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MULTICORE ARCHITECTURE



Course Plan

A Introduction to Multi  -Core Architecture

A System Overview of Threading

A Fundamental Concepts of Parallel Programming

A Threading and Parallel Programming
Constructs

A Threading APIs
A Open MP: A Portable Solution for Threading

A Solutions to Common Parallel Programming
problems



Course content

A This course content is organized into three major
sections

A The first section (Chapters 1¢4) presents an
Introductionto softwarethreading

A This section includes background material on, why
chipmakershave shifted to multi-core architectures,
how threadswork, how to measurethe performance
Improvements achieved by a particular threading
Implementation

A Overall understandingwhy hardware platforms are
evolvingin the way that they are and understanding
the basicprinciplesrequiredto write parallelprograms



Course content

A The next section (Chapters5 and 6) discusses
common programming APIs for writing parallel
programs We look at different programming
interfaces a A O N2 ARISFar Mén32, MFC, and
NETPOSIX hreadsand OpenMP

A The third and final sectionis a collection of topics
related to multicore programming Chapter 7
discussescommon parallel programming problems
andhow to solvethem.



Text Books
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0321487902.
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Approachodé, eBook | SBN: 97800805
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What is MULTICORE ARCHITECTURE?

A Most technology professionalshave heard of the radical
transformation taking place in the way that modern
computingplatformsare beingdesigned

A Intel, IBM, Sun,and AMD haveall introducedmicroprocessors
that havemultiple executioncoreson a singlechip.

A Inthe future, computingplatforms,whetherthey are desktop
mobile, server or specializedembeddedplatforms are most
likelyto be multi-corein nature.

A Thefact that the hardwareindustryis movingin this direction
presentsnew opportunitiesfor softwaredevelopers

A Asaresult, multi-threadingwasan effectiveillusion

A With modern multi-core architectures,developersare now
presentedwith atruly parallelcomputingplatform.




Single-core computer
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Single-core CPU chip
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Multi-core architectures

This lecture is about a new trend In
computer architecture:
Replicate multiple processor cores on a
single die.
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Multi-core CPU chip

- The cores fit on a single processor socket
« Also called CMP (Chip Multi-Processor)
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The cores run In parallel
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Within each core, threads are time-sliced
(Just like on a uniprocessor)
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Interaction with OS

OS perceives each core as a separate
processor

OS scheduler maps threads/processes
to different cores

Most major OS support multi-core today



Why multi-core 7

Difficult to make single-core
clock frequencies even higher

Deeply pipelined circuits:

— heat problems

— speed of light problems

— difficult design and verification

— large design teams necessary

— server farms need expensive
air-conditioning

Many new applications are multithreaded

General trend in computer architecture (shift
towards more parallelism)




Instruction-level parallelism

« Parallelism at the machine-instruction level

 The processor can re-order, pipeline
Instructions, split them into
microinstructions, do aggressive branch
prediction, etc.

e |Instruction-level parallelism enabled rapid
INcreases in processor speeds over the
last 15 years



Thread-level parallelism (TLP)

This i1s parallelism on a more coarser scale

Server can serve each client in a separate
thread (\Web server, database server)

A computer game can do Al, graphics, and
physics in three separate threads

Single-core superscalar processors cannot
fully exploit TLP

Multi-core architectures are the next step Iin
processor evolution: explicitly exploiting TLP



Multiprocessor memory types

« Shared memory:
INn this model, there is one (large) common
shared memory for all processors

e Distributed memory:
INn this model, each processor has its own
(small) local memory, and its content is not
replicated anywhere else



What applications benefit
from multi-core?

Database servers _
s L A il ! I
Web servers (Web commerce) ESSi=S=ssEetR |- can
Compilers ; = run on its
. . . . own core
Multimedia applications

Scientific applications,
CAD/CAM

In general, applications with
Thread-level parallelism

(as opposed to instruction-
level parallelism)




More examples

Editing a photo while recording a TV show
through a digital video recorder

Downloading software while running an
anti-virus program

“Anything that can be threaded today will
map efficiently to multi-core”

BUT: some applications difficult to
parallelize



Simultaneous multithreading (SMT)

« Permits multiple independent threads to execute
SIMULTANEOUSLY on the SAME core

« Weaving together multiple “threads”
on the same core

- Example: if one thread is waiting for a floating
point operation to complete, another thread can
use the integer units

Complementary to mulicore



Without SMT, only a single thread
can run at any given time

I I II FII{::- ing Point
I

[ :II—I |

Thread 1: floating point



Without SMT, only a single thread
can run at any given time
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SMT processor: both threads can
run concurrently
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How Hyper-Threading Technology Works
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But: Can’t simultaneously use the
same functional unit
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Multi-core:

threads can run on separate cores
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Multi-core:
threads can run on separate cores
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Optimal application performance on muiore architectures will
be achieved by effectively using threads to partition software
workloads.



Comparison: multi-core vs SMT

« Multi-core:

— Since there are several cores,
each is smaller and not as powerful
(but also easier to design and manufacture)

— However, great with thread-level parallelism

- SMT

— Can have one large and fast superscalar core
— Great performance on a single thread

— Mostly still only exploits instruction-level
parallelism



Programming for multi-core

Programmers must use threads or
processes

Spread the workload across multiple cores
Write parallel algorithms

OS will map threads/processes to cores

We Otakeé alook at a variety of topics
that are relevant to writing software
for multi -core platforms .
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Legal licensing issues

- Will software vendors charge a separate

license per each core or only a single
license per chip?

« Microsoft, Red Hat Linux, Suse Linux will
license their OS per chip, not per core



e Multi-core chips an
Important new trend Iin
computer architecture

e Several new multi-core
chips in design phases

- Parallel programming techniques
likely to gain importance



Parallel programming

A Implementingsoftware effectively and efficiently on
parallelhardwareplatforms

A Theseplatforms include multi-core processorsand
processorsthat use simultaneous multi-threading
techniguessuchasHyper ThreadinglechnologyHT

Technology)

A This course will focus on programmingtechniques
that allow the developerto exploit the capabillities
providedby the underlyinghardwareplatform.




Motivation for Concurrency

A Most end users have a simplistic view of complex computer
systems

Media Server

User

End User View of Storeaming Multimedia Content via the Internet

A Onthe serverside,the providermustbe ableto receivethe original

broadcastencode/compress in near realtime, and then send it over
the network to potentially hundreds of thousands of clients.




Motivation for Concurrency

A A systemdesignerwho is lookingto build a computer systemcapableof
streaminga Webbroadcastmight look at the systemasA (sléban,

Other Users Service Provider
Server Cluster

WAN Switch WAN Firewall

User

On WAN Customer Database

End-to-End Architecture View of Streaming Multimedia Content
over the Internet

A In order to provide an acceptableend-user experience systemdesigners
must be able to effectively managemany independentsubsystemshat
operatein parallel




Parallel Computing Platforms

A In order to achieveparallel executionin software, hardware
must provide a platform that supports the simultaneous
executionof multiple threads

A Anygivencomputingsystemcanbe describedn terms of how
Instructionsand data are processedThisclassificatiorsystem
IsknownasC { e taxbibeny

Single Instruction, Single Data  Single Instruction, Multiple Data

INStruCtion  s——

Data B

Flynn's Taxonomy



The different processor architectures
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Figure 1.4



Assignment questions

1. Differentiate Multi-Core Architecturesand
HyperThreadinglechnology

2. Differentiate Multi-threading on Single
Core and multithreading on Multi-Core
Platforms



Understanding Performance

A How do | measure the performance benefit of
parallelprogramming?

