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Shared memory multiprocessor 
system

Any memory location can be accessible by any of the 
processors.

A single address space exists, meaning that each 
memory location is given a unique address within a 
single range of addresses.

Programming a shared memory multiprocessor 
system can take advantage of data stored in the 
shared memory, which is accessible by all processors 
without having to send the data to destination through 
message passing
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Shared Memory Programming

Generally, shared memory programming more 
convenient although it does require access to shared 
data by different processors to be carefully controlled 
by the programmer.

Shared memory systems have been around for a long 
time but with the advent of multi-core systems, it has 
become very important to able to program for them
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Methods for Programming Shared
Memory Multiprocessors

• Using heavyweight processes.
• Using threads. Example Pthreads, Java threads
• Using a completely new programming language for parallel 
programming - not popular. Example Ada.
• Modifying the syntax of an existing sequential programming 
language to create a parallel programming language. Example 
UPC – UPC – נמצאת על המכונה הוירטואליתנמצאת על המכונה הוירטואלית
• Using an existing sequential programming language 
supplemented with compiler directives and libraries for 
specifying parallelism. Example OpenMP

We will look mostly at threads and OpenMP



Threads and Processes

8a-6Reference: http://www.cs.cf.ac.uk/Dave/C/node29.html

Added by Guy:
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FORK-JOIN construct
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UNIX System Calls
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Wait()

The parent process will often want to wait until all 
child processes have been completed. this can be 
implemented with the wait() function call. 

Wait() Blocks calling process until the child process 
terminates. If child process has already terminated, 
the wait() call returns immediately. if the calling 
process has multiple child processes, the function 
returns when one returns. 



Guy - demo
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Demos under
~/../08/code

Open “top”:
top –u tel-zur
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UNIX System Calls

SPMD model with different code for master process and 
forked slave process.

Spawns a new process!



Guy - demo
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...same program with a delay 
added (cpu_burn): threads6.c

Threads> ./threads6
PID of this process: 22498

 I am a threaded printf, 
pid=22499 

 I am a threaded printf, pid=0 
^C

...same program with a delay 
added (cpu_burn): threads6.c
...same program with a delay 
added (cpu_burn): threads6.c

השם לא מוצלח.
processes אלא ב- threads לא מדובר ב- 



fork() starts a new process (not a 
new thread!)

This is the output of top -h





4 processes
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Differences between a process and threads
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Detached Threads

It may be that thread are not bothered when a 
thread it creates terminates and then a join not 
needed.

Threads not joined are called detached threads.

When detached threads terminate, they are 
destroyed and their resource released.
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Pthreads Detached Threads
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Statement Execution Order
Single processor: Processes/threads typically executed until blocked.

Multiprocessor: Instructions of processes/threads interleaved in time.

Example
Process 1 Process 2
Instruction 1.1 Instruction 2.1
Instruction 1.2 Instruction 2.2
Instruction 1.3 Instruction 2.3

Many possible orderings, e.g.:

Instruction 1.1
Instruction 1.2
Instruction 2.1
Instruction 1.3
Instruction 2.2
Instruction 2.3

assuming instructions cannot be divided into smaller steps.
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A sequence of instructions might perform a 
specific task, for example print out a message.

If two processes were to print messages, using 
interleaved instructions, the messages could 
appear garbled - the individual characters of 
each message could be interleaved if special 
care is not taken in coding the print routines.
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Thread-Safe Routines

Thread safe if they can be called from multiple threads
simultaneously and always produce correct results.

Standard I/O thread safe (prints messages without 
interleaving the characters).

System routines that return time may not be thread safe.

Routines that access shared data may require special care to 
be made thread safe.
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Re-ordering code also done intentionally by:

• Compilers to optimize performance

• Processors internally, again to optimize 
performance

Compilers will re-order code prior to execution while 
processors will re-order the code during 
execution.

In both cases the objective is to best utilize the 
available computer resources and minimize any 
waiting time.
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Compiler/Processor Optimizations
Compiler and processor reorder instructions to improve 
performance (execution speed).

Example

Suppose one had the code:
.
.

a = b + 5;
x = y * 4;
p = x + 9;

.

