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Topic Notes: Parallel Programming Intro

Given an multicore/SMT or a computer with multiple processon separate chips &mmetric
multiprocessor (SMIP)), how can we make use of the multiple processing units?

This level of parallelism is at a much higher level than tharuction-level parallelism we looked
at before. There, the compiler and/or architecture takésghesprogram made up of a sequential
series of instructions, and executes those instructiopgiallel in a way that produces the same
result as a one-by-one sequential execution of the ingbnsct

For a computer with multiple processors, we need to provid#iphe streams of instructions to
be executed by the processors. A single stream of instngtioll only make use of one of our
processors at a time.

The easiest way to program this systems is to program thentifasa regular single-processor
system, but to run multiple programs at once. Each progranglyan will be assigned to a CPU
by the operating system.

However, we would like to consider an approach where a sipglgram can make use of these
multiple CPUs.

If we are going to do this, we first need to think about how we Midweak down the problem to
be solved into components that can be executed in par&iéi,write a program to achieve it.

Consider some examples:

e Taking a census of Troy.

One person doing this would visit each house, count the peapl ask whatever questions
are supposed to be asked. This person would keep runningscointhe end, this person
has gathered everything.

If there are two people, they can work concurrently. Eaclisysome houses, and they need
to “report in” along the way or at the end to combine their mfation. But how to split up
the work?

— Each person could do what the individual was originally doibut would check to
make sure each house along the way had not yet been counted.

— Each person could start at the city hall, get an address #smnhbt yet been visited,
go visit it, then go back to the city hall to report the resultiaget another address to
visit. Someone at city hall keeps track of the cumulatival®t This is nice because
neither person will be left without work to do until the whdleng is done. This is the
master-slave method of breaking up the work.
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— The city could be split up beforehand. Each could get a ramygleetected collection of
addresses to visit. Maybe one person takes all houses véthstkeet numbers and the
other all houses with odd street numbers. Or perhaps onerpasuld take everything
north of Hoosick St. and the other everything south of HdoSit The choice of how
to divide up the city may have a big effect on the total coster€hcould be excessive
travel if one person walks right past a house that has notgen bisited. Also, one
person could finish completely while the other still has adiwork to do. This is a
domain decomposition approach.

e Grading a stack of exams. Suppose each has several quegtgaia, assume two graders
to start.

— Each person could take half of the stack. Simple enough. BstWblave the potential
of one person finishing before the other.

— Each person could take a paper from the “ungraded” stacllegtathen put it into the
“graded” stack.

— Perhaps it makes more sense to have each person grade Ihalfjoédtions instead of
half of the exams, maybe because it would be unfair to haveahee question graded
by different people. Here, we could use variations on the@guhes above. Each takes
half the stack, grades his own questions, then they swaksstac

— Orwe form apipeline, where each exam goes from one grader to the next to the fthishe
pile. Some time is needed to start up the pipeline and drauatjtespecially if we add
more graders. These models could be applied to the censompkxaf different census
takers each went to every house to ask different questions.

— Suppose we also add in a “grade totaler and recorder” pe3oes that make any of
the approaches better or worse?

e Adding two1, 000,000 x 1,000,000 matrices.

— Each matrix entry in the sum can be computed independentlyescan break this up
any way we like. Could use the master-slave approach, thodghmain decomposition
would probably make more sense. Depending on how many [mesege have, we
might break it down by individual entries, or maybe by rowgolumns.

In each of these cases, we have taken what we might normatly ¢ii as asequential process,
and taken advantage of the availabilityamhcurrent processing to make use of multiple workers
(processing units).

Some Terminology

Sequential Program: sequence of actions that produce a result (statementsiabies), called a
process, task, or thread (of control). The state of the arogs determined by the code, data, and
asingle program counter.
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Concurrent Program: two or more processes that work together. Big differemadtiple program
counters.

To cooperate, the processes needhmunication and synchronization, which can be achieved
throughshared variables, or message passing

How to Achieve Parallelism

e We need to determine where concurrency is possible, thexk by the work accordingly

e This is easiest if a compiler can do this for you — take youusetjal program and extract
the concurrency automatically. This is sometimes posséspecially with fixed-size array
computations.

