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Review: BLAS routines
Separated into 3 Levels:
•

Level 1: Typically O(n) , vector operations e.g. dot product, general vector addition “axpy”

y ← ax + y
•

Level 2: Typically O(n 2) , matrix vector operations: e.g. general matrix-vector multiplication “gemv”

y ← aAx + by
•

Level 3: Typically O(n 3), matrix-matrix multiplications: e.g. general matrix-matrix multiplication “gemm”

C ← aAB + bC

Operational (Arithmetic) Intensity
Assume single precision

•

Level 1:

y ← ax + y

2n FLOP, 2n reads and n writes
2
1
OI =
=
FLOP/Byte
3×4 6
Memory bound
for most hardware!

•

Level 2:

y ← aAx + by

2

2

2n + 3n FLOP, 2n + n reads and n writes
2n + 3
1
OI =
→
(n + 3) × 4
2

FLOP/Byte

Operational (Arithmetic) Intensity
•

Level 3: C ← aAB + bC

Naive (no blocking):

3

2n + 3n

2 FLOP, n 2

2
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+ 2n reads and n writes

2n + 3
1
OI =
→
FLOP/Byte
(2n + 2) × 4
4

Blocking Method
(With enough cache):

3

2n + 3n

2 FLOP,

2

3n reads and n

2n + 3
n
OI =
→
4×4
8

2 writes

FLOP/Byte

Memory bound

Compute bound
by increasing n…
.

Towards the Roofline

124 ms
22.9 s

OpenBlas is about 185 times faster
than naive implementation!

• Blocking is always useful for large matrices
• several SIMD possible implementations
• BLAS is very well optimized
• Much higher performance than _gemv
-> use _gemm instead for many matrix-vector
multiplications

Alternatives
Intel MKL
Intel implementation of fast Linear Algebra kernels.
matrix matrix product

Specially tailored for Intel processors.

20000

In most supercomputers: module load mkl

18000
16000

https://software.intel.com/en-us/articles/intel-mkl-link-line-advisor

’eigen3’
’GOTO2’
’INTEL_MKL’
’eigen2’
’ATLAS’
’gmm’
’ublas’

14000

Header-only C++ Linear Algebra Library

MFLOPS

Eigen3

12000
10000
8000

Tailored to most of the latest processors

6000

Easy to use:

4000
2000

Map<MatrixXf> matA(matrixA, N, M);
Map<MatrixXf> matB(matrixB, N, K);
Map<MatrixXf> matC(matricC, M, K);
matC = matA * matB.transpose();

0
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Review: Support for Parallelism in Hardware
•

Multiple physical cores (Thread-Level Parallelism)

•

Pipelining (Instruction-Level Parallelism)

•

Vectorization (Data-Level Parallelism)

Threading Model: Master/Worker

•
•
•
•

The master thread creates new tasks and stores them into a queue
Workers constantly check the queue for new tasks to perform
Workers are created from the start, and do not nish while there is work left to do
The master does not do work (what could go wrong if it did?)
Synchronization only necessary to access work queues

More about this on HPCSE II
fi

•

Threading Model: Fork/Join
Time

Fork threads
•
•
•
•
•

Team of threads

https://computing.llnl.gov/tutorials/openMP/

Join threads: Synchronization point

The master thread is the main thread that enters the main function in your program
It controls the creation child threads with a Fork/Join operation
Child threads within a team (parallel region) may create sub-teams of threads (nested parallelism)
Threads are joined together at synchronization points (barrier, fences). Only master continues
The longer it is possible for a team of threads to execute in the same parallel region, the higher the
parallel fraction of your code. (Synchronization is expensive)

Outline
Threading Models
• Threading Libraries
• OpenMP
• Syntax
• Parallel Regions
• Work Sharing Constructs
• Data Environment
•

POSIX Threads (Pthreads)
•

Standardized C language threads programming interface
http://pubs.opengroup.org/onlinepubs/9699919799/