A Onemetricisto comparethe elapsedrun time of the
best sequential algorithm versus the elapsed run
time of the parallelprogram

A Thisratio is known asthe speedupand characterizes
how muchfastera programrunswhenparallelized

Tirmebest  sequential _ algoritim

Specedup(nt) =

Timreparaitel  implementation ( Fir )

A Speedupis defined in terms of the number of
physical threads (nt) used In the parallel
Implementation



~

Amdahl o0s Law

A In 1967 GeneAmdahlproposeda rule knownas! Y R I Kafv,@d&mines
the maximum theoretical performance benefit of a parallel solution
relativeto the bestcaseperformanceof a serialsolution
A Amdahl started with the intuitively clear statement that & LINE 3 N.
speedupis a function of the fraction of a programthat is acceleratedand
by how muchthat fractionisl OOSft SNJ 1 SR
Speedup part of the program(Onlysomelnstructions)
1

(1 — Fractionenbanced ) + (Fractionenbanced/SpecdupEnbanced )

Specdup =

So, if vou could speed up half the program by 15 percent, vou'd get:
Specdup = 1/((1—.5M+ C50/1.15»N =1/(C50 + .43) = 1.08

This result is a speed increase of 8 percent.
A If half of the program is improved 15 percent, then the whole
programis improvedby half that amount



Amdahl’s Law example:
Make the common case fast

Fraction = 0.1, Speedup = 10

Speedup = :
I Povesan , . Fraction

enhanced

enhanced )

(1— Fraction
Speedup

enhanced

| |
= =1.1

(1-0. 1)+E L
10

Fraction = 0.9, Speedup = 10

_ 1 1
Speedup,.. . = = =5.3
overa ( - "
1()




Amdahl| 0s Law

Equation 1.1 Amdahl's Law

1
S+C(1—585)m

Specedup =

In this equation, Sis the time spentexecutingthe serialportion of the parallelized

versionandn isthe numberof processorcores
Settingn =k In Equationl.1 Specdup — %

Decreasing the serialized portion by increasing the parallelized portion is of greate
importance than adding more processor cores.
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x x b4
Performance benefit of doubling Perormance benefit of doubling
the number of processor cores the amount of parallelism in code

Mote: The advantage gained by writing parallel code



Amdahl 0s Law

A Tomake! Y R Kdw@ailect the reality of multi-core systems

systemoverheadfrom addingthreadsshouldbe included
1
S+C1—5wn+ HC)

Specdup =

where H(n)= Systenoverheadfrom addingthreads

A Thisoverheadconsistsof two portions the actualoperatingsystem
overheadand inter-thread activities, such as synchronizationand
other forms of communicationbetweenthreads

A Noticethat if the overheadis big enough,it offsetsthe benefits of
the parallelizedportion.

A This is very common in poorly architected multi-threaded
applications

A The important implication is that the overhead introduced by
threadingmustbe keptto a minimum




l YRI Kf Qa4 [ | ¢ -Thidading S
Technology
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you get. 1

Speedup =
S +0.07(1—5SWrn)+ H(Cn)

11111

where n = number of logical processors.

A This equation representsthe typical speedup for
programs running on processor cores with HT
Technologyerformance

A The value of H(n) is determined empirically and
variesfrom applicationto application



Gustafsonodos Law

ADdza U | Falgagheehshownto be equivalent
to! YRI KalvQa

A However,D dza 0 | Tawd§eR & much more
realistic look at the potential of parallel
computingon multi-core processors

Scaled speedup = N + (1— N)»" s
where N =isthe numberof processoicores

s= Is the ratio of the time spent in the serial
port of the program versus the total execution time.



System Overview of Threading

A When implemented properly, threading can enhance
performanceby makingbetter useof hardwareresources

A Howeverthe improperuseof threadingcanleadto degraded
performance, unpredictable behavior, and error conditions
that are difficult to resolve

A Fortunately,if you are equippedwith a proper understanding
of how threads operate, you can avoid most problems and
derivethe full performancebenefitsthat threadsoffer.

A Theconceptsof threadingstarts from hardwareand worksits
way up through the operatingsystemand to the application
level

A In reality threading can be simple, once you graspthe basic
principles




Defining Threads

A A thread is a discrete sequence of related
Instructionsthat is executedindependentlyof other
Instructionsequences

A Every program has at least one threadt the main
threadr that Initializes the program and begins
executingthe initial instructions

A That thread can then create other threads that
perform various tasks, or it can create no new
threadsandsimplydo all the work itself.

A In either case everyprogramhasat leastone thread.
Eachthread maintainsits current machinestate.



System View of Threads

A The thread computational model is having three layers for
threading

Userlevel threads Threadscreated and manipulated in the
applicationsoftware

Kernellevelthreads Theway the operating systemimplements
mostthreads

Hardware threads How threads appear to the execution
resourcedn the hardware

User-Level Threads

Used by executable application and handled by user-level OS

Kernel-Level Threads
Used by operating system kernal and and
handled by kernal-level OS

Operational Flow

Hardware Threads
Used by each Processor

-

Computation Model of Threading



Flow of Threads in an Execution
Environment

A In the Definingand Preparingstage,threadsare specifiedby
the programmingenvironmentand encodedby the compiler

A Duringthe Operatingstage,threadsare createdand managed
by the operatingsystem

A Finally,in the Executingstage, the processorexecutesthe
sequenceof threadinstructions

Threads Threads

- Executing

- Threads
FPermormed by FPerformed by 05 Performed by Processors
FProgramming using Frocesses
Ermvironment
and Compiler

Showing retum tnp to represent that after
exacution operations get pass to user space

Defining and > Operating
Preparing




Threading above the Operating System

A In general, application threads can be implemented at the
applicationlevelusingestablishedAPlIs

A The most common APIsare OpenMPand explicit low-level
threadinglibrariessuchasPthreadsand Windowsthreads

A The choice of APl dependson the requirements and the
systemplatform.

A OpenMP in contrast, offers ease of use and a more
developerriendly threadingimplementation

A OpenMPrequiresa compilerthat supportsthe OpenMPAPI
Todaythesearelimited to C/C++andFortrancompilers

A To show how threading is used in a program, considered
simplea | St 2 RIpmgramsthat use the OpenMPand
Pthreaddibraries



oOHel |l o Worl ddé @®pendMBr am

#include =stdio.h>

S/ Hawve to include "'omp.h'
#include =<=omp.h>

void main ()

{

to get OpenMP definitons

int threadID, totalThreads:

A* OpenMP pragma specifies that following block is
going to be parallel and the threadlID variable is

private in this opernmp block. */
#pragma omp parallel private(threadID) /Com;pilleradirective/

{
threadID = omp_get__thread numi() ;

printf("\nHello World is from thread Sd\n",

(int) threadID) :
JS* Master thread has threadID = 0 */

if (threadID == 0) ({
printf (" \nMaster thread being called\n") ;

totalThreads = ompo get num threads () :

printf ("Total number of threads are Sd\n",
totalThreads) ;



STEPS TO CREATE A PARALLEL PROGRAM

1. Include the header file: We have to include the OpenMP header for our
program along with the standard header files.

//OpenMP header
#include <omp.h>

2. Specify the parallel region: In OpenMP, we need to mention the region which
we are going to make it as parallel using the keyword pragma omp parallel.
The pragma omp parallel is used to fork additional threads to carry out the
work enclosed in the parallel. The original thread will be denoted as the
master thread with thread ID 0. Code for creating a parallel region would be,

#pragma omp parallel
1

f/Parallel region code

1
So, here we include

#pragma omp parallel

1
printf("Hello World... from thread = %d\n",

omp_get thread num());

