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DEFINITION
OpenMP is an application programming interface for parallelizing sequential programs 
written in C, C++, and Fortran on shared-memory platforms. It provides a collection of 
compiler directives, a runtime library, and environment variables to enable programmers 
to specify the parallelism they desire to exploit in a program.

DISCUSSION

Introduction

The OpenMP Application Programming Interface (API) is a parallel programming model 
for shared-memory computer systems intended to provide a straight-forward means of 
exploiting concurrency inherent in many algorithms. With the insertion of compiler 
directives, the programmer directs the compiler to parallelize portions of the code at a 
high level. 

Originally designed to target loop-centric algorithms, version 3.0 of the API introduced 
the ability to define explicit tasks that may be executed concurrently. The OpenMP API 
is an agreement among hardware and software vendors that make up the OpenMP 
Architecture Review Board (ARB). The origins of the API are found a set of compiler 
directives for writing parallel Fortran compiled by the the Parallel Computing Forum 
(PCF) in the late 1980s.  In 1997, the newly formed ARB introduced the first OpenMP 
specification for a set of directives for use with Fortran and OpenMP compilers soon 
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followed. Bindings for C and C++ have since been defined and the feature set has 
grown. Version 3.0, the most recent version, was ratified in 2008. The ARB is a non-
profit corporation comprised of members from industry and academia that owns the 
OpenMP brand and manages the OpenMP specification.

The OpenMP does not require the programmer to explicitly decompose data and control 
flow to produce parallel computation. This fragmented style of programming is 
characterized by low-level programming to control the details of the concurrency. 
Rather, OpenMP allows the programmer to take a high-level view of parallelism and 
leave the details of the concurrency to the compiler. With the insertion of OpenMP 
directives, the programmer can specify what portions of sequential code should be 
executed in parallel. To a non-OpenMP compiler, the directives look like comments and 
are ignored. So by observing a few rules, one application can be both sequential and 
parallel, a very good quality that is quite useful in development and testing. Another 
benefit is the ability to incrementally apply OpenMP constructs to create a parallel 
program from existing sequential codes. Rather than start from scratch, the programmer 
can insert parallelism into a portion of the code and leave the rest sequential, repeating 
this process until the desired speedup is realized. This also means that to use OpenMP 
one need only learn a small set of constructs, not an entirely new language.

For a sample of how to use OpenMP, consider this fragment of C code that multiplies 
two matrices, a and b, and storing the result in a third matrix, c.

initialize_arrays(a,b,c,K,M,N);

#pragma omp parallel private(i,j,k) shared(a,b,c)
{
! #pragma omp for schedule(auto)
! for (i = 0; i < N; i++)
! ! for (k = 0; k < K; k++)
! ! ! for (j = 0; j < M; j++)
! ! ! ! c[i][j]= c[i][j]+a[i][k]*b[k][j];
}   /* end omp parallel */

As with any sequential program, execution starts with a single thread of control.  The 
#pragma omp identifies a line of code to be an OpenMP parallel directive, which 
specifies a structured block of code that should be treated as a parallel region. In this 
case the parallel region is enclosed with {}. When the initial thread of control reaches a 
parallel directive, it creates a team of threads, all of which will then execute the code in 
the parallel region. The initial thread becomes the teamʼs master thread while the other 
are the slaves. The entire team will be available to share the work of the parallel region. 
This parallel construct includes a private clause and a shared clause. These are used to 
designate how variables are to be treated in the parallel region. In this case the loop 
iteration variables will be treated local to individual threads while the matrices will be 
shared. Improperly characterized data can lead to incorrect results and errors, so this 
must be carefully considered. These and other clauses will be discussed later. This 
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need to designate private and shared data is essentially what sets shared-memory 
programming from other methods. 

The next directive identified by #pragma omp identifies the for construct, which 
designates that the execution of the immediately following loop is to be executed in 
parallel. Iterations of the loop will among the threads of the team in the enclosing 
parallel region according to the specified loop schedule. In this example, the auto 
schedule will allow the compiler and runtime to decide on the actually scheduling of the 
loop iterations.

