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Two Paradigms for Parallel Programming
 Distributed Memory

 message passing
 explicit programming required

 Special design: 
 cache coherency protocol over 

interconnect
 behaves like non-uniform shared 

memory

 Shared Memory
 common address space for a number of 

CPUs
 access efficiency may vary   SMP, 

(cc)NUMA
(memory access time depends on the 
memory location relative to the 
processor)

 many programming models
 potentially easier to handle
 hardware and OS support required

P P P P

Memory



3PPHPS 2026 | Elements of OpenMP

Two Paradigms for Parallel Programming
Distributed Memory

 Same program on each processor/machine 
(SPMD) or

   Multiple programs with consistent communication 
structure (MPMD)

 Program written in a sequential language
 all variables process-local
 no implicit knowledge of data on other 

processors

 Data exchange between processes
 send/receive messages via appropriate 

library
 most tedious, but also the most flexible way 

of parallelization

 Parallel library discussed in this course: 
 Message Passing Interface, MPI

Shared Memory

 Single Program on single machine
 UNIX Process splits off threads, mapped to 

CPUs for work distribution

 Data
 may be process-global or thread-local
 exchange of data not needed, or via suitable 

synchronization mechanisms

 Programming models
 explicit threading (hard)
 directive-based threading via OpenMP 

(easier)
 automatic parallelization (very easy, but 

mostly not efficient)
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Standards-Based Parallelism
MPI Standard OpenMP Standard

https://www.mpi-forum.org/docs/ https://www.openmp.org/specifications/
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Two Paradigms for Parallel Programming
 MPI Standard

 MPI version 1.0 in May 1994
 MPI version 2.0 in July 1997
 MPI version 3.0 in September 2012
 MPI version 4.0 in June 2021
 MPI version 5.0 in June 2025

 Base Languages
 Fortran
 C 

 Resources
 http://www.mpi-forum.org 

 OpenMP Standard
 OpenMP 1.0 in 1997 (Fortran) / 1998 (C, C++)
 OpenMP 3.0 (May 2008) 

 tasking etc.
 OpenMP 4.0 (July 2013)

 SIMD, affinity policies, accelerator support
 OpenMP 5.0 (Nov 2018)

 two new tool interfaces, multilevel memory 
systems

 OpenMP 6.0 (Nov 2024)
 improvements in usability and fine grain 

control
 Base Languages

 Fortran
 C, C++

 Resources
 http://www.openmp.org

http://www.mpi-forum.org/
http://www.mpi-forum.org/
http://www.mpi-forum.org/
http://www.mpi-forum.org/
http://www.openmp.org/
http://www.openmp.org/
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Typical Parallelization Hierarchy



OpenMP Architecture Review Board (ARB)

The mission of the OpenMP ARB (Architecture 
Review Board) is to standardize directive-based 
multi-language high-level parallelism that is 
performant, productive and portable.
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Recent Books about OpenMP
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Recent Books about OpenMP

Covers all about Accelerator Programming, 2023



OpenMP Basics
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OpenMP Programming Model
 Operating system view:

 parallel work done by threads
 Programmer’s view:

 directives: comment lines in code, e.g.
 !$omp parallel

 #pragma omp parallel

 library routines, e.g.
 omp_get_num_threads()

 omp_get_thread_num()

 omp_get_max_threads() 

 User’s view:
 environment variables determine:

resource allocation, scheduling strategies and other 
(implementation-dependent) behaviour, e.g.
 OMP_NUM_THREADS

 OMP_SCHEDULE

 OMP_NESTED
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OpenMP Programming Model
 Program start: only initial thread (formerly known as 

master thread) runs

 Parallel region: team of worker threads is generated
(“fork”)

 Threads synchronize when leaving parallel region (“join”)

 Only initial thread executes sequential part (worker 
threads persist, but are inactive)

 Task and data distribution possible via directives

 Nesting of parallel regions:
 allowed, but level of support implementation 

dependent

 Usually optimal: 
 one thread per processor core
 other resource mappings are allowed/possible



13PPHPS 2026 | Elements of OpenMP

Parallel region: Simplest Program Example: Fortran
program hello
  use omp_lib
  implicit none
  integer :: nthr, myth
  
!$omp parallel private(myth)

!$omp single
  nthr = omp_get_num_threads()
!$omp end single

  myth = omp_get_thread_num()

  write(*,*) "Hello from ", myth, "of ", nthr

!$omp end parallel

end program hello

 Parallel region directive:
 enclosed code executed by all threads 
 may include subprogram calls („dynamic 

region“)

 Special function calls:
 module omp_lib provides interface
 here: get number of threads and index of 

executing thread

 Data scoping:
 uses a clause on the directive
 myth thread-local: private
 nthr process-global: shared

(will be discussed in more detail later)
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Parallel region: Simplest Program Example: C/C++ 
#include <stdio.h>
#include <omp.h>

int nthr, myth;

int main(int arc, char *argv[])

{

#pragma omp parallel private(myth)

{

#pragma omp single

nthr = omp_get_num_threads();

myth = omp_get_thread_num();

printf("Hello from %i of %i\n", myth, nthr);

}

}

 Parallel region directive:
 enclosed code executed by all threads 
 may include subprogram calls („dynamic 

region“)

 Special function calls:
 Include file <omp.h>
 here: get number of threads and index of 

executing thread

 Data scoping:
 uses a clause on the directive
 myth thread-local: private
 nthr process-global: shared