•

Header le:
#include <pthread.h>

•

Compilation:
gcc -pthread -o myprog myprog.c

Allows access to low-level features on shared memory platforms

•

More lines of code compared to higher-level API’s

•

Not straightforward for incremental parallelism
fi

•

POSIX Threads (Pthreads)
1 #include <pthread.h>
2 #de ne NTHREADS 8
3
4 void *do_work(void *t)
5{
6 /* thread ID */
7 long tid = (long)t;
8 /* more local data */
9 /* do work */
10 pthread_exit((void *)t);
11 }
12
13 int main(int argc, char *argv[])
14 {
15 pthread_t threads[NTHREADS];
16 void *status;
17 long t;
18 /* spawn threads */
19 for (t = 0; t < NTHREADS; ++t)
20
pthread_create(&threads[t], NULL, do_work, (void *)t);
21 /* join threads */
22 for (t = 0; t < NTHREADS; ++t)
23
pthread_join(threads[t], &status);
24 pthread_exit(NULL);
25 }

Fork/Join execution model

fi

Thread
Function

https://computing.llnl.gov/tutorials/pthreads

Create and Join threads
inside for loops

C++11 Threads

•

POSIX threads API is quite rigid and requires lots of additional code
Another possibility to work with threads is available in C++ (2011 standard)
Integrate well with C++ and its features
Relatively easy to get started with

•

Header le:

•
•
•

#include <thread>

Compilation:
g++ -std=c++11 -pthread -o myprog myprog.cpp

fi

•

C++11 Threads
C++11 Threads:
1 #include <thread>
2 #de ne NTHREADS 8
No
pointers
or
3
C-style casts.
4 void do_work(const size_t tid)
5{
6 // more local data
7 // do work
Code is easier
8}
read.
9
10 int main(int argc, char *argv[])
11 {
12 std::thread threads[NTHREADS];
13
14 // spawn threads
15 for (size_t t = 0; t < NTHREADS; ++t)
16
threads[i] = std::thread(do_work, t);
17 // join threads
18 for (size_t t = 0; t < NTHREADS; ++t)
19
threads[i].join();
20
21 return 0;
A thread is an
22 }

fi

fi

object (OOP)

POSIX Threads:

to

1 #include <pthread.h>
2 #de ne NTHREADS 8
Both
POSIX
3
threads and C++11
4 void *do_work(void *t)
5{
threads
still
impose
6 /* thread ID */
quite large
7 long tid = (long)t;
8 /* more local data */
boilerplate
code.
9 /* do work */
10 pthread_exit((void *)t);
11 }
12
13 int main(int argc, char *argv[])
14 {
15 pthread_t threads[NTHREADS];
16 void *status;
17 long t;
18 /* spawn threads */
19 for (t = 0; t < NTHREADS; ++t)
20
pthread_create(&threads[t], NULL, do_work, (void *)t);
21 /* join threads */
22 for (t = 0; t < NTHREADS; ++t)
23
pthread_join(threads[t], &status);
24 pthread_exit(NULL);
25 }
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OpenMP: Open Multi-Processing
An Application Programming Interface (API) to explicitly de ne mutli-threaded parallelism on
shared memory architectures.
•

Comprised of 3 components
1. Pre-compiler directives (#pragma) (not present in POSIX or C++11)
2. Runtime library calls [Optional]
3. Environment variables (not present in POSIX or C++11) [Optional]

•

Header le:
[Optional]

#include <omp.h>

(GCC)

clang++ -fopenmp -o myprog myprog.cpp

(LLVM)

icpc -qopenmp -o myprog myprog.cpp

(Intel)

fi

g++ -fopenmp -o myprog myprog.cpp

:


fi

Compile with:

Why we use OpenMP
Pros:
•
•
•
•

Easy to use and allows to parallelize existing serial programs with minimum effort
Parallelization can be done incrementally
Widely used and supported
Portability:
‣ C/C++ and Fortran
‣ Supports Unix/Linux platforms as well as Windows