Overview of Features

The OpenMP API relies on directives, library routines, and environment variables for 
expressing the parallelism desired in a given program. Some of these were mentioned 
previously. A directive and its accompanying structured block form a construct. 
Directives may have various clauses associated to provide further information to the 
OpenMP implementation. As seen above, directives for C and C++ begin with #pragma 
omp. Directives in Fortran can begin with !$omp, but other options are available.

The fundamental parallel directive defines a parallel region, marking the structured 
block of code therein should be executed by multiple of threads. Without a parallel 
construct, the code will be executed sequentially. Each parallel construct designates 
whether data should be treated as private or shared. Data not explicitly designated with 
a clause is shared by default. Since a parallel region is form with a structured block, it 
must have only one entry point and one exit point. A program is non-conforming if it 
branches into or out of a parallel region. 

Various constructs may be used with the parallel construct to designate worksharing, 
tasks, synchronization, and more. The worksharing constructs include the loop, 
sections, single, and workshare constructs. Each worksharing construct must bind to a 
active parallel region before its effects will be realized. Worksharing directives 
encountered by a single thread are ignored and the accompanying code will be 
executed sequentially, i.e. outside of a parallel region or inside a parallel region with a 
team of one thread. Clauses used with a parallel directive may be used to designate 
conditional use, the number of threads, data sharing properties, and reductions, some 
of which will be discussed below. Worksharing constructs end with an implicit barrier 
causing all threads to wait for the construct to complete.  A worksharing construct that 
appears in a function or subroutine that is invoked from within a parallel region is called 
an orphan directive. Orphan directives may also be called from outside a parallel region 
allowing sequential or parallel execution of the function.

Worksharing constructs are used to define how the work in a block of code should be 
sdistributed across the executing threads. The loop construct (in C/C++ for, in Fortran 
do) is used to execute iterations of loops concurrently. The sections construct allows 
multiple blocks of code to be executed concurrently, each by a single thread. The single 
construct associates with the immediately following structured block for execution by a 
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single, arbitrary thread. The workshare construct is supported only for directing the 
parallel execution of Fortran programs written using Fortran 90 array syntax.

Synchronization of threads in a team is achieved through another set of constructs. A 
barrier is a point of execution where threads must wait for all other threads is the current 
team before proceeding. While many constructs have implicit barriers, an explicit barrier 
is accomplished with the barrier directive. Barriers are used to avoid data race 
conditions. Access to shared data can be isolated to a critical region and protected 
using the critical directive or single assignment statements with the atomic directive. 
Explicit locks are also available for more flexible access of shared data.

Data in OpenMP programs is shared by the threads in the team by default. Any 
modification of shared data is guaranteed to be available to other threads after the next 
barrier or other synchronization point in the program. However, this is not always 
appropriate and some data will need to be local, or private, to each thread. A variable 
designated as private is replicated among the threads as a local copy. If the private 
variable needs to be initialized by the value of the corresponding variable immediately 
prior to the construct, the variable should be designated firstprivate. If the final value of 
a private variable is needed after the construct completes, the variable can be 
designated as lastprivate, whereby the final value of the variable inside the construct will 
be saved for the corresponding variable. Variables may also be designated as reduction 
variables with an associated operator. These variables will be used privately by each 
thread to perform it share of the work and then combined according to the operator as 
each thread completes its chunk of work. 

OpenMP also specifies how a programmer may interact with the runtime environment. 
The API defines a set of internal control variables (ICVs) for controlling the execution at 
runtime. These include controlling the the number of threads in a thread team, enabling 
nested parallelism, and specifying the scheduling of iterations in loop constructs. 
Theses ICVs may be accessed by setting environment variables or using runtime library 
routines. In some cases, the ICV may be set with a clause in the proper directive.

Loop Parallelism

Since a significant amount of work occurs in loops, it is important to exploit any 
parallelism present. Any work that can be executed without depending on the outcome 
of other work can be executed concurrently. This kind of concurrency often occurs in the 
iterations of the loops. As long as each iteration does not depend in some way on the 
outcome of a previous iteration, iterations can be executed concurrently. Existing loop-
carried dependences can often be removed with some reorganization to reveal 
concurrency.

The most commonly used worksharing construct is the loop construct, which is marked 
with 

! #pragma omp for [clause[[,]clause]…]
! ! for-loops
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 in C/C++ and 

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

in Fortran. This directs the implementation to distribute loop iterations among available 
threads. The number of iterations in the loop must be countable with an integer and use 
a fixed increment. This means only for loops in C/C++ and do loops in Fortran. Some 
rewriting of the loop may be necessary to expose parallelism. Clauses included can be 
used to prescribe the loop constructʼs data environment and loop scheduling as well as 
others.

Loop scheduling refers to how loop iterations are assigned to threads in the team. 
These are easily specified. using the clause

! schedule(kind[, chunk_size])

The kind of clause can be static, dynamic, guided, auto, or runtime. If no loop 
schedule is specified, a static schedule will be used. This schedule will “chunk” loop 
iterations together in contiguous non-empty sets. Each chunk will be assigned to a 
thread in a round-robin fashion. The size of a chunk is set by the chunk_size value. If 
the chunk size is not specified, all chunks will be approximately the same size and at 
most one chunk will be assigned to each thread in the team. For varying workloads the 
dynamic and guided schedules may be more appropriate. With the dynamic schedule, 
each thread will continually grab a chunk iterations until all chunks have been executed, 
using a chunk size of one if none is specified. Similar to this is the guided schedule 
except that the chunk size decreases as threads subsequent chunks. Then chunk size 
is set to be a proportion of the remaining iterations. The auto schedule allows the 
implementation to decide the schedule, which may be any possible distribution of 
iterations amongst the thread team. The runtime schedule defers the actual the 
scheduling of threads until execution, at which time the schedule and chunk size are 
read from environment variables via a library routine.

Task Parallelism

More flexibility is often needed to exploit parallelism in code, especially where the 
amount of parallelism is unknown, as with recursive algorithms or processing pointer-
based structures. When the task directive is encountered by a thread, the associated 
block of code will be made ready for execution at sometime in the future. There is no 
guarantee when the task will be executed. When the task is given to a thread for 
execution, it will be executed sequentially. The implementation is allowed to suspend 
the execution and resume at a later time. By default the thread that begins a task must 
complete the task in its entirety. Any suspension in the execution of the task must be 
resumed on the thread on which it began. This is called a tied task. A task designated 
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untied may resume suspended execution on any thread. There is no guarantee of the 
ordering of task execution or completion, on that tasks will complete with the use of task 
synchronization constructs. Tasks may be suspended or resumed when a thread 
reaches a task scheduling point. Task scheduling points occur at the point immediately 
following explicit task creation, the end of the task construct, any barriers, and in the 
taskwait region. The taskwait directive causes the task to wait on all child tasks it has 
generated. 

Implementation

Implementations of OpenMP usually consists of an OpenMP-aware compiler and its 
runtime library (RTL). The compiler is responsible for recognizing and properly 
translating the programʼs OpenMP constructs while the RTL is responsible for thread 
creation and management at execution time. Most mainstream compilers that 
implement C, C++, and Fortran are capable of translating OpenMP. Any directives and 
RTL calls are translated along with the base-language program when the proper 
compiler options are used. Omission of these options will cause OpenMP directives to 
be ignored and result in a sequential program.

Some constructs are merely replaced with a call to the RTL, like the barrier and 
taskwait. Implementations typically convert the structured block marked by a parallel 
directive into a separate procedure in a process called outlining. Any references to 
shared variables are replaced with pointers to the variablesʼ memory locations and 
passed to the outlined procedure as arguments. Private variables are local to the 
outlined procedure. Values for firstprivate variables are also passed as arguments. A 
runtime library routine will fork the necessary threads and pass the outlined procedure 
to each thread with the needed arguments. Threads often sleep when not involved in an 
active team. The user can direct whether the threads will sleep or busy-wait when idle 
for performance considerations.

A parallel loop will likely have each thread execute a runtime routine to determine 
iteration chunks prior to executing the iterations, followed by a call to a barrier routine. A 
guided or dynamic schedule may have threads carry out more than one set of iterations 
by invoking a routine to get a remaining set of iterations. These schedules will have 
slightly more overhead because of this additional coordination. However, these 
schedules may execute the work fast enough to justify the added overhead.

A task can also be outlined to a procedure and variables passed as arguments similar to  
the parallel construct. Variables in tasks are firstprivate by default and their values must 
be saved at the time of task generation. Shared variables may be replaced with pointers 
to their memory locations as with the parallel construct. Each task is saved for execution 
at some time in the future, likely in a queue. The actual scheduling of the execution of 
the tasks is left to implementation dependent and vary greatly. OpenMP allow for work 
stealing, allowing a thread to take unfinished from other threads. By default, a task must 
be executed in itʼs entirety by exactly one thread. If task is defined to be untied, it may 
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finish execution on a different thread, making it a candidate for work stealing. As such, 
implementations may actually employ more than one schedule.

Performance of OpenMP Programs

While OpenMP makes parallel programs easy to write, some extra work is usually 
necessary to allow complex programs to scale to high numbers of processors. Inherent 
in parallel programming is the presence of overhead, or work that would not otherwise 
be done in a sequential execution of the code. Each construct used will require some 
overhead to set up the parallel execution environment, so limiting their use to the 
presence of sufficient parallel work is advised. In addition to avoiding unnecessary 
overhead, the use of the memory hierarchy needs some careful attention.

Good performance of an OpenMP program begins with the optimizing of its sequential 
counterpart. This often involves reorganizing array accesses in loops and removal of 
redundant code which may not be done by the compiler. Once a satisfactory version of 
the sequential code is obtained, OpenMP constructs may be inserted one at a time, 
ensuring with each insertion the resulting execution remains valid. This ability to add 
parallelism incrementally is one of OpenMPʼs strong points. One guiding principal in this 
process should be to keep all threads doing meaningful work as much as possible.

Use of the parallel construct is generally quite expensive as it must deal with the 
management of the thread teams. The number of parallel constructs should be few, 
enclosing as much code as possible. An if clause is available to create a parallel region 
only on the condition that sufficient parallel work can be achieved. Synchronization of 
threads is also expensive, so it is important to consider carefully when it is necessary 
and avoid it otherwise.  Since workshare constructs have implied barriers, it is easy to 
have redundant barriers occur in code without being obvious. The nowait clause can be 
used to remove such implied barriers.

Since OpenMP is a shared-memory programming model some forethought as to how 
shared variables will be accessed is necessary. It is also prudent to minimize cache 
misses. Ensuring that array accesses in loops occur according to the base-language 
specification is one easy method. For instance, Fortran arrays are stored in memory in 
column-major order while C and C++ arrays are row-major. Nested loops should take 
this into account. Otherwise loops will likely access non-contiguous data on each 
subsequent iteration, causing a cache miss each time the array is accessed.

Cache coherent systems have a side effect know as false sharing, the interference 
among threads writing to different locations within the same cache line. A write by one 
thread will cause the system to notify the other caches of this modification causing them 
to update their copy of that entire cache line. Other threads accessing different locations 
in the cache line will have to wait for this update. While the threads in this case are not 
accessing shared data, the cache line is shared. This is a matter of performance, not 
correctness, but can prevent a program from scaling to a large number of threads.
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In the following example, a parallel do construct exhibits false sharing. If N is the 
number of threads, each thread will execute one iteration of the loop given the chunk 
size of 1. When each thread updates one element of b it also invalidates the cache line 
containing it. All other threads accessing that cache line will be affected and will need to 
get a new copy before their respective array elements are even modified. 

!$OMP PARALLEL DO shared(b,N) schedule(static,1)
! DO i=1,N,1
! ! b(i) = 4 * SIN(i*1.0)
! END DO

While array padding can help prevent false sharing, a better solutions is to avoid the 
conditions in which false sharing will occur. When multiple threads are modifying shared 
data in the same cache line(s) in rapid succession, false sharing is likely to considerably 
impact performance.

Ensuring a balanced workload among the threads will also lead to better performance. 
The time spent in computation between synchronization points should be comparable. 
Use of the runtime schedule is helpful in experimenting to find the best loop schedule to 
balance the load in a given program.

Correctness Considerations

It is actually quite easy to inadvertently introduce bugs into OpenMP programs. Bugs in 
shared-memory programming are usually very subtle and difficult to find. One such bug, 
the data race condition, involves the silent corruption of data during execution that is 
hard to detect as it may not manifest itself but on only a small fraction of the time. A data 
race condition occurs when multiple threads concurrently access the same shared data 
with at least one of the threads attempting to modify the data. Since there is no 
guarantee of the order in which the threads access data, this may lead to an incorrect 
result. Data race conditions may result from the lack of proper synchronization, like 
using a nowait incorrectly or neglecting to enclose such data access in a critical region.

It is usually good practice to minimize the sharing of variables since this can be 
problematic. By privatizing variables that do not need to be shared, data race conditions 
and other issues can be avoided. And, since variables are shared by default, overlooked 
variables may be unintentionally shared. For example, in a Fortran loop the index 
variables are always treated as private, but they are only private in a parallel-for loop in 
C. So in C/C++, the index variable of an inner loop will be shared if not explicitly 
privatized. Overlooked shared variables are also a source of the data race condition.

Another problem is the misunderstanding of which constructs have an implied barrier 
and which do not. In many cases, the single and the master constructs may be used for 
the same purpose. However, the former has an implied barrier and the latter does not. 
When using the master construct it is important to know if an explicit barrier is needed 
afterwards. With the single, a nowait may be warranted to remove an unnecessary 
barrier.
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Barriers may also lead to deadlock during execution if they are not used properly. An 
explicit barrier must be executed by all thread in the current thread team. If any thread 
does not reach the barrier, all the other threads will be waiting at the barrier for a thread 
that will never arrive. Another source of deadlock is the improper nesting of explicit 
locks. Deadlocked code will appear to be executing work but will never finish. These 
conditions are easily avoided with careful use of these constructs.

Future Directions

The ARB is actively considering new strategies and features to add to or enhance the 
current API, deliberating on changes frequently being proposed by researchers. The 
ARB seeks to only make changes in the API that are generally acceptable to all vendors 
on all platforms. The challenge they face is to keep the API small enough to be relatively 
easy to use yet robust enough to offer sufficient expressivity for existing parallelism. 
Proposals under consideration include error handling mechanisms, support for 
performance tools, enhancing the current task interface, providing the mapping of work 
and data to threads, and the ability to exploit heterogeneous architectures such as 
GPUs and accelerators. 

RELATED ENTRIES
Cilk
Loop nest parallelization
NUMA Shared-Memory Machines
OpenMP Profiling with ompP
Parallel code generation
Parallel Computing
Shared-Memory Multiprocessors
Symmetric Multiprocessors
Task Parallel Programs

BIBLIOGRAPHIC NOTES AND FURTHER READING
The Parallel Computing Forum was an informal group comprised of representatives 
from industry and academia. Their parallel Fortran extensions was published in 1991 as 
a set of compiler directives for parallelizing loops. Though an official subcommittee for 
the American National Standards Institute (ANSI) was formed and a new standard 
drafted based on PCF in 1994, it was never adopted when interest dwindled and other 
parallel programming models gained attention. In the latter half of that decade, the 
OpenMP ARB formed and introduced the first version of OpenMP, based on the PCF 
work, in 1997. Later, a C/C++ specification was developed. These two specifications 
eventually were merged into a single document. Version 3.0 of the specification was 
ratified in 2008. Plans are underway in 2009 for versions 3.1 and 4.0.
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In addition to the current specification of the API, the OpenMP website [cite] provides 
information about the current specification, news about OpenMP, tutorials, a discussion 
forum, and links to more information about OpenMP. 

The International Workshop on OpenMP (www.iwomp.org) is an annual series of 
workshops for OpenMP research since 2005 and it an excellent source for ongoing 
research by OpenMP users and developers and the ARB. Publications are available 
annually. Recent papers of interests include [task paper]

Books by [Chapman] and [Chandra] provide more detailed discussions of OpenMP, its 
use, and its implementation.
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