(will be discussed in more detail later)



Compile Fortran (e.g. with Intel compiler):
ifx -qopenmp –o hello.exe hello.f90

Compile C (e.g. with Intel compiler):
icx -qopenmp –o hello.exe hello.f90

Run:
export OMP_NUM_THREADS=4
./hello.exe
 Hello from  0 of  4
 Hello from  2 of  4
 Hello from  3 of  4
 Hello from  1 of  4

Compile for serial run (e.g. with Intel compiler):
ifx -qopenmp-stubs –o hello.exe hello.f90 

 special switch for „stub library“

ordering not 
reproducible
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Compiling and Running an OpenMP Program
 Special compiler switch 

 activates OpenMP directives
 generates threaded code
 further suboptions may be available
 each compiler has something different here

 OpenMP environment
 defines runtime behaviour
 here: number of threads used 
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OpenMP Fortran Syntax
 Specifications:

 Fortran 77 style

 Fortran 90 module (preferred)

 Directives:
 fixed form source:

 free form source (preferred):

 Conditional compilation:

 In fixed form also sentinels *$, c$
 Continuation line:

include ”omp_lib.h”

use omp_lib

myid = 0
!$ myid = omp_get_thread_num()

!$OMP <directive> &
!$OMP <clause>

C$OMP <directive> [<clause [(<args>)]>, …] sentinel starting in column 1, 
also : *$OMP, !$OMP

!$OMP <directive> [<clause [(<args>)]>, …]
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OpenMP C/C++ Syntax
 Include file:

 Preprocessor  directive:  uses pragma feature

 Conditional compilation: OpenMP switch sets preprocessor macro

 Continuation line:

#include <omp.h>

#pragma omp <directive> [clause …]

#ifdef _OPENMP

… /* do something */
#endif

#pragma omp directive \
clause
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OpenMP Syntax: Remarks on Clauses
 Many (but not all) OpenMP directives support clauses

 more than one may appear on a given directive

 Clauses specify additional information associated with the directive
 modification of directive’s semantics

 “Simplest example” from above: 
 private(…) appears as clause to the parallel directive

 The specific clause(s) that can be used depend on the directive
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OpenMP Syntax: Structured Block
 Defined by braces in C/C++ 
 In Fortran:

 code between begin/end of an OpenMP 
construct must be a complete, valid 
Fortran block

 Single point of entry:
 no GOTO into block (Fortran), 

no setjmp()to entry point (C)
 Single point of exit:

 RETURN, GOTO, EXIT outside block  are 
prohibited (Fortran)

 longjmp() and throw() must not violate 
entry/exit rules (C, C++)

 exception: termination via STOP or exit() 

 Block structure example: 
 C version of simplest program

#include <omp.h>

int main() {
int numth = 1;

#pragma omp parallel

{
int myth = 0; /* private */

#ifdef _OPENMP
#pragma omp single

numth = omp_get_num_threads();
/* block above: one statement */
myth = omp_get_thread_num(); 

#endif
printf(“Hello from %i of %i\n”,\

myth,numth);

} /* end parallel */ 
}



Work Sharing in OpenMP (1): Fortran
 Making parallel regions useful … 

 divide up work between threads
 Example: 

 working on an array processed by a nested loop structure

 iteration space of directly nested loop is sliced

real :: a(ndim, ndim)
… 
!$omp parallel 
!$omp do
do j=1, ndim
do i=1, ndim

…
a(i, j) = …

end do
end do
!$omp end do
…  

!$omp end parallel

j-loop is sliced

synchronization 
between threads

further parallel 
execution
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Work Sharing in OpenMP (1): C/C++
 Making parallel regions useful … 

 divide up work between threads
 Example: 

 working on an array processed by a nested loop structure

 iteration space of directly nested loop is sliced

float a[ndim][ndim];

int main(int arc, char *argv[])
{
#pragma omp parallel

{
#pragma omp for

for(int j=0;j<ndim;j++) {
for(int i=0;i<ndim;i++) {

a[i][j]= …;
}

}
…
}

}

j-loop is sliced

further parallel 
execution

synchronization 
between threads
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Work Sharing in OpenMP (2)
 Synchronization behaviour:

 all threads (by default) wait for completion 
at the end of the work sharing region 
(„barrier“)

 following references using an array element 
by other threads are therefore OK.

 Slicing of iteration space:
 „loop scheduling“
 default behaviour is implementation 

dependent
 usually as equal as possible chunks of largest 

possible size
 Additional clauses on !$OMP DO / #pragma 

omp for possible (discussed later)

 Fortran syntax:

 C/C++ syntax:

 Restrictions on loop structure: 
 trip count must be computable at entry to 

loop 
 loop body with single entry and single exit 

point  

#pragma omp for [clause]
for ( ... )  {  

...   // loop body
}

!$omp do [clause]
do ...