3. Set the number of threads:
we can set the number of threads to execute the program using the external
variable.

export OMP_NUM THREADS=5

4. Compile and Run:
Compile:

gcc -o hello -fopenmp hello.c
Execute

./hello



/I OpenMP program to print Hello World
from multiple threads

akbar@ubuntu: ~/Deskktop

// US|ng C |anguage File E._ufjit View Se-arc:h Ter.minal Help _
akbar@ubuntu:~/DesktopS export OMP_NUM_THREADS=5

akbar@ubuntu:~/Desktop$ gcc -o hello -fopenmp hello.c

akbar@ubuntu:~/Desktops ./hello

.. from thread = 1

/[ OpenMP header e from e
) 0 Wt ... from thread
#Include < Omph> Hello World... from thread

Hello World... from thread
Hello World... from thread
akbar@ubuntu:~/Desktop$

0
4
3
2

#include < stdio.h >

#IﬂC'Ude < Stdllbh > akbar@ubuntu: ~/Desktop
File Edit WView Search Terminal Help
akbar@ubuntu:~/Desktop$ ./hello

H H - * Hello World... from thread = 1

|nt maln(lnt argC, Char argV[]) Hello World... from thread = @
Hello World... from thread = 4

{ Hello World... from thread = 3
Hello World... from thread = 2
akbar@ubuntu:~/Desktop$ ./ /hello
Hello World... from thread = ©

H ! H Hello World... from thread = 4

/I Beginning of parallel region Hello World... from thread = 3
Hello World... from thread = 2

#pragma omp parallel Hello World... from thread - 1

akbar@ubuntu:~/Desktops |J

{ S
printf ("Hello World... from thread = %d \ n",

omp_get_thread _num ());

}

/I Ending of parallel region



OpenMP: A parallel Hello World Program

/* Print Hello World from multiple threads */

/* Include OpenMP header file */
#include <omp.h>
#include <stdio.h>

/™ Main function */
int main( int *argc, char *argv(] )
{
/* Specify the block to be executed in parallel */
#pragma omp parallel
{
/* Print "Hello World" from each thread */
printf( "Hello World\n" ) ;

return O

$ gcc -fopenmp Hello-World-1.c $ export OMP_NUM_THREADS=4
$ ./a.out $ ./a.out
Hello World Hello World
Hello World Hello World
Hello World
Hello World




oOoHel |l o Worl ddé Hhreadgr a m

fFinclude =pthread.h>
#include =stdic.h>=
#F#include <=stdlib.h>
fgdefins MNUM_THEEADS 5

woid *PrintHello(wvoid *threadid)

printf{"wn%¥d: Hello World!\n", threadid) ;
pthread exxit (NULL) :
}

int main{(int argc, char *argwv[]l)

pthread t threads [NUM _THEREADS] ;
int ro, t;
for (t=0; t = MNUM_THEEADS: t4++)
princtf("Creating thread 4d\nm", t);
ro = pthread create( &threads[t], NULL,
PrintHellg, (void *)tL);

if (rc) {
printf ({ "ERROER return code from pthread ocreate() @ 24dN\n™,
ra) ;
exitc(-1);
}

¥
pthread exxit (NULL) :
}

As can be seen, the OpenMP code has no function that correspondsto thread
creation Thisis becauseOpenMPcreatesthreadsautomaticallyin the background
In Pthreads where a call to pthread_creaté) actually createsa singlethread and
pointsit at the workto be donein PrintHelld).



OUTPUT

Compile & run(linux terminal):
gce -o Pthread_Hello_world pthread_hello_world.c -lpthread

./Pthread_Hello_world

OUTPUT:

In main: creating thread @
In main: creating thread 1
Hello World! It's me, thread #©!
In main: creating thread 2
Hello World! It's me, thread #1!
In main: creating thread 3
Hello World! It's me, thread #2!
In main: creating thread 4
Hello World! It's me, thread #3!

Hello World! It's me, thread #4!



Threads inside the OS

A Thekey to viewing threadsfrom the perspectiveof a modern operating
systemis to recognizethat operating systemsare partitioned into two
distinct layers the userlevel partition (where applicationsare run) and
the kernellevelpartition (wheresystemorientedactivitiesoccur)

e — — — — — — — — — — — — — — — — — e

Application Layer
Applications and Required Service Components

2 A

4 w

% o System Libraries

L]

= X

@

>

— Process, Kemel Other
= O Threads and [®] Memory Internal O N
= . perational
— Resource Manager| | Manager Operational =
§ Scheduler Manager

HAL
{Hardware Abstraction Layer)

Figure 2.3 Different Lavers of the Operating System



Software

(User Level Applications)

(CPU)



Contde .

A The kernel is the nucleus of the operating system and
maintainstablesto keeptrack of processeandthreads

A Threadinglibraries such as OpenMP and Pthreads (POSIX
standardthreads)usekernetevelthreads

A Usetlevel threads, which are called fibers on the Windows
platform, require the programmer to create the entire
managementinfrastructure for the threadsand to manually
scheduletheir execution

A Kernellevelthreadsprovidebetter performance andmultiple
kernel threads from the same process can execute on

different processor®r cores Téﬁcﬁ % fhsead

J J
wsea ﬂo.ho.%d rLUcoA (O flmw&ul ercac‘



User-level Threads

Userlevel threads are mapped to kernel threads and so, when they are
executing the processoknowsthem only askernetevelthreads

UstA ;;fe -

' . \l |
ww)\*ﬂfc he M ]_
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Contd....

A Below figure shows the relationship between processors,
processesandthreadsin modernoperatingsystems

A Aprocessorunsthreadsfrom one or more processeseachof
which containsone or morethreads

A Aprogramhasone or more processeseachof which contains
one or more threads,eachof whichis mappedto a processor
by the schedulenn the operatingsystem

| Processors | Processor

NS

Processes
| I OP,] OP2 e ® MMU

LN

| Threads E Processors

UP; - Processar OP; : Pracess ff Thread MMU : Main Memory Unit

Figure 2.4 Relationships among Processors, Processes, and Threads



Various mapping models are used between threads and processors







Many to one (M:1)

In the M:1 model, the library scheduler decides which
thread gets the priority . This is called cooperative multi-
threading .

Use-level
threads
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(b) M:1 Mapping of Threads to Processors



Many-to-one

+ Many user-level threads are mapped to one kernel thread

-
S S
§ 7 - user thread

29 - kernel thread



One to one (1:1)

A The1:1 modelrequiresno thread-library scheduleroverhead
and the operating system handles the thread scheduling
responsibility This is also referred to as preemptive multi-
threading

A Linux, Windows 2000, and Windows XP use this preemptive
multithreadingmodel

Use-level
threads
A 8
Processes < *_g' < g —‘: < -:;g;'
—}.
< < < 5
_: 3' .t v w
Operating A -
System Threads .\ \, Q ’ |
g~ O O O ;
m
(=%
5]
Operating g
System g
Scheduler
Yo
PIC PIC PIC PIC I g
TLS : Thread Level Scheduler HAL - Hardware Abstraction Layer %

P/C : Processor or Core

(a) 1:1 Mapping of Threads to Processors



One-to-one

+ Each user thread maps to one kernel thread

+ Provides more concurrency, if one thread makes a blocking call
another thread is allowed to run

+ Creating user thread requires creating corresponding kernel thread.

Q

S <«—— user thread

é é é (g «— Kkernel thread|




M:N Mapping of Threads to Processors

A Inthe caseof M:N, the mappingis flexible
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Operating /A
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(c) M:N Mapping of Threads to Processors
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Many-to-many

+ Multiplexes many user-level threads to a smaller or equal number of

kernel threads
+ When a thread performs a blocking system call, the kernel
schedules another thread for execution.