Cons:
•

Does not automatically check for race conditions, deadlocks

•

Is not designed for distributed memory systems

•

Nor is it designed for parallel I/O (user is responsible for synchronization)

Code Size Comparison OpenMP vs C++11 Threads
Open MP:

C++11 Threads:

1 #include <omp.h>
2 #de ne NTHREADS 8
Even less code
3
4 void do_work(const size_t tid)
5{
6 // more local data
Distinction between
7 // do work
sequential code and parallel
8}
9
regions is very clear
10 int main(int argc, char *argv[])
11 {
12 #pragma omp parallel num_threads(NTHREADS) // spawn threads
13 {
14
// need omp.h header for this
15
const size_t t = omp_get_thread_num();
16
do_work(t);
17 } // join threads (implicit barrier)
18
19 return 0;
20 }

fi

fi

Implicit barrier at end of structured
block (synchronization point)

1 #include <thread>
2 #de ne NTHREADS 8
3
4 void do_work(const size_t tid)
5{
6 // more local data
7 // do work
8}
9
10 int main(int argc, char *argv[])
11 {
12 std::thread threads[NTHREADS];
13
14 // spawn threads
15 for (size_t t = 0; t < NTHREADS; ++t)
16
threads[i] = std::thread(do_work, t);
17 // join threads
18 for (size_t t = 0; t < NTHREADS; ++t)
19
threads[i].join();
20
21 return 0;
22 }
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OpenMP Syntax Format

Precompiler directives:
C/C++:

#pragma omp construct [clause [clause]…]

Fortran:

C$OMP construct [clause [clause]…]
!$OMP construct [clause [clause]…]
*$OMP construct [clause [clause]…]

Since we use directives, no changes need to be made
for a compiler that does not support OpenMP!

OpenMP Example

Example: Loop parallelization
Add precompiler directive to parallelize for-loop with a work sharing construct

Serial code:
1 int main(int argc, char* argv[])
2{
3 int results[100];
4
5 for (int i = 0; i < 100; ++i)
6
do_work( results[i] );
7
8 return 0;
9}

Parallel code:
1 int main(int argc, char* argv[])
2{
3 int results[100];
4
5 #pragma omp parallel for
6 for (int i = 0; i < 100; ++i)
7
do_work( results[i] );
8
9 return 0;
10 }

Thread Count
The number of threads in a parallel region is determined by the
following factors, in order of precedence:
1.
2.
3.
4.
5.

Evaluation of an if clause within the omp pragma
Setting the num_threads clause
Use of the omp_set_num_threads() library function
Setting the OMP_NUM_THREADS environment variable
Implementation default — usually the number of CPUs available

Remember: Threads within parallel regions are always numbered from 0
(master thread) to N-1, if there are N threads in the team. This also
applies for nested parallel regions.

OpenMP Syntax

Compiler directives:
C/C++:

#pragma omp directive-name [clause [[,]clause]…] new-line
structured block

Structured block:
1 { // new scope: start of lexical context
2 int a = 0; // automatic variable
3 do_work(a); // do something
4 } // exit point

Single point of entry and single point of exit!

Unstructured block:
1 { // new scope: start of lexical context
2 int a = 0;
// automatic variable
3 do_work(a);
4 if (a) goto out; // do something crazy
5 } // exit point
6 out: cout << "Skipped exit point!" << endl;
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Fork/Join Parallel Regions
•
•
•
•

Program executes in serial until it encounters a parallel directive
The thread that encounters the parallel region creates the children (team of threads)
The encountering thread becomes the master thread inside the region (thread_id = 0)
The threads synchronize at a barrier at the end of the parallel region. The master thread then continues

#pragma omp parallel [clause list] new-line
structured block
Clause can be:
•
•
•
•
•
•
•

if([parallel:] scalar-expression)
num_threads(integer-expression)
default(shared | none)
private(list)
firstprivate(list)
shared(list)
reduction(reduction-identifier: list)