...   // loop body
end do
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Memory Model
 Two kinds of memory exist in OpenMP  Threads access globally shared 

memory
 Data can be shared or private
 shared data – one instance of an 

entity available to all threads 
 private data – each per-thread copy 

only available  to thread that owns it
 Data transfer transparent to 

programmer
 Synchronization takes place (is 

mostly implicit)
 threadprivate variables
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Data-Sharing Attributes
 By default most variables are shared

 local variables outside the scope of construct
 static/global (C/C++) or save/common (Fortran)

variables

 Except
 variables* defined inside the construct are private

 i.e. declared inside {}-block or BLOCK/END BLOCK
 variables* local to functions/routines called from within the region are private
 loop iteration variables of worksharing loops are private

* non-static (C/C++) or without save attribute (Fortran)

int s = 1;

#pragma omp parallel
{
int p = omp_get_thread_num();
printf("s=%d p=%d\n", s, p);

}
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Data-Sharing Attribute Clauses
 Clauses for explicitly specifying how a variable should be treated

 supported by several directives, e.g., parallel, do/for, single, sections, task, …

 Clauses:
 shared(var1, var2, …)
 private(var1, var2, …)

 private + special operation 
 firstprivate(var1, var2, …)

 lastprivate, for do/for construct

 Change default:
 Fortran
 C/C++:
 best practice: default(none)

 every variable referenced must appear in a shared/private/… clause
 avoids incorrect assumptions about shared/private

default(shared|private|firstprivate|none)

default(shared|none)
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Scoping: Second-Simplest Example: Fortran
 Summation inside a loop

 Note: large workload inside loop improves 
threaded performance

 require thread-individual variable for 
partial sum calculated on each thread

 but: private copies of variables are 
undefined at entry to, and become 
undefined at exit of the parallel region 

 therefore: collect partial sums to a 
shared variable defined after the 
worksharing region

 updates to shared variable must be 
specially protected:
 use a critical region
 only one thread at a time may execute 

(mutual exclusion)
 

(performance impact due to explicit 
synchronization)

real :: s, stot
stot = 0.0
!$omp parallel private(s)
s = 0.0 
!$omp do
do i=1, ndim

… ! workload
s = s + …

end do
!$omp end do

!$omp critical
stot = stot + s

!$omp end critical

!$omp end parallel
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Scoping: Second-Simplest Example: C/C++
 Summation inside a loop

 Note: large workload inside loop improves 
threaded performance

 require thread-individual variable for 
partial sum calculated on each thread

 but: private copies of variables are 
undefined at entry to, and become 
undefined at exit of the parallel region 

 therefore: collect partial sums to a 
shared variable defined after the 
worksharing region

 updates to shared variable must be 
specially protected:
 use a critical region
 only one thread at a time may execute 

(mutual exclusion)
 

(performance impact due to explicit 
synchronization)

float s, stot;
stot = 0.;

#pragma omp parallel private(s)
{

s = 0.;
#pragma omp for

for(int i=0;i<ndim;i++) {
… // workload
s = s + … ;

}
#pragma omp critical

{
stot = stot + s;

}
}



28PPHPS 2026 | Elements of OpenMP

Private Variables – Masking: Fortran

real :: s

s = …

!$omp parallel private(s) 
s = …
… = … + s

!$omp end parallel

… = … + s

 Masking relevant for 
• privatized variables defined in scope 

outside the parallel region
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Private Variables – Masking: C/C++

float s;

s = … ;

#pragma omp parallel private(s) 
{
s = … ;
… = … + s;

}

… = … + s;
 Masking relevant for 

• privatized variables defined in scope 
outside the parallel region
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The firstprivate Clause: Fortran

real :: s

s = …

!$omp parallel firstprivate(s) 

… = … + s
!$omp end parallel

… = … + s

• Extension of private:
• value of master copy is transferred to private 

variables



31PPHPS 2026 | Elements of OpenMP

The firstprivate Clause: C/C++

float s;

s = … ;

#pragma omp parallel firstprivate(s) 
{
… = … + s;

}

… = … + s;

• Extension of private:
• value of master copy is transferred to private 

variables
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The lastprivate Clause: Fortran

real :: s

s = …
!$omp parallel 
!$omp do lastprivate(s)
do i = …

s = … 
end do

!$omp end do
!$omp end parallel
… = … + s  Extension of private:

• additional semantics for work sharing
• value from thread which executes last 

iteration of loop is transferred back to 
master copy (which must be allocated 
if it is a dynamic entity)

on work 
sharing 
directive
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The lastprivate Clause: C/C++

float s;

s = …;
#pragma omp parallel
{

#pragma omp for lastprivate(s)
for(int i=0; i<ndim; i++) {
s = …;

}
}
… = … + s;  Extension of private:

• additional semantics for work sharing
• value from thread which executes last 

iteration of loop is transferred back to 
master copy (which must be allocated 
if it is a dynamic entity)

on work 
sharing 
directive
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Reduction Operations (1): Fortran

real :: s

!$omp parallel
!$omp do reduction(+:s)
do i = …

…
s = s + …

end do
!$omp end do
… = … * s  

!$omp end parallel

Note: this improves on the summation example
(no explicit critical region needed)

s is still 
shared here

 At synchronization point:
• reduction operation is performed
• result is transferred to master copy

consistency 
required



35PPHPS 2026 | Elements of OpenMP

Reduction Operations (1): C/C++

float s;

#pragma omp parallel
{

#pragma omp for reduction(+:s)
for(int i=0;i<ndim;i++) {
...;
s = s + …;

}
… = … * s;

}

Note: this improves on the summation example
(no explicit critical region needed)

s is still 
shared here

 At synchronization point:
• reduction operation is performed
• result is transferred to master copy

consistency 
required
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Reduction Operations (2): Fortran
 Initial value of reduction variable

• depends on operation
 Consistency required

 operation specified in clause vs. update 
statement

 Multiple reductions:
 multiple scalars, or an array:

Operation Initial Value

+ 0

- 0

* 1

.and. .true.

