kind=real32), dimension(n) :: X between host memory and device
real(kind=real32), dimension(n) :: y memory:.

= Constructs with no map clause for a data

I$omp target “present? »” “pDresent?(x)” ) . .
Homp 5 P (y)” “p (x) item then determine if data has been

do i=1,n
) = oa ox(d : mapped and if not, amap(tofrom:..) is
end élc()l) A EURAE added for that data item.

I$omp end target

end subroutine
22
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Optimize Data Transfers

mReduce the amount of time spent transferring data:
= Use map clauses to enforce direction of data transfer.

= Use target data, target enter data, target exit data constructs to keep
data environment on the target device.

subroutine caller subroutine saxpy(a, X, y, n)
I Declarations omitted I Declarations omitted
I$omp target data map(to:x) & I$omp target “present?(y)” “present?(x)”
map (tofrom:y) do i=1,n
call saxpy(a, x, y, n) y(i) = a * x(i) + y(1)
I$omp end target end do
end subroutine I$omp end target

end subroutine

23
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Optimize Data Transfers

mReduce the amount of time spent transferring data:
= Use map clauses to enforce direction of data transfer.

= Use target data, target enter data, target exit data constructs to keep
data environment on the target device.

void example() { void zeros(float* a, int n) {
float tmp[N], data_in[N], float data out[N]; #pragma omp target teams distribute parallel for
#pragma omp target data map(alloc:tmp[:N]) \ for (int i = 0; i < n; i++)
map(to:a[:N],b[:N]) \ a[i] = o.ef;
map (tofrom:c[:N]) }
{
zeros(tmp, N);
compute_kernel 1(tmp, a, N); void saxpy(float a, float* y, float* x, int n) {
saxpy(2.0f, tmp, b, N); #pragma omp target teams distribute parallel for
compute_kernel 2(tmp, b, N); for (int i = 0; 1 < n; i++)
saxpy(2.0f, c, tmp, N); y[i] = a * x[i] + y[i];
P} }

24
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Example: target data and target update

#pragma omp target data device(©) map(alloc:tmp[:N]) map(to:input[:N)) map(from:res)
{
#pragma omp target device(0)
#pragma omp parallel for
for (i=0; i<N; i++)
tmp[i] = some_ computation(input[i], 1i);

update _input_array on_the_ host(input);
#pragma omp target update device(©) to(input[:N])
#pragma omp target device(0)
#pragma omp parallel for reduction(+:res)

for (i=0; i<N; i++)
res += final computation(input[i], tmp[i], i)

25
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target data Construct Syntax

m Create scoped data environment and transfer data from the host to the device and back

m Syntax (C/C++)
#pragma omp target data [clause[[,] clause],..]
structured-blocR

m Syntax (Fortran)

I$omp target data [clause[[,] clause],..]
structured-block
I$omp end target data

m Clauses

device(scalar-integer-expression)
map([{alloc | to | from | tofrom | release | delete}:] Llist)
if(scalar-expr)

26
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target update Construct Syntax

m Issue data transfers to or from existing data device environment

m Syntax (C/C++)
#pragma omp target update [clause[[,] clause],..]

m Syntax (Fortran)
I$omp target update [clause[[,] clause],..]

m Clauses
device(scalar-integer-expression)
to(Llist)
from(List)
if(scalar-expr)

27



OpenMP

ommerical Break

ENGIN
COMPUTATION

SERIES

OpenMP API 5.2 [sERywloays it or For Fortran content | [n.n.n)Sectionsin 5.2.spec | [n.n.n] Sections in5.1.spec | [EJSee Clause info on pg. 9

OpenMP 5.2 API Syntax Reference Guide
el l The OpenMP® AP is a scalable model that OpenMP is suitable for a wide range of
gives parallel programmers a simple and algorithms running on multicore nodes and

flexible interface for developing portable chips, NUMA systems, GPUs, and other such
parallel applications in C/C++ and Fortran devices attached to a CPI

= openmp.org

‘ C/C++ C/C++content | or Fortran content | [n.n.n] Sectionsin5.2.spec | [n.n.n] Sections in 5.1.spec | [EJ See Clause info on pg. 9 ‘

Getting Started

Navigating this reference guide
Directives and Constructs. 1 Environment Variables
Clauses 9 ICVvalues

Runtime Library Routines ... 10 Using OpenMP Tools

OpenMP Examples Document

An Examples Document and a link to a GitHub repository
ith is atlink.open les51

OpenMP directive syntax
A directive is a combination of the base-language
mechanism and a directive-specification (the directive-
name followed by optional clauses). A construct consists
of a directive and, often, additional base language code.
o/cs+ € directives are formed exclusively with pragmas.
e+ directives are formed from either pragmas or attributes.
ortran directives are formed with comments in
free form and fixed form sources (codes).

Examples:
o+ Hpragma omp directive-specification
{fomp :: directive( directive-specification )]
[lusing omp : directive directive-specification )]
1$omp directive-specification
1Somp directive-specification
omp end directive-name

Directives and Constructs

OpenMP constructs consist of a directive and, if defined in the syntax, an associated structured block that follows. » OpenMP directives except simd and any
declarative directive may not appear in Fortran PURE procedures.  structured-block is a construct o block of executable statements with a single entry at the top
and a single exit at the bottom. * strictly-structured-block is a structured block that is a Fortran BLOCK construct. * loosely-structured-block is a structured block that
isn't strictly structured and doesn't start with a Fortran BLOCK construct.  omp-integer-expression is of a (/C+ scalar int type or scalar integer type.

« omp-logical-expression s a ¢/C++ scalar expression or logical expression.

Data environment directives

threadprivate [5.2)[221.2]
Specifies that variables are replicated, with each thread

scan (s.s] (2.118]

Specifies that scan computations update the list items on

each teration o an enclosingloop nest associated with a
p SIMI

allocate (6.6 2.13.3]
Specifies how a set of variables s allocated.

worksharing-oop,

having its own copy. Each copy of a variable
isinitialized once prior to the first reference to that copy.

& |#pragma omp threadprivate (list)

15omp threadprivate (lst)

¢/c++ A comma-separated st of file-scope,
namespace-scope, or static block-scope variables
that do not have incomplete types.

A comma-separated lst of named variables
and named common blocks. Commen block
names must appear between slashes.

declare reduction [5.5.11] [2.215.7]
Declares a reduction-identifier that can be used in a
reduction, in_reduction, or task_reduction clause.

structured-block-sequence
prag scan dlause
structured-block-sequence

structured-block-sequence

15 n clause
structurect-block-sequence

e
exclusive (lst)
inclusive /ist)

declare mapper (583 (2.21.7.4]
Declares a user-defined mapper for a given type, and may
define a mapper-identifier for use in a map clause

fpragma omp declare mapper (fmapper-dentifer : ]\
type var) clause/ [, ] louse] .. ]

| #pragma ist) [elouse] [, Jelause] ... ]

tSomp allocate (list) [clause] [, Jclause] ... |

clause:
align (alignment)
alignment: An integer power of 2.
allocator (alocator)
allocator:
C/c++ type omp_allocator_handle_t
kind omp_allocator_handle_kind

allocators (5.7]

Specifies that OpenMP memory allocators are used for
certain variables that are allocated by the associated
allocate-stmt.

[ [, Jclause] ... |

‘Hpragma omp declare reduction ( \
reduction-identifier: typename-list : combiner) \
fiitializer-clause]

1Somp declare reduction
{reduction-identifier: l‘ypE dist: combiner)

[initializer-clause]

combiner:
C/cs+ An expression
An assignment statement or a subroutine
name followed by an argument st
initializer-clouse: initializer (initializer-expr)
initializer-expr: omp_priv = initializer or
Jfunction-name (argument-list)
reduction-identifir:

+ A base language identifier (for ), or an
id-expression (for 1), srone of the following
operators: +*, &, |4 &&, ||

A base language mennﬁer, user-defined
operator, or one of the following operators: +, ¥,

.and., .or,,.eq. .negv; or one of the following
intrnsic procedure names: ma, min, and, ior,

c++ typename-fist: Alist of type names
type-list: Alist of type specifiers that must not be
CLASS(*) or abstract type.

1 OpenhP ARB

mapper ridentifier: jtype = vor) &
[clouse] ] louse] .. ]

clouse:
map{{ (map-mody it fmap-modfe,
‘map-type
map-type: alloc, fmm m, mlmm
map-modifier: always, close, present, mapper(default),
iterator{iterator-definitions)
mapper-identifier:
Abase-language identifier or default ]
type: A valid type in scope
var: Avalid base-anguage identifier

allocate-stmt
[ 15omp end allocators |
clause: allocate|
allocate-stmt: A Fortran ALLOCATE statement.

Variant directives

[begin Imetadirective [7.4.3,7.4.4] [2.3.4]
Adirective that can specify multiple directive variants,
one of which may be conditionally selected to replace the
metadirective based on the enclosing OpenM? context

#pragma omp metadirective [clause [,] clause] ... |

“or-

| #pragma omp begin metadirective [clause[ [,] clause] .. ]
strntfs)

pray

Memory
Memory spaces (6] (2.13.1]

Predefined memory spaces represent storage resources
for storage and retrieval of variables.

Memory space

omp_defaul_mem space  Default storage

omp_large_cap_mem space _Large apacity

amp_const mem space Variables with constant vaues
omp_bigh bw_mem_space _ High bandwidth

omp_Jow lat_mem space  Low atency

1Somp metadirective [clousef [,] clause] .. |

“or-

1Somp begin metadirective [clouse/ ] clouse] .. ]
tmfs)

se:
when (context-selector-specification: [directive-variant])
Conditionally select a directive variant.
otherwise ([directive-variant])
Conditionally select a directive variant. otherwise

was named default in previous versions.  continued p
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Asynchronous Offloads

m OpenMP target constructs are synchronous by default
* The encountering host thread awaits the end of the target region before continuing

* The nowait clause makes the target constructs asynchronous (in OpenMP speak: they become
an OpenMP task)

#pragma omp task depend(out:a)
init _data(a);

#pragma omp target map(to:a[:N]) map(from:x[:N]) nowait depend(in:a) depend(out:x)
compute 1(a, x, N);

#pragma omp target map(to:b[:N]) map(from:z[:N]) nowait depend(out:y)
compute 3(b, z, N);

#pragma omp target map(to:y[:N]) map(to:z[:N]) nowait depend(in:x) depend(in:y)
compute_4(z, x, y, N);

#pragma omp taskwait
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summary

m OpenMP APl is ready to use GPUs for offloading computations
= Mature offload model w/ support for asynchronous offload/transfer
= Tightly integrates with OpenMP multi-threading on the host

m More, advanced features (not covered here)
= Memory management API
" |Interoperability with native data management
" Interoperability with native streaming interfaces
= Unified shared memory support

31
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