Execute in parallel only if scalar-expression
evaluates to true
Declare the number of threads in the team
Are used to set a data environment (discussed later)

Special clause for reductions (discussed later)

Fork/Join Parallel Regions

Example:

Library call requires the OpenMP header to be included

1 #include <iostream>
2 #include <omp.h>
3 using namespace std;
4
5 int main(int argc, char* argv[])
6{
7 #pragma omp parallel
8 {
9
const int tid = omp_get_thread_num(); // get my ID
10
cout << "Hello from thread " << tid << '\n';
11 }
12 return 0;
13 }

Output:

master (0)

Sequential

master (0)
child (1)
child (2)
child (3)
…

Parallel

master (0)

Sequential

1 Hello from thread Hello from thread Hello from thread Hello from thread 3
2 201
3
4

?

Fork/Join Parallel Regions

Example:
1 #include <iostream>
Critical sections can be handled with the
2 #include <omp.h>
3 using namespace std;
critical directive. More in a few slides…
4
5 int main(int argc, char* argv[])
6{
7 #pragma omp parallel
8 {
9
const int tid = omp_get_thread_num(); // get my ID
Note:
If
the
structured
block
10
#pragma omp critical // the next line is a critical section!
11
cout << "Hello from thread " << tid << '\n';
is a single line, then you
12 }
may omit the curly braces.
13 return 0;
14 }

fi

Output:

1 Hello from thread 1
2 Hello from thread 3
3 Hello from thread 2
4 Hello from thread 0

The order of threads entering a critical section is
unspeci ed, only mutual exclusion is guaranteed!

Fork/Join Parallel Regions
Specify the number of threads and conditional execution of a parallel region:

Output:

1 Number of threads = 1
2 Hello from thread

fi

2


0


0


1 #include <iostream>
2 #include <omp.h>
3 using namespace std;
3 Number of threads = 2
4
4 Hello from thread
5 int main(int argc, char* argv[])
No parallel region spawned here
6{
because if evaluates to false
5 Number of threads = 3
7 for (int i = 1; i <= 4; ++i)
6 Hello from thread 0
8 {
7 Hello from thread 1
9
cout << “Number of threads = " << i << endl;
8 Hello from thread
10
#pragma omp parallel num_threads(i) if (parallel: i > 2)
11
{
9 Number of threads = 4
12
const int tid = omp_get_thread_num(); // get my ID
10 Hello from thread 0
13.
#pragma omp critical // the next line is a critical section!
11 Hello from thread 1
14
cout << "Hello from thread " << tid << '\n';
12 Hello from thread 3
15
}
13 Hello from thread 2
16 }
17 return 0;
Must be an integral value greater
Explicitly specify to which directive the if applies. Useful for
18 }
than 0
composite and combined constructs. If not speci ed, the if
applies to all constructs to which an if clause can apply.
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Work Sharing Constructs
OpenMP gives us access to the following work sharing constructs:
Loop construct: Speci es that the iterations of one or more associated loops
will be executed in parallel by the threads in the team. Used very often!
Sections construct: A non-iterative work sharing construct that contains a set
of structured blocks that are to be distributed among and executed by the
threads in a team.
Single construct: Speci es that the associated structured block is executed by
only one of the threads in the team (not necessarily the master thread).

fi

fi

Remember: All work sharing constructs have an implicit barrier at the end (unless
the nowait clause is used).