.or. .false.

.eqv. .true.

.neqv. .false.

MAX min(type)

MIN max(type)

IAND all bits set

IEOR 0

IOR 0

real :: x, y, z
!$OMP do reduction(+:x, y, z)

real :: a(n)
!$OMP do reduction(*:a)

!$OMP do reduction(+:x, y) &
!$OMP    reduction(*:z)
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Reduction Operations (2): C/C++
 Initial value of reduction variable

• depends on operation
 Consistency required

 operation specified in clause vs. update 
statement

 Multiple reductions:
 multiple scalars, or an array:

Operation Initial Value

+ 0

- 0

* 1

& ~ 0

| 0

^ 0

&& 1

|| 0

max min(type)

min max(type)

float x, y, z;
#pragma omp for reduction(+:x, y, z)

float a[n];
#pragma omp for reduction(*:a[0:n])

#pragma omp for reduction (+:a[0:n]) \
reduction (*:b[0:n],c[0:n])

lower 
bound

length



Work Sharing Schemes



The schedule Clause
 Default scheduling:

 implementation dependent
 typical: largest possible chunks of as-equal-

as-possible size  („static scheduling“)

 User-defined scheduling:

chunk: always a non-negative integer. If 
omitted, has a schedule dependent default value

 Static scheduling
 schedule(static,10)

 minimal overhead (precalculated work 
assignment)

 Dynamic scheduling
 schedule(dynamic, 10)

 after a thread has completed a chunk, it is 
assigned a new one, until no chunks are left

 synchronization overhead
 default chunk value is 1

!$OMP do schedule(...)

iteration space
(threads color coded)

10 iterations

both threads take long to complete
their chunk (workload imbalance)

static
schedule( dynamic [,chunk] )

guided

#pragma omp for schedule(...)
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OpenMP Scheduling of Simple for Loops

OMP_SCHEDULE=static

OMP_SCHEDULE=dynamic,10OMP_SCHEDULE=static,10
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Guided Scheduling

41

 Size of chunks in dynamic schedule
 too small  large overhead
 too large  load imbalance

 Guided scheduling: dynamically vary chunk size. 
 Size of each chunk is proportional to the number of unassigned iterations divided by the number of 

threads in the team, decreasing to chunk-size (default = 1).

 Chunk size:
 means minimum chunk size (except perhaps final chunk)
 default value is 1

 Both dynamic and guided scheduling useful for handling poorly balanced and unpredictable 
workloads.

iteration space

chunk = 7
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Deferred Scheduling
 auto: automatic scheduling

 Programmer gives implementation the 
freedom to use any possible mapping.

 Decided at run time:

 runtime: 
 determine by either setting  OMP_SCHEDULE, 

and/or calling omp_set_schedule()
(overrides env. setting)

 find which is active by calling 
omp_get_schedule()

 Examples:
 environment setting:

export OMP_SCHEDULE="guided,4"
./a.out

 call to API routine:

!$OMP do schedule(runtime)

#pragma omp for schedule(runtime)

call omp_set_schedule(omp_sched_dynamic,4)
!$OMP parallel 
!$OMP do schedule(runtime)

do
… 

end do
!$OMP end do

omp_set_schedule(omp_sched_dynamic, 4)
#pragma omp parallel 
#pragma omp schedule(runtime)

for (…) { }

runtime scheduling and OMP_SCHEDULE is not set:
implementation chooses a schedule

42
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Collapsing Loop Nests
 Collapse nested loops into a single 

iteration space

 Restrictions:
 iteration space  computable at entry to loop 

(rectangular)
 CYCLE (Fortran) or continue (C/C++) only 

in innermost loop

!$OMP do collapse(2) 
do k=1, kmax

do j=1, jmax
:

end do
end do

!$OMP end do

#pragma omp for collapse(2)
for (k=0; k<kmax; ++k)

for (j=0; j<jmax; ++j)
...

argument specifies
number of loop
nests to flatten

 Logical iteration space
 example: kmax=3, jmax=3

 this is what is divided up into chunks and 
distributed among threads

 Sequential execution of the iterations in all 
loops determines the order of iterations in 
the collapsed iteration space

 Optimization effect
 may improve memory locality properties
 may reduce data traffic between cores

0 1 2 3 4 5 6 7 8
J 1 2 3 1 2 3 1 2 3

K 1 1 1 2 2 2 3 3 3

43
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Performance Tuning: The nowait Clause
 Remember:

 an OpenMP for/do performs implicit
synchronization at loop completion 

 Shooting yourself in the foot
 modified variables must not be accessed 

unless explicit synchronization is performed
 use a barrier for this

!$omp parallel 
!$omp do 
do k=1, kmax_1

a(k) = a(k) + b(k)
end do

!$omp end do nowait
! code not involving 
! r/w of a, writes to b

!$omp do
do k=1, kmax_2

c(k) = c(k) * d(k)
end do

!$omp end do
!$omp end parallel

do not 
synchronize

Implicit 
barrier

#pragma omp parallel
{
#pragma omp for nowait
for (int k = 0; k < kmax_1; ++k) {

a[k] += b[k]
}
/* code not involving */
/* r/w of a, writes to b */
#pragma omp for
for (int k = 0; k < kmax_2; ++k) {