.
and the processor can perform, as is usual, multiple arithmetic 
operations at the same time.
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Compiler/Processor Optimizations
Can reorder to:

.

.
x = y * 4;
a = b + 5;
p = x + 9;

.

.
and still be logically correct. This gives the multiply operation 
longer time to complete before the result (x) is needed in the last 
statement.

Very common for processors to execute machines instructions out 
of order for increased speed.
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Accessing Shared Data
Accessing shared data needs careful control.
Consider two processes each of which is to add one to a 
shared data item, x.
Location x is read, x + 1 computed, and the result written 
back to the location:
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Conflict in accessing shared variable



Guy – demo
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Guy – demo; x is following the master thread

31
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Critical Section

A mechanism for ensuring that only one process accesses 
a particular resource at a time.

critical section – a section of code for accessing resource
Arrange that only one such critical section is executed at a 
time.

This mechanism is known as mutual exclusion.

Concept also appears in an operating systems.
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Locks

Simplest mechanism for ensuring mutual exclusion of critical
sections.

A lock - a 1-bit variable that is a 1 to indicate that a process 
has entered the critical section and a 0 to indicate that no 
process is in the critical section.

Operates much like that of a door lock:

A process coming to the “door” of a critical section and 
finding it open may enter the critical section, locking the door 
behind it to prevent other processes from entering. Once the 
process has finished the critical section, it unlocks the door 
and leaves.
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Control of critical sections through 
busy waiting
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Critical Sections Serializing Code

High performance programs should have as few as 
possible critical sections as their use can serialize the 
code.

Suppose, all processes happen to come to their critical 
section together.

They will execute their critical sections one after the other.

In that situation, the execution time becomes almost that of 
a single processor.
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Illustration
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Deadlock

Can occur with two processes when one requires a resource 
held by the other, and this process requires a resource held 
by the first process.
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Deadlock (deadly embrace)

Deadlock can also occur in a circular fashion with several 
processes having a resource wanted by another.
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Semaphores
A positive integer (including zero) operated upon by two 
operations:

P operation on semaphore s

Waits until s is greater than zero and then decrements s by 
one and allows the process to continue.

V operation on semaphore s

Increments s by one and releases one of the waiting 
processes (if any).
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P and V operations are performed indivisibly.

Mechanism for activating waiting processes implicit 
in P and V operations.

Though exact algorithm not specified, algorithm 
expected to be fair. Processes delayed by P(s) are 
kept in abeyance(*) until released by a V(s) on the 
same semaphore.

השהייה, אי-הפעלה (*)
Devised by Dijkstra in 1968.

Letter P from Dutch word passeren, meaning “to pass”
Letter V from Dutch word vrijgeven, meaning “to release”
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Mutual exclusion of critical sections can be achieved with one
semaphore having the value 0 or 1 (a binary semaphore), which
acts as a lock variable, but the P and V operations include a 
process scheduling mechanism:

Process 1 Process 2 Process 3

Noncritical section Noncritical section Noncritical section
. . .
P(s) P(s) P(s)

     Critical section   Critical section Critical section
V(s) V(s) V(s)
. . .

Noncritical section Noncritical section Noncritical section
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Monitor (=condition variable + lock)
Suite of procedures that provides only way to access 
shared resource. Only one process can use a monitor 
procedure at any instant.

Could be implemented using a semaphore or lock to 
protect entry, i.e.:

monitor_proc1() {
lock(x);

.
monitor body

.
unlock(x);
return;
}



8a-44Source: http://en.wikipedia.org/wiki/Monitor_(synchronization)

http://en.wikipedia.org/wiki/Monitor_(synchronization)
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Program  example

To sum the elements of an array, a[1000]:

int sum, a[1000];
sum = 0;
for (i = 0; i < 1000; i++)

sum = sum + a[i];
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UNIX Processes

Calculation will be divided into two parts, one doing even i and 
one doing odd i; i.e.,

Process 1        Process 2
sum1 = 0;        sum2 = 0;
for (i = 0; i < 1000; i = i + 2)            for (i = 1; i < 1000; i = i + 2)
sum1 = sum1 + a[i];                         sum2 = sum2 + a[i];