Parallelizing a For-loop Manually...
1 #include <omp.h>
2
3 int main(int argc, char* argv[])
4{
5 const int N = 1000; // number of points in array
6 double A[N];
// array of data we want to work on in parallel
7
8 #pragma omp parallel
Get my ID and the number
9 {
1. of threads in the team
10
const int tid = omp_get_thread_num();
11
const int nthreads = omp_get_num_threads();
12
int npoints = N / nthreads; // I am working on this many points
13
const int mystart = tid * npoints; // my start in the array
2.
14
if (tid == nthreads-1) // ensure to take care of all elements in A
15
npoints = N - mystart;
16
17
// iterate over array A in parallel
Iterate through my portion
18
for (int i = 0; i < npoints; ++i)
3.
of array A
19
A[mystart+i] = // do something here
20 }
21 return 0;
22 }

Determine the number of
points I need to work on
(you will see this type of
code often in MPI)

Loop Construct (Parallel for-loops)
The loop construct is the most important of the OpenMP work sharing
constructs. Let’s look a bit closer:
#pragma omp for [clause[[,]clause]…] new-line
for-loops
Clause can be:
private(list)
firstprivate(list)
lastprivate(list)
schedule(kind [, chunk_size])
collapse(n)
reduction(reduction-identifier: list)
nowait

fi

fi

•
•
•
•
•
•
•

Are used to set a data environment (discussed soon)

Note: There are a few more clauses that we do not
discuss in class. You can nd a full list in the OpenMP
speci cation. https://www.openmp.org/specifications/

Loop Construct (Parallel for-loops)

The OpenMP way…
1 #include <omp.h>
2
3 int main(int argc, char* argv[])
4{
5 const int N = 1000;
6 double A[N];
7
8 #pragma omp parallel
9 {
10
#pragma omp for
11
for (int i = 0; i < N; ++i)
12
A[i] = // do something here
13 }
14 return 0;
15 }

We tell OpenMP our intention: Share
the work associated with the loop!

OpenMP does the partitioning
of work for us!

 


Less code, cleaner
and more readable!

Loop Construct (Parallel for-loops)

The OpenMP way…
1 #include <omp.h>
2
3 int main(int argc, char* argv[])
4{
5 const int N = 1000; // number of points in array
6 double A[N];
// array of data we want to work on in parallel
7
8 #pragma omp parallel
9 {
10
// #pragma omp fo
11
for (int i = 0; i < N; ++i)
12
A[i] = // do something here
13 }
14 return 0;
Bad
15 }
1. Each thread works on the full array! No parallelism at all…
2. N race conditions!
3. A lot of pressure on the cache coherence protocol!

r


!


Trivia: What happens here?

Loop Construct (Parallel for-loops)
#pragma omp for works with canonical loop-structure:
Note: Prior to OpenMP 3.0, index must
be of signed integral type (no size_t)

index++;
++index;
index--;
<
--index;
for (index = start; index <= end; index += inc;
)
>=
index -= inc;
>
index = index + inc;
index = inc + index;
index = index - inc;

For C++ random access iterators:
since OpenMP 3.0:

for (it = vec.begin(); it != vec.end(); it++)

since OpenMP 5.0:

for (auto x : container)

Sections Construct
Sections can be used to assign individual structured blocks to different
threads in a team:
int main(int argc, char* argv[])
{
Note: You may also use the reduction
#pragma omp parallel
clause with sections
{
#pragma omp sections // nowait
{
#pragma omp section
x_calculation(); // independent computation
#pragma omp section
y_calculation(); // independent computation
#pragma omp section
z_calculation(); // independent computation
} // other threads in the team wait here.
// Use '#pragma omp sections nowait' to let them continue without
// synchronization
}
return 0;
}

Single Construct
single can be used to assign a structured block to one single thread
in a team (can be considered as a synchronization construct as well):
int main(int argc, char* argv[])
{
#pragma omp parallel
{
do_many_things();
#pragma omp single // nowait
{
exchange_boundaries();
} // other threads in the team wait here
// IFF this function does not depend on memory locations that need to
// be visible after exchange_boundaries() has been executed, then
// adding the 'nowait' clause to the single construct is more
// ef cient!
do_many_other_things();
}
return 0;

fi

}

Loop Scheduling
There are different ways to distribute the work among threads in a
team. We care about this to have more control over parallel granularity
and load-balancing.
1
2
3
4
5
6
7
8
9