c[k] *= d[k]
}

}

 Example: multiple loops in parallel region

44
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Explicit Barrier Synchronization
 barrier construct is a stand-alone 

directive
 barrier synchronizes all threads 

 each barrier must be encountered by 
all threads in the team or by none at 
all

!$omp parallel 
!$omp do 
do k=1, kmax_1

a(k) = a(k) + b(k)
end do

!$omp end do nowait
! code not involving 
! r/w of a, writes to b

!$omp barrier
!$omp do
do k=1, kmax_1

a(k) = a(k) + b(k)
end do

!$omp end do
!$omp end parallel

do not 
synchronize

#pragma omp parallel
{
#pragma omp for nowait
for (int k = 0; k < kmax_1; ++k) {

a[k] += b[k]
}
/* code not involving */
/* r/w of a, writes to b */
#pragma omp barrier
#pragma omp for
for (int k = 0; k < kmax_1; ++k) {

a[k] += b[k]
}

}

explicit 
synchronization

45
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Parallel Sections
 Non-iterative work-sharing construct

 distribute a set of structured blocks

 each block executed exactly once by one of 
the threads in team

 Allowed clauses on sections:
 private, firstprivate, 
lastprivate, reduction, nowait

 Restrictions:
 section directive must be within lexical 

scope of sections directive
 sections directive binds to innermost 

parallel region
  only the threads executing the binding 

parallel region participate in the execution of 
the section blocks and the implicit barrier (if 
not eliminated with nowait)

 Scheduling to threads
 implementation-dependent
 if there are more threads than code blocks: 

excess threads wait at synchronization point

!$omp parallel
!$omp sections
!$omp section

! code block 1
!$omp section

! code block 2
…
!$omp end sections
!$omp end parallel

thread 0

thread 1

synchronization

47



PPHPS 2026 | Elements of OpenMP

The single Directive

 one thread only executes enclosed code block
 all other threads wait until block completes 

execution
 allowed clauses: private, firstprivate, 

copyprivate, nowait
 use for updates of shared entities

 copyprivate and nowait clauses: appear on 
end single in Fortran, on single in C/C++ 

#pragma omp parallel 
{

double s = …;
#pragma omp single copyprivate(s)
{

s = …
}
… = … + s

}

tim
e

fork: 
T0          T1          T2        T3

join

private

s0 s1 s2 s3

s0 s1 s2 s3

copyprivate(s)
broadcasts s

!$omp single
s = …

!$omp end single copyprivate(s)

s2
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Combining single with nowait
 Implement a self-written work scheduler

 not the most efficient method  preferably use tasking (see later)
 one possible scheme:

: assign work for iteration 1
!$omp parallel

do iw=1, nwork
!$omp single

: ! assign work for iteration iw+1 to threads, “prefetching”
: ! (using a non-trivial amount of time e.g. I/O)

!$omp end single nowait
: ! other threads continue and work on iteration iw

!$omp barrier
end do ! iw

!$omp end parallel

no omp do!
all threads execute 

this loop

/* assign work for iteration 1 */
#pragma omp parallel
for (int i = 0; i < nwork; ++i) {

#pragma omp single nowait
{
/* assign work for iteration i+1 to threads, "prefetching"
/* (using a non-trivial amount of time e.g. I/O) */
}
/* other threads continue and work on iteration i */
#pragma omp barrier

}
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Combining Regions and Work Sharing
 Example:

 is equivalent to

 Applies to most work-sharing 
constructs
 do/for
 sections
 workshare (Fortran only)

 Notes:
 clauses for work-sharing constructs can 

appear on combined construct

!$omp parallel
!$omp do
...
!$omp end do
!$omp end parallel

!$OMP parallel do
...
!$OMP end parallel do

#pragma omp parallel for
...

#pragma omp parallel
#pragma omp for
...
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SIMD on Intel Architecture
 Width of SIMD (Single Instruction, Multiple Data) registers has been growing in the past:
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Before OpenMP 4.0
 Support required vendor-specific extensions

 Programming models (e.g. Intel Cilk Plus)
 Compiler pragmas (e.g. #pragma vector)
 Low-level constructs (e.g. _mm_add_pd())

#pragma omp parallel for
#pragma vector always
#pragma ivdep
for (int i = 0; i < n; i++) {

a[i] = b[i] + …;
}  

You need to trust 
your compiler to 
do the right thing 
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SIMD Loop Construct
 Vectorize a loop nest

 Cut loop into chunks that fit a SIMD vector register
 No parallelization of the loop body

 simd construct can be applied to a loop to indicate that the loop can be transformed 
into a SIMD loop 
 multiple iterations of the loop can be executed concurrently using SIMD instructions

 simd specifies that there are no dependencies among loop iterations
 see safelen clause

#pragma omp simd [clause, …]
for-loops

!$omp simd [clause, …]
do-loops
!$omp end simd

C/C++ Fortran
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SIMD Loop Construct: Clauses
 private (var-list)

uninitialized vectors for variables in var-list
 reduction (op:var-list)

create private variables for var-list and apply reduction operator op at the end of the 
construct

 simdlen (length)
length is treated as a hint that specifies the preferred number of iterations to be executed 
concurrently

 safelen (length)
maximum number of iterations that can run concurrently without breaking a dependence

 linear (list[:linear-step])
the variable’s value is in relationship with the iteration number xi = xorig + i * linear-step

 aligned (list[:alignment])
specifies that the list items have a given alignment

 collapse (n)
collapse n nested loops into a single iteration space

55



PPHPS 2026 | Elements of OpenMP

Examples of the SIMD Construct

#pragma omp simd
for (i=0; i<n); i++)

a[i] = b[i] + c[i];

#pragma omp simd reduction(+:t1) collapse(2)
for (i=0; i<n; i++)
for (j=0; j<m; j++)

t1 += func1(b[i], c[j]);
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SIMD Worksharing Construct
 Parallelize and vectorize a loop next

 Distribute a loop’s iteration space across a thread team
 Subdivide loop chunks to fit a SIMD vector register

 SIMD Function Vectorization
 Declare one or more functions to be compiled for calls from a SIMD loop
 Not covered in this course

#pragma omp for simd [clause, …]
for-loops

!$omp do simd [clause, …]
do-loops
!$omp end 

C/C++ Fortran
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Why do we need Synchronization?

shared 
memory

 OpenMP Memory Model

 private (thread-local): 
 no access by other threads

 shared: two views
 temporary view: thread has modified data in

its registers (or other intermediate device)
 content becomes inconsistent with that in cache/memory
 other threads: cannot know that their copy of data is invalid

T

T

T

T

two threads execute
a = a + 1
in same parallel region
 race condition

processor registers
(different cores)

a
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Possible Results

 Following results could be obtained on each thread
 a after completion of statement:

Thread 0                                                         Thread 1
1 1
1 2
2 1

 may be different from run to run, depending on which thread is the last one
 after completion of parallel region, may obtain 1 or 2.

a = 0

Thread 0:
a = a + 1

Thread 1:
a = a + 1
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Consequences and (Theoretical) Remedies
 For threaded code without

synchronization this means
 multiple threads write to same memory 

location 
 resulting value is unspecified

 some threads read and another writes 
 result on reading threads unspecified

 Flush Operation
 is performed on a set of (shared) variables 

or on the whole thread-visible data state of a 
program
 flush-set

 discards temporary view:
 modified values forced to 

cache/memory
 next read access must be from 

cache/memory

 further memory operations only allowed 
after all involved threads complete flush:
 restrictions on memory instruction 

reordering (by compiler)
 Ensure consistent view of memory:

 assumption: want to write a data item with 
first thread, read it with second

 order of execution required:
1. thread 1 writes to shared variable
2. thread 1 flushes variable      
3. thread 2 flushes same variable 
4. thread 2 reads variable
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OpenMP flush Syntax
 OpenMP directive for explicit flushing

!$omp flush [(var1[,var2,…])]

 Stand-alone directive
 applicable to all variables with shared scope

 including: SAVE, COMMON/module globals, shared dummy arguments, shared pointer dereferences
 If no variables specified, the flush-set

 encompasses all shared variables 
which are accessible in the scope of the FLUSH directive 

 potentially slower
 Implicit flush operations (with no list) occur at:

 All explicit and implicit barriers
 Entry to and exit from critical regions
 Entry to and exit from lock routines
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Barrier Synchronization
 Explicit via directive:

 the execution flow of each thread blocks upon reaching the barrier until all threads have reached the 
barrier

 flush synchronization of all accessible shared variables happens before all threads continue 
 after the barrier, all shared variables have consistent value visible to all threads

 barrier may not appear within work-sharing code block
 e.g. !$omp do block, since this would imply deadlock

 Implicit for some directives:
 at the beginning and end of parallel regions
 at the end of do, single, sections, workshare blocks unless a nowait clause is specified (where 

allowed)
 all threads in the executing team are synchronized
 this is what makes these directives “easy-and-safe-to-use”
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Relaxing Synchronization Requirements

 Use a nowait clause
 on end do / end sections / end single / end workshare (Fortran)
 on for / sections / single (C/C++)
 removes the synchronization at end of block
 potential performance improvement

 especially if load imbalance occurs within construct)
 programmer’s responsibility to prevent races
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Critical Regions
 The critical and atomic directives:

 each thread arriving at the code block executes it (in contrast to single)
 mutual exclusion: only one at a time within code block 
 atomic: code block must be a single line update of a scalar entity of intrinsic type with an intrinsic 

operation

!$omp critical

block

!$omp end critical

!$omp atomic

x = x <op> y

# pragma omp critical

{ block }

# pragma omp atomic

x = x <op> y ;

unary operator 
also allowed

Fortran

C/C++
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Synchronizing Effect of Critical Regions
 Mutual exclusion is only assured for the statements inside the block

 i.e., subsequent threads executing the block are synchronized against each other
 If other statements access the shared variable,  may be in trouble:

 Race on read to x.
 A barrier is required before

this statement to assure that 
all threads have executed 
their atomic updates

#pragma omp parallel
{

: 
#pragma omp atomic
x = x + y
:
a = f(x, …)

}

FortranC/C++
!$omp parallel
: 

!$omp atomic
x = x + y
:
a = f(x, …)

!$omp end parallel
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Named Critical
 Consider multiple updates

 same shared variable

 critical region is global: OK

 different shared variables

 mutual exclusion not required
 unnecessary loss of performance

 Solution:
 use named criticals

 mutual exclusion only if same name is used 
for critical

 atomic is bound to updated variable 
 problem does not occur

subroutine foo()
!$omp critical
x = x + y

!$omp end critical

thread 0

subroutine bar()
!$omp critical
x = x + z

!$omp end critical

thread 1

subroutine foo()
!$omp critical
x = x + y

!$omp end critical

subroutine bar()
!$omp critical
w = w + z

!$omp end critical

subroutine foo()
!$omp critical (foo_x)
x = x + y

!$omp end critical (foo_x)  

subroutine bar()
!$omp critical (foo_w)
w = w + z

!$omp end critical (foo_w)  
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The masked Directive

 only threads selected by the filter clause execute the structured block
 other threads in the team do not execute the associated structured block.

 If a filter clause is present on the construct and the parameter specifies the thread number 
of the current thread in the current team then the current thread executes the associated 
structured block.

 No implied barrier on entry to, or exit from, the masked construct.

!$omp masked [filter(scalar-integer-expression)]

block
!$omp end masked

# pragma omp masked [filter(integer-expression)]

{ block }

Fortran C/C++ ≥ v5.1
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The ordered Clause

!$OMP do ordered
do I=1,N

O1
!$OMP ordered

O2
!$OMP end ordered
O3

end do
!$OMP end do

 Statements must be within body of a loop 
 directive acts similar to single

 threads do work ordered as in sequential execution
 execution in the order of the loop iterations

 requires ordered clause on enclosing  do/for construct
 only effective if code is executed in parallel
 only one ordered region per loop i=1 i=2 i=3 i=N...

O1 O1

O1O2
O2

O2

O2

O3 O3
O3

O3barrier

tim
e

...

O1
#pragma omp for ordered
for (i=0; i<N; ++i) {
O1
#pragma omp ordered
{ O2 }
O3

}

FortranC/C++
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Two Applications of ordered
 Loop contains recursion

 dependency requires serialization
 only small part of loop (otherwise 

performance issue)

 Loop contains I/O
 it is desired that output (file) be consistent 

with serial execution 

!$OMP do ordered
do I=2,N

... ! large block
!$OMP ordered

a(I) = a(I-1) + ...
!$OMP end ordered

end do
!$OMP end do

!$OMP do ordered
do I=1,N
... ! calculate a(I)
!$OMP ordered

write(unit,...) a(I)
!$OMP end ordered

end do
!$OMP end do

#pragma omp for ordered
for (i=1; i<N; ++i) {
... /* large block */
#pragma omp ordered
a[i] = a[i-1] + ...

}

#pragma omp for ordered
for (i=0; i<N; ++i) {
... /* calculate a[i] */
#pragma omp ordered

printf("%e ", a[i]);
}

}

Fo
rtr

an
C

/C
++

Fo
rtr

an
C

/C
++
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Mutual Exclusion with Locks
 A shared lock variable can be used to implement specifically designed 

synchronization mechanisms
 In the following, var is of type

 Fortran: integer(omp_lock_kind) 
 C/C++:   omp_lock_t

 OpenMP lock variables must be only accessed by the lock routines

 Mutual exclusion bound to objects
 more flexible than critical regions
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OpenMP Locks
 An OpenMP lock can be in one of the following 3 stages:

 uninitialized
 unlocked
 locked

 The task that sets the lock is then said to own the lock.

 Only a task that sets the lock, can unset the lock, returning it to the unlocked stage.

 2 types of locks are supported:
 simple locks

 Can only be locked if unlocked.
 A thread may not attempt to re-lock a lock it already has acquired.

 nestable locks
 Owning thread can lock multiple times
 Owning thread must unlock the same number of times it locked it
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Lock Routines (1)
 Fortran: omp_init_lock(var)

C/C++    omp_init_lock(omp_lock_t *var)
 initialize a lock 
 initial state is unlocked
 what resources are protected by lock: defined by developer
 var not associated with a lock before this routine is called

 Fortran: omp_destroy_lock(var)
C/C++:   omp_destroy_lock(omp_lock_t *var)
 disassociate var from lock
 precondition:

 var must have been initialized
 var must be in unlocked state
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Lock Routines (2)
 Assuming:  lock variable var has been initialized

 Fortran: omp_set_lock(var)
C/C++:   void omp_set_lock(omp_lock_t *var)
 blocks if lock not available
 set ownership and continue execution if lock available

 Fortran: omp_unset_lock(var)
C/C++:  void omp_unset_lock(omp_lock_t *var)
 release ownership of lock
 ownership must have been established before

 Fortran: logical function omp_test_lock(var)
C/C++:   int omp_test_lock(omp_lock_t *var)
 does not block, tries to set ownership
 returns true if lock was set, false if not
 allows to do something else while lock is hold by another thread
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Lock Routines
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Example for Using Locks: Fortran

use omp_lib
integer(omp_lock_kind) :: lock

call omp_init_lock(lock)

!$omp parallel
...
do while (.not. omp_test_lock(lock))

! work unrelated to lock protected
! resource

end do
! use lock protected resource
call omp_unset_lock(lock)
...

!$omp end parallel

call omp_destroy_lock(lock)

use omp_lib
integer(omp_lock_kind) :: lock

call omp_init_lock(lock)

!$omp parallel
...
call omp_set_lock(lock)
! use resource protected by lock
call omp_unset_lock(lock)
...