¢ If the compiler can’'t do it, it is possible to give “hints” thé compiler to tell it what is safe
to parallelize.

e But often, the parallelization must be done explicitly: thegrammer has to create the
threads or processes, assign work to them, and manage agcessimunication.

Finding Concurrency

We find opportunities for parallelism by looking for partstbé sequential program that can be run
in any order.

Before we look at the matrix-matrix multiply, we step back déwak at a simpler example:

1. a = 10;

2. b =a+ 5

3. ¢c =a- 3

4: b = 7;

5 a = 3;

6: b =c¢c - a;

7: print a, b, c;

Which statements can be run in a different order (or conctiyielut still produce the same an-
swers at the end?

1 has to happen before 2 and 3, since they deperadi@ving a value.
2 and 3 can happen in either order.

4 has to happen after 2, but it can happen before 3.

5 has to happen after 2 and 3, but can happen before 4.
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e 6 has to happen after 4 (so 4 doesn’t clobber its value) ard &ffoecause it depends on its
value)
e 7 has to happen last.

This can be formalized into a set of rules callBenstein’s conditions to determine if a pair of
tasks can be executed in parallel:

Two tasksP; and P, can execute in parallel if all three of these conditions hold

1[1ﬂ02:®
2]20012(7)
3.0:N0, =10

wherel; andO; are the input and output sets, respectively, for ta@ernstein, 1966). Thieput
set is the set of variables read by a task anddbigut set is the set of variables modified by a task.

Back to our example, let's see what can be done concurrently.

/* initialize matrices, just fill with junk */
for (i=0; i<SIZE, i++) {
for (j=0; j<SIZE;, j++) {
ali][i] 4
bli][]] -],
}
}

[ matrix-matrix multiply =/
for (i=0; i<SIZE, i++) { [* for each row */
for (j=0; j<SIZE;, j++) { /* for each colum =/
/* initialize result to 0 =/
c[i][il =0;

/= performdot product =*/
for(k=0; k<SIZE, k++) {

} clillj]l =c[illil + ali][kl*b[k][j];

}
}

sun¥o;
for (i=0; i<SIZE;, i++) {
for (j=0; j<SIZE;, j++) {
sum += c[i][j];
}
}
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The initialization can all be done in any order — eacndj combination is independent of each
other, and the assignmentaffi ] [j] andb[i][]j] can be done in either order.

In the actual matrix-matrix multiply, eaat{ i ] [ j ] must be initialized to O before the sum can
start to be accumulated. Also, iteratikrof the inner loop can only be done after rowof a and
columnj of b have been initialized.

Finally, thesumcontribution of eacle[ i ] [j ] can be added as soon astbft ] [j] has been
computed, and aftetumhas been initialized to O.

Thatgranularity seems a bit cumbersome, so we might step back and just sayeltain initialize
a andb in any order, but that it should be completed before we startputing values irc. Then
we can initialize and compute eachi ] [j ] in any order, but we do not start accumulatsigm
until ¢ is completely computed.

But all of these dependencies in this case can be determinaddgtively straightforward com-
putation. Seems like a job for a compiler! (And in this casean be.)

Unfortunately, not everything can be parallelized by thepier:
If we change the initialization code to:
for (i=0; i<SIZE;, i++) {

for (j=0; j<SIZE j++) {
if ((i =0 || (j ==0)) {

ali][j] = i+j;

bli][j] =1i-];

}

el se {

afi][j] =ali-1][j-1] + 1 +J;
\ bli][j] =Db[i-1][j-1] +i - j;

}
}

it can’t be parallelized, so no matter how many processortveasy at it, we can’t speed it up.

Approaches to Parallelism

Automatic parallelism is great, when it's possible. We gdor free (at least once we bought the
compiler)! It does have limitations, though:

e some potential parallelization opportunities cannot bieated automatically — can add di-
rectives to help
e bigger complication — this executable cannot run on digsta-memory systems

Parallel programs can be categorized by how the cooperptmgesses communicate with each
other:
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e Shared Memory — some variables are accessible from multiple processesdiriReand
writing these values allow the processes to communicate.

e Message Passing communication requires explicit messages to be sent froenpoocess
to the other when they need to communicate.

These are functionally equivalent given appropriate dpggasystem support. For example, one
can write message-passing software using shared memosgrects, and one can simulate a
shared memory by replacing accesses to non-local memonyanseries of messages that access
or modify the remote memaory.

The automatic parallelization we have seen to this poinsisaed memory parallelization, though
we don't have to think about how it's done. The main implioatis that we have to run the
parallelized executable on a computer with multiple preoes

Ouir first tool for explicit parallelization will be shared mery parallelism using threads.

A Brief Intro to POSIX threads

Multithreading usually allows for the use of shared mema¥jany operating systems provide
support for threads, and a standard interface has beerogedePOS X Threads or pthreads.

A good online tutorial is available &t t ps: // conmput i ng. | I nl . gov/ conmputi ng/tutorial s/
pt hr eads/ .

You read through this and remember that it's there for refeze
A Google search for “pthread tutorial” yields many others.

Pthreads are available on the Solaris nodes in the clusigiai@ standard on most modern Unix-
like operating systems.

The basic idea is that we can create and destroy threadsaftexein a program, on the fly, during
its execution. These threads can then be executed in pdrgltbe operating system scheduler.
If we have multiple processors, we should be able to achiesfgeadup over the single-threaded
equivalent.

We start with a look at a pthreads “Hello, world” program:
See:/ cs/terescoj/ shared/ cs2500/ exanpl es/ pt hr eadhel | o

The most basic functionality involves the creation andmesion of threads:

e pt hread_creat e(3THR) — This creates a new thread. It takes 4 arguments. The first
is a pointer to a variable of typpt hr ead_t . Upon return, this contains a thread iden-
tifier that may be used later in a call pa hr ead_j oi n(). The second is a pointer to a
pt hread_at t r _t structure that specifies thread creation attributes. Ipthe eadhel -
| o program, we pass iNULL, which will request the system default attributes. Thedhir
argument is a pointer to a function that will be called whenttiread is started. This function
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must take a single parameter of tyypei d * and returrvoi d *. The fourth parameter is
the pointer that will be passed as the argument to the threadion.

e pt hread_exit (3THR) — This causes the calling thread to exit. This is called ioih
if the thread function called during the thread creationne. Its argument is a return status
value, which can be retrieved Ip¢ hr ead_j oi n() .

e pt hread_j oi n( 3THR) — This causes the calling thread to block (wait) until thes#u
with the identifier passed as the first argumenitttir ead_j oi n() has exited. The second
argument is a pointer to a location where the return statssgqubtqpt hr ead _exi t () can
be stored. In th@t hr eadhel | o program, we pass iNULL, and hence ignore the value.

Prototypes for pthread functions are it hr ead. h and programs need to link withi bp-
t hr ead. a (use- | pt hr ead at link time). When using the Sun compiler, thet flag should
also be specified to indicate multithreaded code.

A slightly more interesting example:
See:/ cs/terescoj/ shared/ cs2500/ exanpl es/ proct ree_t hr eads

This example builds a “tree” of threads to a depth given orctiramand line. It includes calls to
pt hr ead_sel f () . This function returns the thread identifier of the callihgeiad.

Try it out and study the code to make sure you understand hearks.

A bit of extra initialization is necessary to make sure thstegn will allow your threads to make
use of all available processors. It may, by default, alloly ame thread in your program to be
executing at any given time. If your program will create umtooncurrent threads, you should
make the call:

pt hr ead_set concurrency(n+1);

somewhere before your first thread creation. The “+1” is Bdeéd account for the original thread
plus then you plan to create.

You may also want to specify actual attributes as the secandeent topt hr ead create().
To do this, declare a variable for the attributes:

pthread_attr_t attr;
and initialize it with:
pthread attr _init(&attr);
and set parameters on the attributes with calls such as:

pt hread_attr_setscope(&attr, PTHREAD SCOPE_PROCESS);

7
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| recommend the above setting for threads in Solaris.
Then, you can pass iat t r as the second parametentbhr ead_creat e() .

Any global variables in your program are accessible to a#adls. Local variables are directly
accessible only to the thread in which they were createdjghdhe memory can be shared by
passing a pointer as part of the last argumenmittor ead cr eat e() .

Brief Intro to Critical Sections

As you may have been shown in other contexts, concurrensadoeshared variables can be
dangerous.

Consider this example:
See:/ cs/terescoj/ shared/ cs2500/ exanpl es/ pt hr ead_danger

Run it with one thread, and we get 100000. What if we run it withr2ads? On a multiprocessor,
it is going to give the wrong answer! Why?

The answer is that we have concurrent access to the shaiaelllgaount er . Suppose that two
threads are each about to exeouteint er ++, what can go wrong?

count er ++ really requires three machine instructions) lpad a register with the value of
count er’s memory location, ) increment the register, andi4{) store the register value back
in count er’s memory location. Even on a single processor, the opgatystem could switch
the process out in the middle of this. With multiple processthe statements really could be
happening concurrently.

Consider two threads running the statements that madifynt er :

Thread A | Thread B
A; RO = counter; B; Rl = counter;
A, RO = RO + 1; B, Rl = Rl + 1;
As counter = RO; Bs; counter = R1;

Consider one possible ordering; A, By A3 By Bs , wherecount er =17 before starting. Uh
oh.

What we have here israce condition that can lead tanterference of the actions of one thread with
another. We need to make sure that when one process starifyimpdount er , that it finishes
before the other can try to modify it. This requismchronization of the processes.

When we run it on a single-processor system, the problem ikaipito show itself - we almost
certainly the correct sum when we run it. However, there igurantee that this would be the case.
The operating system could switch threads in the middle ®fdad-increment-store, resulting in
a race condition and an incorrect result.

We need to make those statements that incremeuant er atomic. We say that the modification
of count er is acritical section.
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There are many solutions to the critical section problemtarglis a major topic in an operating
systems course. But for our purposes, at least for now, iffiie&unt to recognize the problem, and
use available tools to deal with it.

The pthread library provides a construct callechatex (short for themutual exclusion that we
want to enforce for the access of theunt er variable) allows us to ensure that only one thread
at a time is executing a particular block of code. We can usefik our “danger” program:

See:/ cs/terescoj/shared/ cs2500/ exanpl es/ pt hr ead_nodanger

We declare a mutex like any other shared variable. It is of pfphr ead_nut ex_t . Four func-
tions are used:

pt hr ead_mut ex_i ni t (3THR) —initialize the mutex and set it to the unlocked state.

pt hr ead_mut ex_| ock( 3THR) —request the lock on the mutex. If the mutex is unlocked,
the calling thread acquires the lock. Otherwise, the thisddocked until the thread that
previously locked the mutex unlocks it.

pt hr ead_mut ex | ock( 3THR) — unlock the mutex.

pt hr ead_mut ex _dest r oy( 3THR) — destroy the mutex (clean up memory).

A few things to consider about this:

Why isn’t the access to the mutex a problem? Isn’t it just a sheed variable itself? — Yes, it's

a shared variable, but access to it is only through the pdh#éd. Techniques that are discussed in
detail in an operating systems course (and that we may disnoge here) are used to ensure that
access to the mutex itself does not cause a race condition.

Doesn’t that lock/unlock have a significant cost?- Let’s see. We can time the programs we've
been looking at:

See:/ cs/terescoj/ shared/ cs2500/ exanpl es/ pt hr ead_danger _ti ned
See:/ cs/terescoj/shared/ cs2500/ exanpl es/ pt hr ead_nodanger _ti med

Perhaps the cost is too much if we're going to lock and unlbek inuch. Maybe we shouldn’t do
so much locking and unlocking. In this case, we're pretty Imjust going to lock again as soon as
we can jump back around through ther loop again.

Here’s an alternative:
See:/ cs/terescoj/ shared/ cs2500/ exanpl es/ pt hr ead_nodanger _coar se

In this case, the coarse-grained locking (one thread getbalds the lock for a long time) should
improve the performance significantly. But at what cost? Wewmpletely serialized the compu-
tation! Only one thread can actually be doing something aha,tso we can’t take advantage of
multiple processors. If the “computation” was somethingensignificant, we would need to be
more careful about the granularity of the locking.