2.7.1.1 Determining the Schedule of a Worksharing Loop

When execution encounters a loop directive, the schedule clause (if any) on the directive, and
the run-sched-var and def-sched-var ICVs are used to determine how loop iterations are assigned
to threads. See Section 2.3 on page 36 for details of how the values of the ICVs are determined. If
the loop directive does not have a schedule clause then the current value of the def-sched-var
ICV determines the schedule. If the loop directive has a schedule clause that specifies the
runtime schedule kind then the current value of the run-sched-var ICV determines the schedule.
Otherwise, the value of the schedule clause determines the schedule. Figure 2.1 describes how
the schedule for a worksharing loop is determined.

#pragma omp for schedule(kind [, chunk_size]) new-line
for-loops
10

Cross References

11

• ICVs, see Section 2.3 on page 36
START

How does OpenMP
determine the
schedule:

schedule
clause present?

No

Use def-sched-var schedule kind

Default is implementation dependent

Yes

schedule
kind value is
runtime?

Yes

No

Use schedule kind specified in
schedule clause

Use run-sched-var schedule kind

F IGURE 2.1: Determining the schedule for a Worksharing Loop

schedule(kind [, chunk_size])
OMP_SCHEDULE or omp_set_schedule(…)

Loop Scheduling
Loop scheduling kind:

•

•

fi

•

fi

•

static [, chunk]:
‣ Loop iterations are divided into segments of size chunk and distributed cyclically to the
threads in the team
‣ If chunk is not speci ed, it is equal to N/nthreads and each thread executes a single
chunk (what we did in the rst example above)
dynamic [, chunk]:
‣ Loop iterations are divided into segments of size chunk
‣ An idle thread is dynamically assigned the next available chunk
guided [, chunk]:
‣ Similar to dynamic but the chunk size decreases exponentially
‣ chunk speci es the minimum segment size
runtime:
‣ Decide at runtime depending on the OMP_SCHEDULE environment variable or the
omp_set_schedule() library call
auto:
‣ Decided by the compiler and/or the underlying OpenMP runtime library
fi

•

Loop Scheduling
Loop scheduling kind (in a picture):

V. Eijkhout, http://www.tacc.utexas.edu/~eijkhout/istc/istc.html

Nested Loops
How does OpenMP parallelize nested loops:

fi

1 int main(int argc, char* argv[])
2{
3 const int N = 1000;
The #pragma omp for applies to the
4 double A[N][N]; // 2D array
for-loop that immediately follows it
5
6 #pragma omp parallel
7 {
8
#pragma omp for
9
for (int i = 0; i < N; ++i) // this loop is distributed among threads
10
for (int j = 0; j < N; ++j) // each thread runs this loop from [0,N)
11
A[i][j] = ...
// do something here
12 }
13 return 0;
14 }
Note: Only an iteration of the innermost associated loop
may be curtailed by a continue statement. Recall the
de nition of a structured block in an earlier slide.

Loop Collapsing
Multiple loops associated to a loop construct can be collapsed
(combined or fused) into a single loop with a larger iteration space if
they are perfectly nested.
#pragma omp for collapse(n) new-line
for-loops

But be aware: If execution of any associated loop
changes any of the values used to compute any of
the iteration counts, then the behavior is unspeci ed!

n must be a constant positive integer
expression

Bene ts of loop collapsing:
‣

fi

fi

‣

Can achieve better utilization of available resources
Increased performance due to better load-balancing

Loop Collapsing
Example 1:
1 int main(int argc, char* argv[])
2{
3 double A[5][10000]; // 2D array
4
5 #pragma omp parallel
6 {
7
#pragma omp for collapse(2)
8
for (int i = 0; i < 5; ++i)
9
for (int j = 0; j < 10000; ++j)
10
A[i][j] = ... // do something
11 }
12 return 0;
13 }

Without the collapse clause, only 5
threads work on the loop, others are idle.