!$omp end parallel

call omp_destroy_lock(lock)

acts like a
critical

region

loop until lock 
calling thread 

hold lock
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Example for Using Locks: C/C++

#inclue <omp.h>
omp_lock_t lock;

omp_init_lock(&lock)

#pragma omp parallel
{
...
while (!omp_test_lock(&lock)) {

/* work unrelated to lock 
protected resource */

}
/* use lock protected 

resource */
omp_unset_lock(&lock)
...

}

omp_destroy_lock(&lock)

#include <omp.h>
omp_lock_t lock;

omp_init_lock(&lock);

#pragma omp parallel
{

...
omp_set_lock(&lock)
/* use resource protected 

by lock */
omp_unset_lock(&lock)
...

}

omp_destroy_lock(&lock)

acts like a
critical

region

loop until lock 
calling thread 

hold lock
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Nestable Locks
 replace omp_*_lock by omp_*_nest_lock

 task owning a nestable lock may re-lock it multiple times
 a nestable lock is available if it is either unlocked 
or
 it is already owned by the task executing 
omp_set_nest_lock()or omp_test_nest_lock()

 re-locking increments nest count
 releasing the lock decrements nest count
 lock is unlocked once nest count is zero
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Task Execution Model
 Supports unstructured parallelism

 unbounded loops

 recursive functions

 Several scenarios are possible
 single creator, multiple creators, nested 

tasks,
 All threads in the team are candidates to 

execute tasks

 Example of unstructured parallelism

while (<expr>) {
...

}

do while (<expr>
...

end do

void myfunc(<args>)
{

...
myfunc(<newargs>)
...

}

#pragma omp parallel
#pragma omp single
while (elem != NULL) {

#pragma omp task
compute(elem);

elem = elem->next;
}
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The Execution Model

Task queue
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The task Construct

 Clauses:
 data environment:

 private, fistprivate, 
default(shared|none), 
in_reduction(r-id:list)

 Dependencies:
 depend(dep-type: list)

 Scheduler restriction:
 untied

 Scheduler hints:
 priority(priority-value)
 affinity(list)

 cutoff strategies:
 if(scalar-expression)
 mergable
 final(scalar-expression)

 Other clauses:
 allocate(allocator:] list)
 detach(event-handler)

!$omp task [clause[[,] clause]...]
…structured-block…
!$omp end task

#pragma omp task [clause[[,] clause]...]
{structured-block}

 Deferring (or not) a unit of work (executable for any member of the team)
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What is a Task?
 Make OpenMP worksharing more flexible:

 allow the programmer to package code blocks and data items for execution 
 this by definition is a task

 and assign these to an encountering thread
 possibly defer execution to a later time („work queue“)

 Introduced with OpenMP 3.0 and extended over time

 When a thread encounters a task construct, a task is generated from the code of the 
associated structured block.

 Data environment of the task is created (according to the data-sharing attributes, defaults, 
…) 
 „Packaging of data“

 The encountering thread may immediately execute the task, or defer its execution.  In the 
latter case, any thread in the team may be assigned the task.
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Example: Processing a Linked List

typedef struct {
list *next;
contents *data;

} list;

void process_list(list *head) 
{

#pragma omp parallel
{ 

#pragma omp single
{ 

list *p = head;
while(p) {

#pragma omp task
{ do_work(p->data); }
p = p->next;

}
} /* all tasks done */

}
}

#pragma omp parallel
{ 
#pragma omp single
{ 

while(p) {
#pragma omp task
{ /* taks code */ }

}
} /* all tasks done */

}

Typical task generation loop:
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Example: Processing a Linked List
 Features of this example:

 one of the threads has the job of generating 
all tasks

 synchronization: at the end of the single
block for all tasks created inside it 

 no particular order between tasks is 
enforced here 

 data scoping default for task block: 
 firstprivate

 iterating through p is fine
 this is the „packaging of data“ mentioned 

earlier
 task region: includes call of do_work()

typedef struct {
list *next;
contents *data;

} list;

void process_list(list *head) 
{

#pragma omp parallel
{ 

#pragma omp single
{ 

list *p = head;
while (p) {

#pragma omp task
{ do_work(p->data); }
p = p->next;      

}
} /* all tasks done */

}
}
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The if Clause
 When if argument is false –

 task becomes an undeferred task
 task body is executed immediately by encountering thread
 all other semantics stay the same (data environment, synchronization) as for a „deferred“ task

 User-directed optimization:
 avoid overhead for deferring small tasks
 cache locality / memory affinity may be lost by doing so

#pragma omp task if (sizeof(p->data) > threshold) 
{ do_work(p->data); }
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Further Aspects of Tasking not Covered in Detail
 Task Synchronization 

 Task Synchronization with barrier and taskwait
 Task Synchronization with taskgroup

 Task Switching
 The taskyield Directive

 Task Reductions
 Task Reductions using the taskgroup Construct

 Task Loops
 The taskloop Construct

 Task Dependencies
 The depend Clause

87



PPHPS 2026 | Elements of OpenMP

OpenMP Resources
 OpenMP Webpage https://www.openmp.org/

 Specification https://www.openmp.org/specifications/

 OpenMP Books https://www.openmp.org/resources/openmp-books/

 IWOMP Conference https://www.iwomp.org/
 IWOMP 2026 will be held on 7 – 9 Oct 2026 in conjunction with EuroMPI and the MPI Forum 

meetings in Vienna. 
 OpenMP Reference Guide (Cheat Sheet) https://www.openmp.org/resources/refguides/
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