Each process will add its result (sum1 or sum2) to an 
accumulating result, sum :

sum = sum + sum1;                    sum = sum + sum2;

Sum will need to be shared and protected by a lock. Shared 
data structure is created:



Contention for Critical Sections
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0

Critical 
Section
Parallel
Idle

12 iterations, 33% instructions inside the critical section

P = 1

P = 3

P = 2

P = 4

1 2 3 4 5 6 7 8 9 10 11 12

33% in critical section

Credit for this slide: 
Prof. Onur Mutlu, Computer Architecture 
– Fall 2021 (227-2210-00L), ETH Zurich



Contention for Critical Sections
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0

Critical 
Section
Parallel
Idle

12 iterations, 33% instructions inside the critical section

P = 1

P = 3

P = 2

P = 4

1 2 3 4 5 6 7 8 9 10 11 12

Critical 
Section
Accelerated 
by 2x

Accelerating critical sections 

increases 

performance and scalability

Credit for this slide: 
Prof. Onur Mutlu, Computer Architecture 
– Fall 2021 (227-2210-00L), ETH Zurich



עד כאן מצגת זו
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Programming with Shared Memory

Part 2

Introduction to OpenMP
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OpenMP

An accepted standard developed in the late 1990s by a 
group of industry specialists.

Consists of a small set of compiler directives, augmented 
with a small set of library routines and environment variables 

using the base language Fortran and C/C++.

Several OpenMP compilers available.
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OpenMP
• Uses a thread-based shared memory programming 

model

• OpenMP programs will create multiple threads

• All threads have access to global memory

• Data can be shared among all threads or private to one 
thread

• Data transfer hidden from programmer

• Synchronization occurs but often implicit
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OpenMP uses “fork-join” model but thread-based.

Initially, a single thread is executed by a master thread.
Parallel regions (sections of code) can be executed by 
multiple threads (a team of threads).

parallel directive creates a team of threads with a specified 
block of code executed by the multiple threads in parallel. 
The exact number of threads in the team determined by one 
of several ways.

Other directives used within a parallel construct to specify
parallel for loops and different blocks of code for threads.



69

parallel region
Multiple threads

parallel region

Master thread
Fork/join model

Synchronization
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For C/C++, the OpenMP directives are contained in #pragma
statements. The OpenMP #pragma statements have the 
format:

#pragma omp directive_name ...

where omp is an OpenMP keyword.

May be additional parameters (clauses) after the directive 
name for different options.

Some directives require code to specified in a structured 
block that follows the directive and then the directive and 
structured block form a “construct”.
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Parallel Directive

#pragma omp parallel
structured_block

creates multiple threads, each one executing the specified
structured_block, either a single statement or a compound
statement created with { ...} with a single entry point and a 

single exit point.

There is an implicit barrier at the end of the construct.
The directive corresponds to forall construct.
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Hello world example

#pragma omp parallel  {
 
printf("Hello World from thread = %d\n", omp_get_thread_num(),

                  omp_get_num_threads());
 }

From an 8-processor/core machine:
Hello World from thread 0 of 8
Hello World from thread 4 of 8
Hello World from thread 3 of 8
Hello World from thread 2 of 8
Hello World from thread 7 of 8
Hello World from thread 1 of 8
Hello World from thread 6 of 8
Hello World from thread 5 of 8

OpenMP 
directive for a 
parallel region
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Private thread variables and shared 
variables

Could be declared within each parallel region but OpenMP 
provides private and shared clauses

int tid; 
…
#pragma omp parallel private(tid) {

tid = omp_get_thread_num();
printf("Hello World from thread = %d\n", tid);

}



Guy: demo
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bash% export OMP_NUM_THREADS=8

csh% setenv OMP_NUM_THREADS 8

Folder: 
…/lectures/08/code/HelloOpenMP

Program:
omp1.c

Compile:
gcc -fopenmp  -o omp1 ./omp1.c



Guy: Demo
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Guy: demo
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Number of threads in a team
Established by either:

1. num_threads clause after the parallel directive, or
2. omp_set_num_threads() library routine being previously 

called,
    or

3. the environment variable OMP_NUM_THREADS is defined

in the order given or is system dependent if none of the above.

Number of threads available can also be altered automatically 
to achieve best use of system resources by a “dynamic 

adjustment” mechanism.
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Work-Sharing

Three constructs in this classification:

sections
for

single

In all cases, there is an implicit barrier at the end of the 
construct unless a nowait clause is included.
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Sections
The construct

#pragma omp sections
{

#pragma omp section
     structured_block

#pragma omp section
     structured_block

.

.

.
}

cause the structured blocks to be shared among threads in team.
#pragma omp sections precedes the set of structured blocks.

#pragma omp section prefixes each structured block.

The first section directive is optional.
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Example
#pragma omp parallel shared(a,b,c,d,nthreads) private(i,tid) {
  tid = omp_get_thread_num();

#pragma omp sections nowait  {
#pragma omp section  {
printf("Thread %d doing section 1\n",tid);
for (i=0; i<N; i++) {

c[i] = a[i] + b[i];
printf("Thread %d: c[%d]= %f\n",tid,i,c[i]);

}
}

 
 #pragma omp section {

printf("Thread %d doing section 2\n",tid);
for (i=0; i<N; i++) {

d[i] = a[i] * b[i];
printf("Thread %d: d[%d]= %f\n",tid,i,d[i]);

}
}

 }  /* end of sections */
}  /* end of parallel section */

One 
thread 
does this

Another 
thread 
does this



#include<stdio.h>
#include<omp.h>
int main() {
int id;
#pragma omp parallel
{
#pragma omp sections
{
    #pragma omp section
    { 
        printf ("Section 1.1 id = %d, \n", omp_get_thread_num());
    }
    #pragma omp section
    { 
        printf ("Section 1.2 id = %d, \n", omp_get_thread_num());
    }
}
#pragma omp sections
{
    #pragma omp section
    { 
        printf ("Section 2.1 id = %d, \n", omp_get_thread_num());
    }
    #pragma omp section
    { 
        printf ("Section 2.2 id = %d, \n", omp_get_thread_num());
    }
}
} // end pragma omp parallel
return 0;
}

Demo: /home/telzur/Documents/Teaching/BGU/PP/PP2015A/lectures/08/code







Intel Parallel Studio
• export 

LD_LIBRARY_PATH=$LD_LIBRARY_PATH:/opt/intel/compose
r_xe_2013_sp1.3.174/compiler/lib/intel64

• echo 0 | sudo tee 
/proc/sys/kernel/yama/ptrace_scope

• /opt/intel/bin/icc -openmp -g -o 
./omp_sections_demo_intel ./omp_sections_demo.c

• Intel Inspector: 
/opt/intel/vtune_amplifier_xe/bin64/amplxe-gui &





No race conditions were detected





Intel's Vtune
 $  /opt/intel/vtune_amplifier_xe/bin64/amplxe-gui
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Single

The directive

#pragma omp single
     structured block

cause the structured block to be executed by one thread only.
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Master Directive

The master directive:

#pragma omp master
    structured_block

causes the master thread to execute the structured block.

Different to those in the work sharing group in that there is 
no implied barrier at the end of the construct (nor the 

beginning). Other threads encountering this directive will 
ignore it and the associated structured block, and will move 

on.
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For Loop
#pragma omp for

for_loop

causes the for loop to be divided into parts and parts shared 
among threads in the team. The for loop must be of a simple 
form.

Way that for loop divided can be specified by an additional 
“schedule” clause.

Example: the clause schedule (static, chunk_size) cause for 
loop be divided into sizes specified by chunk_size and 
allocated to threads in a round robin fashion.
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Example

#pragma omp parallel shared(a,b,c,nthreads,chunk) private(i,tid) {
  tid = omp_get_thread_num();

  if (tid == 0) {
    nthreads = omp_get_num_threads();
    printf("Number of threads = %d\n", nthreads);
  }
  printf("Thread %d starting...\n",tid);
 
  #pragma omp for schedule(dynamic,chunk)
  for (i=0; i<N; i++) {
    c[i] = a[i] + b[i];
    printf("Thread %d: c[%d]= %f\n",tid,i,c[i]);
    }
 
 }  /* end of parallel section */
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Combined Parallel Work-sharing 
Constructs

If a parallel directive is followed by a single for directive, it 
can be combined into:

#pragma omp parallel for
    for_loop

with similar effects, i.e. it has the effect of each thread 
executing the same for loop.
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Loop Scheduling and Partitioning
OpenMP offers scheduling clauses to add to for construct:

• Static
#pragma omp parallel for schedule (static,chunk_size)

Partitions loop iterations into equal sized chunks specified by 
chunk_size. Chunks assigned to threads in round robin 
fashion.

• Dynamic
 #pragma omp parallel for schedule (dynamic,chunk_size)

Uses internal work queue. Chunk-sized block of loop 
assigned to threads as they become available.



98

• Guided
 #pragma omp parallel for schedule (guided,chunk_size)

Similar to dynamic but chunk size starts large and gets smaller 
to reduce time threads have to go to work queue.

chunk size =  number of iterations remaining
    2 * number of threads

• Runtime
 #pragma omp parallel for schedule (runtime)

Uses OMP_SCEDULE environment variable to specify which of 
static, dynamic or guided should be used.



SCHEDULE: Describes how iterations of the loop are divided among the threads in the team. The default 
schedule is implementation dependent. 

STATIC 

Loop iterations are divided into pieces of size chunk and then statically assigned to threads. If chunk is not 
specified, the iterations are evenly (if possible) divided contiguously among the threads. 

DYNAMIC 

Loop iterations are divided into pieces of size chunk, and dynamically scheduled among the threads; when a 
thread finishes one chunk, it is dynamically assigned another. The default chunk size is 1. 

GUIDED 

Iterations are dynamically assigned to threads in blocks as threads request them until no blocks remain to be 
assigned. Similar to DYNAMIC except that the block size decreases each time a parcel of work is given to a 
thread. The size of the initial block is proportional to: number_of_iterations / number_of_threads Subsequent 
blocks are proportional to number_of_iterations_remaining / number_of_threads The chunk parameter defines 
the minimum block size. The default chunk size is 1. 
RUNTIME 
The scheduling decision is deferred until runtime by the environment variable OMP_SCHEDULE. It is illegal 
to specify a chunk size for this clause. 
AUTO 
The scheduling decision is delegated to the compiler and/or runtime system. 

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

Used combined the result of the iterations into a single 
value c.f. with MPI _Reduce().

Can be used with parallel, for, and sections, 

Example
sum = 0

#pragma omp parallel for reduction(+:sum)
for (k = 0; k < 100; k++ ) {

sum = sum + funct(k);
}

Private copy of sum created for each thread by complier. 
Private copy will be added to sum at end.

Eliminates here the need for critical sections.

Operation
Variable
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Private variables
private clause – creates private copies of variables for 

each thread

firstprivate clause - as private clause but initializes each 
copy to the values given immediately prior to parallel 

construct.

lastprivate clause – as private but “the value of each 
lastprivate variable from the sequentially last iteration of 
the associated loop, or the lexically last section directive, 

is assigned to the variable’s original object.”
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Synchronization Constructs
Critical

The critical directive will only allow one thread execute the
associated structured block. When one or more threads 

reach the critical directive:

#pragma omp critical name
    structured_block

they will wait until no other thread is executing the same 
critical section (one with the same name), and then one 

thread will proceed to execute the structured block. name is 
optional. All critical sections with no name map to one 

undefined name.
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Barrier

When a thread reaches the barrier

#pragma omp barrier

it waits until all threads have reached the barrier and then they 
all proceed together.

There are restrictions on the placement of barrier directive in a
program. In particular, all threads must be able to reach the 

barrier.
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Atomic

The atomic directive

#pragma omp atomic
    expression_statement

implements a critical section efficiently when the critical 
section simply updates a variable (adds one, subtracts one, 
or does some other simple arithmetic operation as defined 

by expression_statement).

ensures the serialisation of a particular 
operation and its much faster (less 

overhead)
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More information

Full information on OpenMP at

 http://openmp.org/wp/
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