Collapsing the two loops generates a single
loop with a new iteration space (50000):
1 for (int k = 0; k < 5*10000; ++k)
2 A[k] = ... // do something
OpenMP automatically does this for us.

Trivia: How to compute i,j from k?
1 int i = k / 10000; // integer division
2 int j = k % 10000; // remainder of integer division (modulo)

1 int k = j + 10000 * i; // linear index

Loop Collapsing
Example 2: Parallel Matrix-Vector multiplication
1 int main(int argc, char* argv[])
2{
3 const int N = 1000;
4 double x[N], y[N]; // Vectors
5 double A[N][N]; // Matrix
6 // initialize data...
7
8 // parallel matrix vector product
9 #pragma omp parallel
10 {
11
#pragma omp for collapse(2)
12
for (int i = 0; i < N; ++i)
13
{
14
y[i] = 0.0;
15
for (int j = 0; j < N; ++j)
16
y[i] += A[i][j] * x[j];
17
}
18 }
19 return 0;
20 }

Can we collapse these loops?

No. Only perfectly nested loops can be
collapsed. Perfectly nested: The loop body
of the outer loop can consist only of the
inner loop.

Reduction
A reduction is a common operation where a speci c operation is
performed on all elements on some set of data. This can be done
ef ciently with the reduction clause:
#pragma omp for reduction(reduction-identifier: list) new-line
for-loops

The reduction identi er can be one of the following built-in operations:

Comma separated list
of reduction variables

+, -, *, &, |, ^, &&, ||, min, max

fi

fi

fi

fi

User-de ned operators can also be implemented.

Reduction
Example: Sum the elements in an array in parallel
1 int main(int argc, char* argv[])
2{
3 double a[1000];
4 // initialize data...
5
6 double sum = 0.0; // sum the elements in here
7 #pragma omp parallel
8 {
9
#pragma omp for reduction(+: sum)
10
for (int i = 0; i < 1000; ++i)
11
sum += a[i];
12 }
13 return 0;
14 }

What you learned so far, can you explain the
visibility and value of the variable sum in
lines 6, 9, 11 and 12?
Line 6: The variable is shared, everyone could see it
(only the master thread can see it at this point). Its
value is initialized to zero.
Line 9: OpenMP creates a private copy for each
thread and initializes the variable to 0 (in the case of
the ‘+’ operator).
Line 11: Each thread sums up its array elements into
its own (thread private) variable sum. Its value
depends on the data the thread is working on.
Line 12: OpenMP sums up all thread local sum
variables and stores it in the shared variable sum. Its
value is the result of the reduction.

Combined Constructs
There is only a single for-loop in the parallel region, do I need all this
code? No, combined constructs are shortcuts for specifying one construct
immediately nested inside another construct. This applies to the loop and
sections constructs we have seen so far.
1 #include <omp.h>
2
3 int main(int argc, char* argv[])
4{
5 const int N = 1000;
6 double A[N];
7
8 #pragma omp parallel
9 {
10
#pragma omp for nowait
11
for (int i = 0; i < N; ++i)
12
A[i] = // do something here
13 }
14 return 0;
15 }

Identical

1 #include <omp.h>
2
3 int main(int argc, char* argv[])
4{
5 const int N = 1000;
6 double A[N];
7
8
#pragma omp parallel for
9
for (int i = 0; i < N; ++i)
10
A[i] = // do something here
11 return 0;
12 }
Note: Implies nowait, you can
not use it as a clause here

Combined Constructs

Be careful, this is a common beginners mistake!
What is happening here?
1 #include <omp.h>
2
3 int main(int argc, char* argv[])
4{
5 const int N = 1000;
6 double A[N];
7
8 #pragma omp parallel
9 {
10
#pragma omp parallel for
11
for (int i = 0; i < N; ++i)
12
A[i] = // do something here
13 }
14 return 0;
15 }

Nested parallelism! Each thread in the outer
region executes a parallel for-loop on its own.
thread4

thread3

thread2

thread1
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Data Environment

Recall: We are working in a shared memory environment
•
•
•

In OpenMP, variables outside a parallel region are shared by default
Global/static variables are shared
Not everything is shared in OpenMP:
‣
‣

Loop index variables
Automatic variables in functions that are called inside the parallel region.