: S 3

54— user thread

<« kernel thread




Threads inside the Hardware

Thehardwareexecuteghe instructionsfrom the softwarelevels

Instructionsof your applicationthreadsare mappedto resourcesand flow down
through the Iintermediate componentsthe operating system, runtime
environment,andto the hardware

Threadingon hardware once required multiple CPUsto implement parallelism
Multi-core CPUs

The CPUmight haveonly one executionengineor core but sharethe pipelineand
other hardwareresourcesamongthe executingthreads SMTF concurrent

Operational Operational
Path Path

Operational Time

-

ol T S’ e’

- -
Concurrency Parallelism

Figure 2.6 Concurrency versus Parallelism



What Happens When a Thread Is Created

A As discussedearlier, Everyprocesshas at least one
thread. Thisinitial thread is created as part of the
processnitialization

A Therealsocanbe morethan onethreadin a process
and each of those threads operatesindependently,
eventhoughthey sharethe sameaddressspaceand
certainresources

A In addition, eachthread needsto haveits own stack
space These stacks are usually managed by the
operatingsystem

A Once created, a thread is alwaysin one of four

states ready, running, waiting (blocked), or
terminated



Interrupt

Scheduler Dispaitch

Event Compleation Event Wait

Figure 2.8 State Diagram for a Thread



Virtual Environment; VMs and Platforms

A One of the most important trends in computing
todayisvirtualization

A Virtualizationis the processof using computing
resourcedo createthe appearanceof a different
setof resources

A Systemvirtualizationcreatesthe appearanceof a
different kind of virtual machine,in which there
exists a complete and independent instance of
the operatingsystem

A Thevirtualizationlayerthat sits betweenthe host
system and these VMs is called the virtual
machinemonitor (VMM). TheVMM is alsoknown
asthe hypervisor



What is Virtualization?

Many virtual machines can be created on a host

VMI VM2

VMware Virtualization Layer




System Virtualization

A Systenvirtualizationcreatesa different type of virtual machine

A A VMM delivers the necessaryvirtualization of the underlying
platform suchthat the operatingsystemin eachVM runsunderthe
illusionthat it ownsthe entire hardwareplatform.

A When an applicationrunningin a VM createsa thread, the thread
creation and subsequentschedulingis all handled by the guest
operatingsystem Thevirtual processorexecuteshe instructionsof
the thread.

App App App
Operating System

EIEA  onee
- . . Drivers

Physical Host Hardware

S =B [ :' '
Processors Memory Graphics WA Monitor WM}

Q = } Physical Host Hardware
— ﬁ - = 3
Metwork Storage K rd/Mouse ~ a I;'I “— Q ﬁ

Without %“Ms:. Single OS owns With WMs: Multiple OSes share
all hardware resources hardware resources

2.9 Comparison of Systems without and with a VMM



Fundamental Concepts of Parallel
Programming

A As discussed in previous lectures, parallel
programming uses threads to enable multiple
operationsto proceedsimultaneously

A The entire concept of parallel programming
centers on the design development and
deploymentof threadswithin an applicationand
the coordination between threads and their
respectiveoperations

A This chapter examines how to break up
programmingtasksinto chunksthat are suitable
for threading
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A To move from the linear model to a parallel
programmingmodel, designersmust rethink the
iIdeaof procesdlow.

A Rather than being constrainedby a sequential
execution sequence, programmers should
identify those activities that can be executedin
parallel

A To do so, designersmust seetheir programsas a
setof taskswith dependenciebetweenthem.

A Breaking programs down into these individual
tasks and identifying dependenciess known as
decomposition




Contd....

A A problem may be decomposedin several
ways by task by data, or by dataflow.

A The below table summarizesthese forms of
decomposition

Table 3.1  Summary of the Major Forms of Decomposition

Decomposition Design Comments

Task Different activities assigned to Common in GUI apps
different threads

Data Multiple threads performing the  Common in audio
same operation but on different  processing, imaging, and
blocks of data in scientific programming

Data Flow One thread’s output is the input  Special care is needed to
to a second thread eliminate startup and

shutdown latencies




Task Decomposition

A Decomposing programby the functionsthat it performsis
calledtaskdecomposition It is one of the simplestwaysto
achieveparallelexecution

A Usingthis approach,individualtasksare catalogued If two
of them canrun concurrently,they are scheduledto do so
by the developer

A As a example consider, gardening, task decomposition
would suggestthat gardenersbe assignedtasksbasedon
the nature of the activity.

A If two gardenersarrivedataOf A 8Sgmé, & might mow
the lawnwhile the other weeded

A Mowing and weedingare separatefunctionsbrokenout as
such

A To accomplishthem, the gardenerswould make sure to
havesomecoordinationbetweenthem, sothat the weeder
IS not sitting in the middle of a lawn that needsto be
mowed
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In programming terms,
Main Task

PN

Task 1 Task 2

SN /N

Task 3 Task 4 Task 5 Task 6
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Task Decomposition Links

Decompose task into sub-components of all types

— All sub-components need to be “completed” for a task
to be performed, so logical "AND" between them

-

’Seloggcd\ /' Select \\

) \_ fhight /

~———And

And




Data Decomposition

A Data decomposition, also known as datalevel
parallelism breaksdown tasksby the data they
work on rather than by the nature of the task

A Programs that are broken down via data
decomposition generally have many threads

performingthe samework, just on different data
items.

A For example,considerrecalculatingthe valuesin
a largespreadsheetRatherthan haveone thread
perform all the calculations,data decomposition
would suggest having two threads, each
performing half the calculations,or n threads
performingl/nth the work.
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AIf the gardenersused the principle of data
decomposition to divide their work, they

would both mow half the property and then
both weedhalfthe flower beds

A As in computing, determining which form of
decompositionis more effectivedependsa lot
on the constraintsof the system

A For example,if the areato mow is so small
that it doesnot need two mowers,that task

would be better done by just one gardener
that Is, taskdecompositionsthe bestchoice
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DATA DECOMPOSITION
(EACH WORKER GETS

INPUT DATA A DATA CHUNK Computing results
TO PROCESS)
MATRIX A Workerel Workerg2 workergl workerg2
SCALAR ,_J\ﬁ

@G
FT

Workere3 Workerg4

9]
L

workere3 workerp4

k4.[§g]

A key aim Is to solve problems faster/Performance



Data Flow Decomposition

A Many times, when decomposinga problem, the
critical issueA a yittasksshoulddo the work,
but how the data flows between the different

tasks

A In these cases,data flow decompositionbreaks
up a problemby how dataflows betweentasks

A The producer/consumeiproblemis a well known
example of how data flow impacts a programs
ability to executein parallel

A Here, the output of one task, the producer,
becomesthe input to another,the consumerThe
two tasksare performedby different threads,and
the secondone, the consumer,cannot start until
the producerfinishessomeportion of its work.
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A Using the gardeningexample, one gardener
preparesthe toolst that Is, he puts gasin the
mower, cleansthe shears,and other similar
taskg for both gardenerdo use

A No gardening can occur until this step is
mostly finished, at which point the true
gardeningwork canbegin

A The delay causedby the first task createsa
pausefor the secondtask, after which both
taskscancontinuein parallel
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Aln  common programming tasks, the
producer/consumeiproblem occursin several
typicalscenarios

A For example,programsthat must rely on the
readingof afile fit this scenario

A Theresultsof the file 1/O becomethe input to
the next step, which might be threaded
However, that step cannot begin until the

readingis either complete or has progressed
sufficiently




input SYSTEM

process A
intermediate
process B

output

data A

intermediate
data B

for (i=1; i<100; i++)
afi] = afi-1] + 100; - G

GCATKGOGf & O2dzL SRé LINRPOof Sya NB
parallel tasks
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Theproducer/consumetDataFlowDecompositionhas
severalinterestingdimensions

A The dependencecreated between consumerand

A

producer can causesignificantdelaysif this model
IS not iImplementedcorrectly

f the consumeris finishingup while the producer
IS completelydone, one thread remainsidle while

other threadsare busyworkingaway

A This issue violates an important objective of

parallel processing,which is to balanceloads so

that all availablethreadsare kept busy

A A performancesensitivedesignmust aim to avoid

situations of threads are in idle while waiting for

relatedthreads



Implications of Different Decompositions

A Different decompositions provide different
benefits

A The most common reason for threading an
application is performance meanwhile, the
choiceof decompositionss more difficult.

A In many instances the choiceis dictated by the
problemdomain

A In some cases,the answer comesonly through
carefulanalysiof the constituentactivities

A Ultimately, you determine the right answer for
yourl LILI A @seofpadayielpeogrammingby
carefulplanning,timing, evaluationandtesting




Chall enges Youdo

A The use of threads enablesyou to improve
performancesignificantlyby allowing two or
more activitiesto occursimultaneously

A However, developerscannot fail to recognize
that threadsadd a measureof complexitythat
requiresthoughtful considerationto navigate
correctly

A This complexity arisesfrom the inherent fact
that more than one activity is occurringin the
program
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Managing simultaneousactivities and their possible interaction
leadsyouto confrontingfour typesof problems

1. Synchronizations the processby which two or more threads
coordinate their activities For example,one thread waits for
anotherto finishataskbefore continuing

2. Communicationrefers to the bandwidth and latency issues
associatedvith exchanginglatabetweenthreads

3. Load balancing refers to the distribution of work across
multiple threads so that they all perform roughly the same
amountof work.

4. Scalabilityis the challengeof makingefficient use of a larger
number of threads when software is run on more-capable
systems Forexample,if a programis written to makegooduse
of four processorcores,will it scaleproperly when run on a
systemwith eight processorcores?

Each of these issues must be handled carefully to maximize
application performance Subseguentchapters describe many
aspectsof theseproblemsandhow bestto addressthem on multi-
coresystems




Parallel Programming Patterns

A Parallelprogrammingpatterns are designpatternsto logically
design applications, through Parallel programming/Solve
parallelprogrammingproblems

A Need a d¢cookboolé that will guide the programmers
systematicallyo achievepeakparallelperformance

A Providecommonvocabularyto the programmingcomunity.

A A few of the more common parallel programmingpatterns
and their relationshipto the aforementioneddecompositions
areshownin belowtable.

Table 3.2 Common Parallel Programming Patterns

Pattern Decomposition

Task-level parallelism Task

Divide and Conquer Task/Data

Geometric Decomposition  Data

Pipeline Data Flow

Wavefront Data Flow




Task-level parallelism

Problem: Need to perform same operations to tasks that are independent

manager

D

worker worker worker worker

In this pattern, the problem is decomposedinto a setof tasksthat operateindependently
Problemsthat fit into this pattern include the so-called embarrassinglyparalle/problems,
thosewherethere are no dependenciesbetweenthreads



Divide and Conquer

A problem is structured to be solved 1n sub-problems independently, and merging them later.

subproblem

Compute
subproblem

Compute
subproblem

Compute
subproblem

subproblem

Compute
subproblem

subproblem

Split level needs to be adjusted appropriately.



A Geometric Decomposition Pattern
APipeline Pattern
AWavefront Pattern



A Motivating Problem: Error Diffusion

A To see how you might apply the discussedmethods
to a practicalcomputingproblem, considerthe error
diffusion algorithm (multi-levelimageinto abinaryimage) that 1s
used In many computer graphics and image
processingprograms

A Error diffusion is a technique for displaying
continuoustone digital iImageson devicesthat have
limited color (tone) range Originally proposed by
Floydand Steinberg(Floyd1975).

A The problem seemsto break down into a data-flow
decompositionandfollow wavefront pattern.




The key points to keep in
mind when developing solutions for parallel computing
architectures

U Decompositiondall into one of three categories task data,
anddataflow.

U Tasklevel parallelism partitions the work between threads
basedon tasks

U Datadecompositiombreaksdown tasksbasedon the datathat
the threadswork on.

U Dataflow decompositionbreaksdown the problem in terms
of how dataflows betweenthe tasks

U Most parallel programmingproblemsfall into one of several
well knownpatterns

U The constraints of synchronization communication load
balancing and scalabilitymust be dealt with to get the most
benefitout of a parallelprogram

Many problemsthat appearto be serial may, through a simple
transformation,be adaptedto a parallelimplementation




Threading and Parallel Programming
Constructs

AHere we describethe theory and
practice of the principal parallel
programming constructs that
focus on threading and begins
with the fundamentalconceptsof
synchronization critical section
anddeadlock




—

» Basic parallel programming constructs
» Topics :

o Synchronization & primitives used

o Critical Section

o Deadlock

o Use of messages
o Concepts based on flow control




Synchronization

A In simple terms, synchronizationis used to coordinate
thread executionand manageshareddata.

A Two types of synchronizationoperationsare widely used
mutual exclusionand conditionsynchronization

A Inthe caseof mutual exclusion one thread blocksa critical
sectiorr a sectionof codethat containsshareddatar and
one or more threadswait to gettheir turn to enter into the
section

A This helps when two or more threads share the same
memoryspaceandrun simultaneously

A Condition synchronization on the other hand, blocks a
thread until the system state specifies some specific
conditions The condition synchronizationallows a thread
to wait until a specificconditionisreached
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Source Code

Synchronization

Operation to _)

Enter

A section contains
shared data or
Critical Section

Synchronization
Operation to _)
Leave

Figure 4.1 Generic Representation of Synchronization Block inside Source
Code
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Shared data d depends on synchronization functions of time

Figure 4.2 Shared Data Synchronization, Where Data d Is Protected by a
Synchronization Operation

Thescopeof synchronizations broad Propersynchronizatiorordersthe updatesto data and
providesan expectedoutcome In Figure4.2, shareddatad canget accesdy threadsTiand Tj
at time ti, tj, tk, tl, whereti ' tj r tk r' tl and a proper synchronizationmaintainsthe order to
updated at theseinstancesand considersthe state of d asa synchronizatiorfunction of time.
This synchronizationfunction, s, representsthe behavior of a synchronizedconstruct with
respectto the executiontime of athread.




Synchronization operations
In an actual multi -threaded implementation

Implementation Source Code Operational Flow of Threads
I
see E ];Ll

Parallel Code Block
or a section needs
multithread synchronization

Paralle! Code Block

Figure 4.3 Operational Flow of Threads for an Application



Synchronization Primitives

A Synchronization is typically performed by
different typesof primitives

1. Semaphores —
2. Locks

3. Conditionvariables ——Assignment
4. Fence

5. Barrier

A The use of these primitives depends on the
applicationrequirements




Critical Sections

A A sectionof a code block called a critical sectionis where
shared dependency variables reside and those shared
variableshavedependencyamongmultiple threads

A Different synchronization primitives are used to keep
critical sectionssafe

A With the use of proper synchronizationtechniques,only
onethreadis allowedaccesdo a critical sectionat anyone

Instance

A The major challenge of threaded programming is to
Implement critical sectionsin such a way that multiple
threads perform mutually exclusiveoperationsfor critical
sectionsanddo not usecritical sectionssimultaneously
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A Minimize the size of critical sections when
practical

A Eachcritical section has an entry and an exit
point.

<Critical Section Entrvy,
to keep other threads in waliting status=>

Critical Section

<Critical Section Exit,
allow other threads to enter critical section=>

Figure 4.4 Implement Critical Section in Source Code



Deadlock

A Deadlockoccurswhenevera threadis blocked
waliting on a resourceof another thread that
will neverbecomeavailable

A According to the circumstances, different
deadlocksanoccur.

1. seltdeadlock,
2. recursivedeadlock,
3. lock-orderingdeadlock
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The selt-deadlock is the instance or condition when a thread, T, wants
to acquire a lock that is already owned by thread T. In Figure 4.5 (a), at
time ¢ thread T owns lock [, where [ is going to get released at 7.
However, there is a call at t, from T, which requires /. The release time of
[ is 1, where f, can be either before or after 7. In this scenario, thread T is
in selt-deadlock condition at 7. When the wakeup path of thread T resides
in another thread, ]; , that condition is referred to as recursive deadlock, as
shown in Figure 4.5 (b). Figure 4.5 (¢) illustrates a lock-ordering thread,
where thread T, locks resource 7, and waits for resource 7, which is being
locked by thread T. Also, thread T locks resource r, and waits for resource
r, which is being locked by thread T, Here, both threads T, and T are in
deadlock at 7, and w is the wait-function for a lock.



Deadlock

Thread is blocked waiting on a resource of another

thread that will never become available
Ti Ti Tj Ti

fie

Section

Required

by thread
Ti
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A Avoidingdeadlockis one of the challengesof
multi-threadedprogramming

A Theremust not be any possibilityof deadlock
In an application

AOne recommendation is to use the
appropriate  number of locks when
Implementingsynchronization



Messages

A The messageis a specialmethod of communication
to transfer information or a signalfrom one domain
to another

A For multi-threading environments, the domain is
referredto asthe boundaryof athread.

A In general, the conceptual representations of
messagegjet associatedwith processegather than
threads

A From a messagesharing perspective, messageget
shared using an intra-process, inter-process, or
processprocessapproach
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Figure 4.12 Message Passing Model

over base network protocol

MPI Communication method

MP!I Interface

1"&} Arnd -'"'j,. are fwo diferent nodes processes
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Figure 4.13

Basic MPI Communication Environment
Message Passing Interface



hreading APIs

A Thistopic will provide an overview of several
popular thread packagesused by developers
today.

1. ThreadingAPIdor Microsoft Windows
2. ThreadingAPldfor Microsoft . NETFramework
3. POSIX hreads

|

Group-activities



OpenMP

A Portable Solution for Threading

A OpenMPplaysa keyrole by providingan easymethod for threading
applications without burdening the programmer with the
complications of creating synchronizing load balancing and
destroyingthreads

A TheOpenMPstandardwasformulatedin 1997 asan APIfor writing
portable, multithreadedapplications

A Thecurrentversionis OpenMPVersion2.5, which supportsFortran,
C,and C++ Intel C++and Fortran compilerssupport the OpenMP
Version2.5 standard

A The OpenMP programming model provides a platform-
Independentset of compilerpragmasdirectives function calls and
environmentvariablesthat explicitlyinstruct the compilerhow and
whereto useparallelismin the application

A Many loops can be threaded by inserting only one pragmaright
before the loop. Thefull potential of OpenMPis realizedwhenit is
usedto threadthe mosttime consumindoops
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A Thesimplestway to create parallelismin OpenMPis to use
the parallel pragma

#pragma omp parallel

{
// this 1s executed by a team of threads

}

// hello.c
#pragma omp parallel

{
int t = omp get thread num();

printf(“Hello world from %d!\n",t);
¥
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Parallel regions

Execution starts with a single thread.

#pragma omp parallel spanwsmultiple threads

\

Definitions of threads There is always a master threads

/U

ser controls code and data distribution

OMP_NUM_ THREADS environmental var

The number of threads can be controlled

omp set num threads() API call

num_threads() clause
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For instance, If you program computes
result = F(x)+g(x)+h(x)
you could parallelize this as

double result,fresult,gresult,hresult;

#pragma omp parallel

{ int num = omp get thread num();
1t (num==0) fresult = f(x);
else 1f (num==1) gresult = g(x);
else 1t (num==2) hresult = h(x);

}

result = fresult + gresult + hresult;
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A Thefor loop construct (or simply the loop construct)
specifiesthat the iterations of the following for loop  will

be executed in parallel The iterations of the loop are
distributedamongmultiple threads

#pragma omp parallel for
for(int 1 = 1; 1 < 188; ++1)

1

1

J
A #pragma omp parallel spawns a group of threads
while #pragma omp parallel for  divides loop

iterationsbetweenthe spawnedthreads
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Parallel for/do loop directive
Iteration space:

« Loop is executed in
parallel
« Each thread gets a chunk
of the iteration space
« How to distribute the
iterations?
« A: schedule() clause

L%

Ell #pragma omp parallel for
92 for (int i = 0: i++)
234

<4 printf("Hi from %d iteration %d \n", omp get thread num(), i);
5}
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A The OpenMP implementation determines how
manythreadsto createand how bestto manage
them.

A Allthe programmemeedsto doisto tell OpenMP
whichloop shouldbe threaded

A No need for programmersto add a lot of codes
for creating Initializing managing and Kkilling
threadsin orderto exploitparallelism

A OpenMPcompiler and runtime library take care

of these and many other details behind the
scenes




Challenges in Threading a Loop

Thechallengesyou must identify or restructurethe
hot loop according to these challenges before
addingOpenMPpragmas

U Loopcarried Dependence

U Datarace Conditions

U Managing Shared and Private Data
U Loop Scheduling and Partitioning

U Effective Use of Reductions




Loop-carried Dependence

A Evenif the loop meets all required criteria and the
compiler threaded the loop, it may still not work
correctly, given the existenceof data dependencies
that the compiler ignores due to the presence of
OpenMPpragmas

A Whena statementin one iteration of aloop depends

In someway on a statementin a different iteration of
the sameloop , aloop-carrieddependenceexists

for (1 =1; 1 < length; i++) {
ali] = a[i-1] + b[il]: -

}

Here, each iteration of the loop depends on the previous: AoD RI, K2, RS
iteration 1=3 depends on iteration 1=2, up R 7’ SR )/ RS

iteration 1=4 depends on iteration i=3,
iteration 1=5 depends on iteration 1=4, etc.

This is sometimes called a Joop carried dependency; .

There 1s no way to execute iteration i until after iteration 1—1 has
completed, so this loop can’t be parallelized.
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Table 6.1 The Different Cases of Loop-carried Dependences

iteration k iteration k+ d

Loop-carried flow dependence

statement S, write L

statement S, read L

Loop-carried anti-dependence

statement S, read L

statement S, write L

Loop-carried output dependence

statement S, write L

statement S, write L

In order for S2 to dependupon S1 , it is necessaryfor someexecutionof
S1 to write to a memorylocationL that is later read by an executionof S2
. Thisis alsocalledflow dependence Other dependenciesxistwhen two
statements write the same memory l|ocation L, called an output
dependencepr areadoccursbeforeawrite, calledananti-dependence




Contd....

» Compiler must reason about dependence between instructions
* Three kinds of dependencies:

- True dependence: (sl) %=
(s2) ..=x

— Anti dependence: (1) .. =
(s2) x=...

- Qutput dependence: (s1) x
(52) ¥

* Cannot reorder instructions in any of these cases!
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LimitationsttorRParallelism

Dependencies:
» RAW: Read-after-write dependences

sum = a+l; J* << */
first_term = sum * scalel; J/* << *f
sum = sum+b;

second_term = sum * scale2;

» These are true data dependences

Loop-carried dependences

» The following loop cannot (without rewriting) be
parallelised with OpenMP

afo] = 1;
for (i = 1; i < N; i++) {
afi] = a[i] + a[i-1]:

}

«i=1: a[l1l] = a[l1] + a[0];
«i=2: a[2] = a[2] + a[1];
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Detecting dependences

» Analyze how each variable is used within a loop
iteration

« Is the variable only read and nevery written? => no
dependences

» For each variable written: can there be any accesses
in other iterations than the current?
=> there are dependences!
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A BecauseOpenMPdirectivesare commandsto
the compiler, the compiler will thread the
loop.

A However the threaded code will fail because
of loop-carrieddependence

A Theonly way to fix this kind of problemis to
rewrite _the loop or to pick a different
algorithm that does not contain the loop-
carrieddependence




Data-race Conditions

A Datarace condition occurs when, multiple threads
attempt to update the same memory location, or
variable, without proper synchronization after
threading

/ DATA RACE

X

thread-1

thread-2

main memory

CPU

both threads writing to came variable at

the came time core 1 core 2

| core3 core 4

l



Thread A

Thread B

Integer

17
A

read

17

17

read

Contd....

[- increment -*

17 + 1

= 18

[- increment -*

17 +1 =

18

write

\/
18

Time

>

write

v
18

2
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A Thefollowing example,in which multiple threadsare

updating the variable x will lead to undesirable
results

A In sucha situation, the codeneedsto be modifiedvia

privatization or synchronizedusing mechanismdike
Mutexes

A For example,you can simply add the private(x)

clauseto the parallel for pragmato eliminate the
data-raceconditionon variablex for this loop.

/Y A data race condition exists for wvariable x;
/Y yvou can eliminate it by adding private(x) clause.

#fpragma omp parallel for

for ( k = 0; k < 80; k++ )

{
x = sin(k*2.0)*100 + 1;
if ( x = 60 ) = = = % 60 + 1;:
printf ( "x d = sd\n", k, x ) ;:



Managing Shared and Private Data

A In writing multithreaded programs,understandingwhich data
Is sharedand which is private becomesextremelyimportant,
not only to performance but alsofor programcorrectness

A OpenMPmakesthis distinction apparentto the programmer
througha set of clausessuchasshared , private , and
default ,andit issomethingthat youcansetmanually

A With OpenMPit isthe RS @S { fesgSnNililifyto indicate
to the compiler which piecesof memory should be shared
amongthe threadsandwhich piecesshouldbe kept private.

A When memory is identified as shared,all threads accesshe
exactsamememorylocation

A When memory is identified as private, however, a separate
copy of the variable is made for each thread to accessin
private.
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A The following loop fails to function correctly
becausethe variablex is shared It needsto be

private.
A Given example below, it fails due to the loop-
carriedoutput dependenceon the variablex.

A The x is shared among all threads based on

OpenMPdefault sharedrule, so there Is a data
race condition on the x while one thread is

readingx, anotherthread might be writing to it.
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#pragma omp parallel for

for ( k = 0; k = 100; k++ ) {
x = arravikl];
array (k] = do_work(x) ;

3

This problem can be fixed in either of the following two ways, which
both declare the variable x as private memory.

Y This works. The variable = is specified as private.

#fpragma omp parallel for private (x)

for ( k = 0; k < 100; k++ )
{

x = arravl[i];

arrayl[k] = do_work(x) ;
¥

S/ This also works. The variable % is now private.

#pragma omp parallel for
for ( k = 0; k <= 100; k++ )

int x; // wvariables declared within a parallel
S/ construct are, by definition, private

x = arravlk]l:

arrayv[k] = do_work (x) ;

3

Every time vou use OpenMP to parallelize a loop, vou should carefully
examine all memory references, including the references made by called
functions.
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THE OPENMP MEMORY MODEL

Global shared vs thread local memory

Thread Local Memory Space

Thread Local Memory Space
H

Thread Local Memory Space

Seen only by itself
Private to each thread

Seen by all threads
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Shared() clause

Thread Local Memory Space

Thread Local Memory Space

N/
ThrwdLocal Memory Space

Global Shared Memory Space

file: parallel share.c

lint x = 5;

2 #pragma omp parallel shared(x)
34

4 printf("%d\n", x);

5}



Private() clause

Contd....

X=95

Thread Local Memory Space

: (- )

Thread Local Memory Space

h

(o

Thread Local Memory Space

-

N\ Thread Local Memory Space /
o

Global Shared Memory Space

\

file: parallel private.c

lint x = 5;

2 #pragma omp parallel private(x)
34

4 printf("%d\n", x);

5}
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int A, B;

#pragma omp parallel for private(4) shared(B)
for (int i = 0; i < n; i++) {
printf("Iteration Jd is processed by thread Jd\n",
i, omp_get_thread_num());

// ... iterations will be distributed across available threads...

// Each thread has a private copy of variable 4
// ALl threads access the same memory location for wariable B

}




Loop Scheduling and Partitioning

A To have good load balancing and thereby achieve optimal
performance in a multithreaded application, you must have
effectiveloop schedulingandpartitioning.

A The ultimate goal is to ensurethat the executioncoresare busy
mostof the time.

A With a poorly balanced workload, some threads may finish
significantly before others, leaving processorresourcesidle and
wastingperformanceopportunities

A In order to provide an easyway for you to adjust the workload
among cores OpenMP offers four schedulingschemesthat are
appropriate for many situations static, dynamic¢ runtime, and

guided

A The Intel C++and Fortran compilers support all four of these
schedulingschemes

A In any case,you can provide loop schedulinginformation via the
schedulingclause so that the compiler and runtime library can
better partition and distribute the iterations of the loop acrossthe
threads,andthereforethe cores,for optimalload balancing
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Table 6.2  The Four Schedule Schemes in OpenMP

Schedule Type Description

static (default Partitions the loop iterations into equal-sized chunks or as
with no chunk nearly equal as possible in the case where the number of loop
size) iterations is not evenly divisible by the number of threads

multiplied by the chunk size. When chunk size is not specified,
the iterations are divided as evenly as possible, with one chunk
per thread. Set chunk to 1 to interleave the iterations.

dynamic Uses an internal work queue to give a chunk-sized block of loop
iterations to each thread as it becomes available. When a thread
is finished with its current block, it retrieves the next block of
loop iterations from the top of the work queue. By default, chunk
size is 1. Be careful when using this scheduling type because of
the exira overhead required.

guided Similar to dynamic scheduling, but the chunk size starts off large
and shrinks in an effort to reduce the amount of time threads
have to go to the work queue to get more work. The optional
chunk parameter specifies the minimum size chunk to use,
which, by default, is 1.

runtime Uses the OMP_SCHEDULE environment variable at runtime to
specify which one of the three loop-scheduling types should be
used. OMP_SCHEDULE is a string formatted exactly the same
as it would appear on the parallel construct.

#pragma omp for schedule(kind [, chunk-sizel])



Static

A Theschedule ( static, chunk - size)  clauseof
the loop constructspecifiesthat the for loop has
the staticschedulingype.

A OpenMP divides the iterations into chunks of
Sizechunk - size and it distributesthe chunksto
threadsin a circularorder:

A When no chunk - size specified , OpenMP
divides iterations Into chunks that are
approximatelyequal in size and it distributes at
mostone chunkto eachthread.

A Hereare three examplesof static scheduling We
parallelizeda for loop with 64 iterations and
we used4 threadsto parallelizethe for loop .




schedule(static):
RRERERERER R EEEE X

FEEREEERRERERERRE
e o6 3 e ofe g o o of o e ofe o oo ok

FEREREEREEEREERER

schedule(static, 4):
b2 & 33 ¥ ok K % ¥ k% ¥ K kK

P2 kg o ok okdok
EE 2 2] EE 2] LS 20 EEEE

e ok o ook ook ok ook ek

schedule(static, 2):
kkkkEkEE Fodk ok ok ok ok

EE SR L2 20 EEEE L+ 2 2]
FEEEREEEE dok kR gk ok

EEEE L 2 20 EEE L2 L2 2]

#fpragma omp parallel for

for (( k = 0; k < 1000; k++ ) do _workl(k);



Dynamic

A The schedule(dynamic, chunk - size) clause
of the loop constructspecifiesthat the for loop has
the dynamic scheduling type. OpenMP divides the
iterationsinto chunksof sizechunk - size .

A Eachthread executesa chunk of iterations and then
requestsanother chunkuntil there are no more chunks
avallable

A The dynamicschedulingtype has higher overheadthen
the static scheduling type because it dynamically
distributesthe iterationsduringthe runtime.

For example,if the chunk size is specifiedas 16 with the
schedule(dynamic, 16) clause and the total number of
iterations IS 10Q the partition would be
16, 16, 16, 16, 16, 16, 4 with atotalof severchunks




Here are four examples of dynamic scheduling.

schedule(dynamic):
* EE I 3 * ¥ ¥k * * * * % * * E I 3 * * *

schedule(dynamic, 1):
* * * * * * % * * * * % * X

schedule(dynamic, 4):
EE L 3 F ko EE 24

* k% %k % %k ok %%k k¥ * %k ok * %k %k
ok ok kR A ok Ak ok K Lk T 3

& k& * ok k% * %k ok

schedule(dynamic, 8):
o ok g ek ok EEE 222 2 24

%3k ok ok okok ok 3% e ok o o ok Rk
o o o o o o ok ok 3 o e o o ok ok ¢ o o o K ok ok

EEEE 22 2 4



Guided

A For the guided scheduling, the way a loop is
partitioned dependson the number of threads (N) ,
the number of iterations ( ®) and the chunk size

(S) .
A Threadsdynamicallygrab block of iterations. The size

of the block starts large and shrinks down to size
occhunk € asthe calculationproceeds

A For example,given a loop with b0=800, N= 2, and
S=80, the loop partition is {200, 150, 113,
85, 80, 80, 80, 12}.

A Similarto dynamicschedulingput the chunksizestarts
off largeand shrinksin an effort to reducethe amount
of time threadshaveto go to the work queueto get
more work.



With dynamic and guided scheduling
mechanisms, you can tune your
application to deal with those
situations where each iteration has
variable amounts of work or where
some cores (or processors)are faster
than others.



Runtime

A The runtime scheduling scheme is actually not a
scheduling scheme per se.

A The runtime schedulingtype defersthe decision
aboutthe schedulinguntil the runtime.

A Whenruntime is specifiedin the scheduleclause,
the OpenMPruntime usesthe schedulingscheme
specifiedin the OMP_SCHEDULEnvironment
variablefor this particularfor loop.

A Using runtime  schedulinggives the end-user
someflexibility in selectingthe type of scheduling
dynamicallyamong three previously mentioned
scheduling  mechanisms  through the
OMP_SCHEDULEnvironmentvariable

export OMP_ SCHEDULE=dynamic, 16




Effective Use of Reductions

A OpenMPprovidesthe reduction  clausethat is used
to efficiently combine certain associativearithmetical
reductionsof one or more variablesn aloop.

A The following loop uses the reduction clause to
generatethe correctresults
sum = 0;
#pragma omp parallel for reduction(+:sum)

for (k O: k < 100; k++) {
sum sum + func (k) :;

}

A Giventhe reduction  clause,the compiler creates
private copiesof the variablesum for eachthread, and
when the loop completes,it addsthe valuestogether
andplacesthe resultin the originalvariablesum.




Contd....

A How does OpenMPparallelizea for loop declared
with areductionclause?

A OpenMPcreatesa team of threadsand then shares
the iterationsof the for loop betweenthe threads

A Eachthread hasits own local copy of the reduction
variable Thethread modifies only the local copy of
this variable

A Therefore,there is no data race When the threads
join together, all the local copies of the reduction
variableare combinedto the globalsharedvariable
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sum = @;
#pragma omp parallel for shared(sum, a) reduction(+: sum)
for (auto i = 0; i < 9; i++)

{

sum += af[i]
h

4 4

and let there be three threads in the team of threads. Each thread has sumloc , which is a local copy of
the reduction variable. The threads then perform the following computations

e Thread 1

sumloc 1 = a[@] + a[l] + a[2]

4 »

e Thread 2

sumloc_2 = a[3] + a[4] + a[5]

4 »

e« Thread 3

sumloc 3 = a[6] + a[7] + a[8]

4 »

In the end, when the treads join together, OpenMP reduces local copies to the shared reduction variable

sum = sumloc 1 4 sumloc 2 + sumloc 3
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The following figure is another representation of this process.

I
REDUCTION(+; S
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- Lo RO U 802 =%
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SUM = SPMLOC-) +
SUMLOC-2 + SUMLOC-3

¢ $

How to combinevaluesinto a singleaccumulation
variable(avg)?
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Table 6.3  Reduction Operators and Reduction Variable’s Initial Value in

OpenMP
Operator Initialization Value
+ (addition) 0
- (subtraction) 0
* (multiplication) 1
& (bitwise and) ~0
| (bitwise or)

A (bitwise exclusive or)

&& (conditional and)

o|l=|Cc|C

|| (conditional or)




Minimizing Threading Overhead

A UsingOpenMP,you can parallelizeloops, regions,
and sectionsor straightline codeblocks,whenever
dependencesdo not forbids them being executed
in parallel

A In addition, becauseOpenMPemploysthe simple
fork-join execution model, it allows the compiler
and run-time library to compile and run OpenMP
programs efficiently with lower threading
overhead

A However, you can improve your application
performance by further reducing threading
overhead




Contd....
A Consider the following example:

#pragma omp parallel for for

(( k = 0; k < m; k++ ) {
ftnl(k); fn2(k);

}

#pragma omp parallel for // adds unnecessary overhead
for (( k = 0; k < m; k++ ) {
ftn3(k); fnd(k);

}

The overheadcan be removed by entering a parallel
regiononce,then dividingthe work within the parallel
region The following code is functionally identical to
the preceding code but runs faster, because the
overheadof enteringa parallelregionis performedonly

once
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fpragma omp parallel
{
fpragma omp for
for (( k = 0; k < m; k++ ) {
fnl(k); fn2(k);
}

fpragma omp for

for (( k = 0; k < m; k++ ) {
fn3(k); ftnd(k);

}



Work -sharing Sections

A A work-sharing section is a construct used to
handlenon-loop code

A The work-sharing sections  construct directs

the OpenMPcompiler and runtime to distribute

the identified sectionsof your applicationamong

threads in the team created for the parallel
region

A The following example uses work-sharing for
loops and work-sharing sections together
within a single parallel region In this case,the
overhead of forking or resuming threads for
parallel sections Iseliminated
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#pragma omp parallel
{

#pragma omp for

for ( k = 0; k < m; k++ ) {
x = fnl(k) + fn2(k);

}

#pragma omp sections private(y, z)
{
#pragma omp section
{ v = sectionA(x); ftn7(y); }
#pragma omp section
{ z = sectionB(x); ftn8(z); }
}
}

A Here, OpenMPfirst createsseveralthreads Then,the iterations of the
loop are dividedamongthe threads

A Oncethe loop is finished,the sectionsare divided amongthe threadsso
that eachsectionis executedexactlyonce,but in parallelwith the other
sections

A If the program contains more sectionsthan threads, the remaining
sectionsget scheduledasthreadsfinishtheir previoussections



Thank you