Data Environment

Three types of data-sharing attributes in OpenMP:
1. Predetermined (e.g. loop counters, threadprivate variables)
2. Explicitly determined (what you specify in a clause of a construct)
3. Implicitly determined (everything else)
Note: Data-sharing clauses can only be used in the lexical extent of the OpenMP directive

What we skipped in the previous slides:
• default(shared | none)
• shared(list)
• private(list)
• firstprivate(list)
• lastprivate(list)

Can only be used together
with the parallel directive
Can be used with the constructs
we have seen so far

Data Environment: default

To change the default data-sharing attributes:
•default(shared | none)
‣ You can change the default (shared, implicitly determined). The clause must only
appear once
‣ none means that every variable you reference in a parallel region must be explicitly
determined (unless its attribute is predetermined)

Example:

Use shared(list) to explicitly
determine a comma separated
list of variables as shared

1 int main(int argc, char* argv[])
2{
3 int var;
4 #pragma omp parallel default(none) shared(var)
5 {
6
// the variable var is shared (explicitly determined)
7
// the above is the similar to:
8
// #pragma omp parallel
9
// but now var is implicitly determined
10 }
11 return 0;
12 }

Data Environment: private

Making variables private:
•private(list)
‣ Creates a private copy of each variable in the list
‣ The private copy has a different address (avoiding data races)
‣ The private copy is not initialized, no association with the global variable

fi

fi

Example:

1 int main(int argc, char* argv[])
2{
sum is not initialized to zero. Its value is not
3 int sum = 0;
de
ned.
You
have
to
assign
its
initial
value
in
4 #pragma omp parallel for private(sum)
the parallel region.
5 for (int i = 0; i < 1000; ++i)
6 {
7
// Threads have not initialized sum, its value is unde ned. Inside
8
// this region, each thread observes a different address for the sum
9
// variable.
10
sum = sum + i;
11 }
12 // Because sum has been declared private in the parallel region, its value
13 // after the parallel region is the same as it was before entering the
14 // region.
15 return 0;
16 }

Data Environment: firstprivate

Making variables private:
•firstprivate(list)
‣ Special case of private(list)
‣ The private copy is initialized to the value seen by the master thread
‣ Its association with the global variable is its initialization

fi

fi

Example:

1 int main(int argc, char* argv[])
sum is initialized
2{
3 int sum = 0;
4 #pragma omp parallel for rstprivate(sum)
5 for (int i = 0; i < 1000; ++i)
6 {
7
// sum has been initialized to sum = 0. Inside this region, each thread
8
// observes a different address for the sum variable.
9
sum = sum + i;
10 }
11 // Because sum has been declared rstprivate in the parallel region, its
12 // value after the parallel region is the same as it was before entering
13 // the region.
14 return 0;
15 }

to zero.

Data Environment: lastprivate

Making variables private:
•lastprivate(list)
‣ Special case of private(list)
‣ The private copy is not initialized, as in private(list)
‣ Its association with the global variable is its update after the parallel region (careful: data
races)
1 int main(int argc, char* argv[])
2{
3 int a = 0;
4 #pragma omp parallel for lastprivate(a)
5 for (int i = 0; i < 100; ++i)
6
a = i;
7 // after the parallel region: a = 99
8 return 0;
9}

1 int main(int argc, char* argv[])
2{
3 int a = 0;
4 #pragma omp parallel sections lastprivate(a)
5 {
6
#pragma omp section // rst section
7
a = 1;
8
#pragma omp section // second section (and the last)
9
a = 2;
10 }
11 cout << a
12 return 0;
13 }

fi

Example Sections Construct:

;


Example Loop Construct:

