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MULTICORE ARCHITECTURE



Course Plan 

ÅIntroduction to Multi -Core Architecture

ÅSystem Overview of Threading

ÅFundamental Concepts of Parallel Programming

ÅThreading and Parallel Programming 
Constructs

ÅThreading APIs

ÅOpen MP: A Portable Solution for Threading

ÅSolutions to Common Parallel Programming 
problems



Course content

ÅThis course content is organized into three major
sections.

ÅThe first section (Chapters 1ς4) presents an
introductionto softwarethreading.

ÅThis section includes background material on, why
chipmakershave shifted to multi-core architectures,
how threads work, how to measurethe performance
improvements achieved by a particular threading
implementation.

ÅOverall understanding why hardware platforms are
evolving in the way that they are and understanding
the basicprinciplesrequiredto write parallelprograms.



Course content

ÅThe next section (Chapters 5 and 6) discusses
common programming APIs for writing parallel
programs. We look at different programming
interfaces: aƛŎǊƻǎƻŦǘΩǎAPIs for Win32, MFC, and
.NET; POSIXThreads; andOpenMP.

ÅThe third and final section is a collection of topics
related to multicore programming. Chapter 7
discussescommon parallel programmingproblems
andhow to solvethem.



Text Books
TEXT BOOK:

1. òMulticore Programming- Increased Performance through
Software Multi ðthreadingó,Shameem Akhter and Jason

Roberts , Intel Press, 2006 .

REFERENCE BOOKS: 

1. Calvin Lin, Lawrence Snyder, òPrinciples of Parallel 
Programmingó Pearson Education, 2009. ISBN-13: 978 -
0321487902.

2. Michael J. Quinn ,òParallel Programming in C with MPI and 
OpenMPó, Tata McGraw Hill, 2004. ISBN 13: 9780070582019. 

3. David E, Culler, Jaswinder Pal Singh with Anoop Gupta 
òParallel Computer Architecture A Hardware/ Software 
Approachó, eBook ISBN: 9780080573076 Hardcover ISBN: 
9781558603431.



What is MULTICORE ARCHITECTURE? 

ÅMost technology professionalshave heard of the radical
transformation taking place in the way that modern
computingplatformsarebeingdesigned.

Å Intel, IBM,Sun,andAMDhaveall introducedmicroprocessors
that havemultiple executioncoreson a singlechip.

Å In the future, computingplatforms,whether they aredesktop,
mobile, server, or specializedembeddedplatforms are most
likelyto bemulti-corein nature.

ÅThefact that the hardwareindustryis movingin this direction
presentsnewopportunitiesfor softwaredevelopers.

ÅAsa result,multi-threadingwasaneffectiveillusion.

ÅWith modern multi-core architectures,developersare now
presentedwith a truly parallelcomputingplatform.





























Complementary to multi-core











{a¢ ƴƻǘ ŀ άǘǊǳŜέ ǇŀǊŀƭƭŜƭ ǇǊƻŎŜǎǎƻǊ



ά¢ƘŜ ƴŜȄǘ ƭƻƎƛŎŀƭ ǎǘŜǇ ŦǊƻƳ ǎƛƳǳƭǘŀƴŜƻǳǎ 
multi-threading (SMT)  is the multi-ŎƻǊŜ ǇǊƻŎŜǎǎƻǊέ



Optimal application performance on multi-core architectures will
be achieved by effectively using threads to partition software

workloads.





Weõlltake a look at a variety of topics
that are relevant to writing software
for multi -core platforms .









Parallel programming

ÅImplementingsoftware effectivelyand efficiently on
parallelhardwareplatforms.

ÅTheseplatforms include multi-core processorsand
processorsthat use simultaneous multi-threading
techniques,suchasHyper- ThreadingTechnology(HT
Technology).

ÅThis course will focus on programmingtechniques
that allow the developer to exploit the capabilities
providedby the underlyinghardwareplatform.



Motivation for Concurrency 

ÅMost end users have a simplistic view of complex computer
systems.

ÅOnthe serverside,the providermustbe ableto receivethe original

broadcast, encode/compressit in near real-time, and then send it over 
the network to potentially hundreds of thousands of clients.



Motivation for Concurrency 
Å A systemdesignerwho is looking to build a computer systemcapableof

streaminga Webbroadcastmight lookat the systemasƛǘΩǎshown,

Å In order to provide an acceptableend-userexperience,systemdesigners
must be able to effectively managemany independentsubsystemsthat
operatein parallel.



Parallel Computing Platforms

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

ÅAnygivencomputingsystemcanbedescribedin termsof how
instructionsanddataare processed. Thisclassificationsystem
isknownasCƭȅƴƴΩǎtaxonomy.



The different processor architectures



Assignment questions

1. Differentiate Multi-CoreArchitecturesand
Hyper-ThreadingTechnology.

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



Understanding Performance

ÅHow do I measure the performance benefit of
parallelprogramming?

ÅOnemetric is to comparethe elapsedrun time of the
best sequential algorithm versus the elapsed run
time of the parallelprogram.

ÅThisratio is knownasthe speedupandcharacterizes
how muchfastera programrunswhenparallelized.

ÅSpeedup is defined in terms of the number of
physical threads (nt) used in the parallel
implementation.



Amdahlõs Law

Å In 1967GeneAmdahlproposeda rule known as!ƳŘŀƘƭΩǎLaw,examines
the maximum theoretical performance benefit of a parallel solution
relativeto the bestcaseperformanceof a serialsolution.

Å Amdahl started with the intuitively clear statement that άǇǊƻƎǊŀƳ
speedupis a function of the fraction of a programthat is acceleratedand
by how muchthat fraction isŀŎŎŜƭŜǊŀǘŜŘέ.

Speedup part of the program(OnlysomeInstructions)

This result is a speed increase of 8 percent .

Å If half of the program is improved 15 percent, then the whole
programis improvedby half that amount.





Amdahlõs Law

Å In this equation,Sis the time spentexecutingthe serialportion of the parallelized
versionandn is the numberof processorcores.

Å Settingn =қ in Equation1.1,

Å Decreasing the serialized portion by increasing the parallelized portion is of greater 
importance than adding more processor cores.



Amdahlõs Law

Å To make!ƳŘŀƘƭΩǎLaw reflect the reality of multi-core systems,
systemoverheadfrom addingthreadsshouldbe included:

whereH(n)= Systemoverheadfrom addingthreads

Å Thisoverheadconsistsof two portions: the actualoperatingsystem
overheadand inter-thread activities, such as synchronizationand
other formsof communicationbetweenthreads.

Å Notice that if the overheadis big enough,it offsets the benefitsof
the parallelizedportion.

Å This is very common in poorly architected multi-threaded
applications.

Å The important implication is that the overhead introduced by
threadingmustbe kept to a minimum.



!ƳŘŀƘƭΩǎ [ŀǿ !ǇǇƭƛŜŘ ǘƻ IȅǇŜǊ-Threading 
Technology

Å!ƳŜƴŘƛƴƎ !ƳŘŀƘƭΩǎ [ŀǿ ǘƻ Ŧƛǘ I¢ ¢ŜŎƘƴƻƭƻƎȅΣ ǘƘŜƴΣ 
you get:

where n = number of logical processors.

ÅThis equation represents the typical speed-up for
programs running on processor cores with HT
Technologyperformance.

ÅThe value of H(n) is determined empirically and
variesfrom applicationto application.



Gustafsonõs Law

ÅDǳǎǘŀŦǎƻƴΩǎLawhasbeenshownto be equivalent
to!ƳŘŀƘƭΩǎLaw.

ÅHowever,DǳǎǘŀŦǎƻƴΩǎLaw offers a much more
realistic look at the potential of parallel
computingon multi-coreprocessors.

whereN = is the numberof processorcores

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



System Overview of Threading

ÅWhen implemented properly, threading can enhance
performanceby makingbetter useof hardwareresources.

ÅHowever,the improperuseof threadingcanleadto degraded
performance, unpredictable behavior, and error conditions
that aredifficult to resolve.

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

ÅTheconceptsof threadingstartsfrom hardwareandworksits
way up through the operatingsystemand to the application
level.

Å In reality threadingcan be simple,once you graspthe basic
principles.



Defining Threads

ÅA thread is a discrete sequence of related
instructionsthat is executedindependentlyof other
instructionsequences.

ÅEvery program has at least one threadτthe main
threadτthat initializes the program and begins
executingthe initial instructions.

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

ÅIn either case,everyprogramhasat leastonethread.
Eachthreadmaintainsits currentmachinestate.



System View of Threads

ÅThe thread computational model is having three layers for
threading:

User-level threads: Threads created and manipulated in the
applicationsoftware.

Kernel-level threads: Theway the operatingsystemimplements
most threads.

Hardware threads: How threads appear to the execution
resourcesin the hardware.



Flow of Threads in an Execution 
Environment

Å In the Definingand Preparingstage,threadsare specifiedby
the programmingenvironmentandencodedby the compiler.

ÅDuringthe Operatingstage,threadsarecreatedandmanaged
by the operatingsystem.

ÅFinally, in the Executingstage, the processorexecutesthe
sequenceof threadinstructions.



Threading above the Operating System

Å In general, application threads can be implemented at the
applicationlevelusingestablishedAPIs.

ÅThe most common APIsare OpenMPand explicit low-level
threadinglibrariessuchasPthreadsandWindowsthreads.

ÅThe choice of API depends on the requirements and the
systemplatform.

ÅOpenMP, in contrast, offers ease of use and a more
developer-friendly threadingimplementation.

ÅOpenMPrequiresa compiler that supportsthe OpenMPAPI.
Today,thesearelimited to C/C++andFortrancompilers.

ÅTo show how threading is used in a program, considered
simpleάIŜƭƭƻ²ƻǊƭŘέprograms that use the OpenMPand
Pthreadslibraries.



òHello Worldó Program Using OpenMP

/Compiler directive/





// OpenMP program to print Hello World 
from multiple threads

// using C language 

// OpenMP header 
#include < omp.h> 

#include < stdio.h > 
#include < stdlib.h > 

int main(int argc, char* argv[]) 
{ 

// Beginning of parallel region 
#pragma omp parallel 
{ 

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

omp_get_thread_num ()); 
} 
// Ending of parallel region 

} 





òHello Worldó Program Using Pthreads

Å As can be seen, the OpenMPcode has no function that correspondsto thread
creation. ThisisbecauseOpenMPcreatesthreadsautomaticallyin the background.

Å In Pthreads, where a call to pthread_create() actuallycreatesa singlethread and
pointsit at the work to be donein PrintHello().





Threads inside the OS

Å The key to viewing threadsfrom the perspectiveof a modern operating
systemis to recognizethat operating systemsare partitioned into two
distinct layers: the user-level partition (where applicationsare run) and
the kernel-levelpartition (wheresystemorientedactivitiesoccur).





Contdé.
ÅThe kernel is the nucleus of the operating system and

maintainstablesto keeptrackof processesandthreads.

ÅThreading libraries such as OpenMP and Pthreads (POSIX
standardthreads)usekernel-levelthreads.

ÅUser-level threads, which are called fibers on the Windows
platform, require the programmer to create the entire
managementinfrastructure for the threads and to manually
scheduletheir execution.

ÅKernel-levelthreadsprovidebetter performance,andmultiple
kernel threads from the same process can execute on
different processorsor cores.



User -level Threads

User-level threads are mapped to kernel threads; and so, when they are
executing,the processorknowsthem onlyaskernel-levelthreads.



Contd....
ÅBelow figure shows the relationship between processors,

processes,andthreadsin modernoperatingsystems.

ÅA processorrunsthreadsfrom oneor moreprocesses,eachof
whichcontainsoneor more threads.

ÅA programhasoneor more processes,eachof whichcontains
one or more threads,eachof which is mappedto a processor
by the schedulerin the operatingsystem.



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 .





One to one (1:1)

ÅThe1:1 model requiresno thread-library scheduleroverhead
and the operating system handles the thread scheduling
responsibility. This is also referred to as preemptive multi-
threading.

ÅLinux,Windows2000, and WindowsXPuse this preemptive
multithreadingmodel.





M:N Mapping of Threads to Processors

ÅIn the caseof M:N, the mappingis flexible.





Threads inside the Hardware

Å Thehardwareexecutesthe instructionsfrom the softwarelevels.

Å Instructionsof your applicationthreadsare mappedto resourcesand flow down
through the intermediate components-the operating system, runtime
environment,andto the hardware.

Å Threadingon hardware once required multiple CPUsto implement parallelism:
Multi-coreCPUs.

Å TheCPUmight haveonly one executionengineor corebut sharethe pipelineand
other hardwareresourcesamongthe executingthreads: SMT- concurrent.



What Happens When a Thread Is Created

ÅAs discussedearlier, Everyprocesshas at least one
thread. This initial thread is created as part of the
processinitialization.

ÅTherealsocanbe more than onethread in a process;
and each of those threads operatesindependently,
eventhough they sharethe sameaddressspaceand
certainresources.

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

ÅOnce created, a thread is always in one of four
states: ready, running, waiting (blocked), or
terminated.





Virtual Environment: VMs and Platforms

ÅOne of the most important trends in computing
todayisvirtualization.
ÅVirtualization is the processof using computing

resourcesto createthe appearanceof a different
setof resources.
ÅSystemvirtualizationcreatesthe appearanceof a

different kind of virtual machine,in which there
exists a complete and independent instanceof
the operatingsystem.
ÅThevirtualizationlayerthat sitsbetweenthe host

system and these VMs is called the virtual
machinemonitor (VMM). TheVMM isalsoknown
asthe hypervisor.





System Virtualization

Å Systemvirtualizationcreatesa different type of virtual machine.

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

ÅWhen an applicationrunning in a VM createsa thread, the thread
creation and subsequentschedulingis all handled by the guest
operatingsystem. Thevirtual processorexecutesthe instructionsof
the thread.



Fundamental Concepts of Parallel 
Programming

ÅAs discussed in previous lectures, parallel
programming uses threads to enable multiple
operationsto proceedsimultaneously.

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

ÅThis chapter examines how to break up
programmingtasksinto chunksthat are suitable
for threading.



Contd....

ÅTo move from the linear model to a parallel
programmingmodel, designersmust rethink the
ideaof processflow.

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

ÅTo do so,designersmust seetheir programsasa
setof taskswith dependenciesbetweenthem.

ÅBreaking programs down into these individual
tasksand identifying dependenciesis known as
decomposition.



Contd....
ÅA problem may be decomposedin several

ways: by task, by data, or by dataflow.

ÅThe below table summarizesthese forms of
decomposition.



Task Decomposition

ÅDecomposinga programby the functionsthat it performsis
calledtaskdecomposition. It is one of the simplestwaysto
achieveparallelexecution.

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

ÅAs a example consider, gardening, task decomposition
would suggestthat gardenersbe assignedtasksbasedon
the natureof the activity.

ÅIf two gardenersarrivedat aŎƭƛŜƴǘΩǎhome,one might mow
the lawnwhile the other weeded.

ÅMowing and weedingare separatefunctionsbrokenout as
such.

ÅTo accomplishthem, the gardenerswould make sure to
havesomecoordinationbetweenthem, sothat the weeder
is not sitting in the middle of a lawn that needs to be
mowed.



Contd....

In programming terms,



Contd....



Data Decomposition

ÅData decomposition, also known as data-level
parallelism, breaksdown tasksby the data they
work on rather than by the natureof the task.

ÅPrograms that are broken down via data
decomposition generally have many threads
performingthe samework, just on different data
items.

ÅFor example,considerrecalculatingthe valuesin
a largespreadsheet. Ratherthan haveone thread
perform all the calculations,data decomposition
would suggest having two threads, each
performing half the calculations,or n threads
performing1/nth the work.



Contd....

ÅIf the gardenersused the principle of data
decomposition to divide their work, they
would both mow half the property and then
both weedhalf the flower beds.

ÅAs in computing,determining which form of
decompositionis more effectivedependsa lot
on the constraintsof the system.

ÅFor example,if the area to mow is so small
that it does not need two mowers, that task
would be better done by just one gardener-
that is, taskdecompositionis the bestchoice



Contd....

A key aim is to solve problems faster/Performance



Data Flow Decomposition

ÅMany times, when decomposinga problem, the
critical issueƛǎƴΩǘwhat tasksshoulddo the work,
but how the data flows between the different
tasks.
ÅIn these cases,data flow decompositionbreaks

up a problemby how dataflowsbetweentasks.
ÅTheproducer/consumerproblemis a well known

exampleof how data flow impacts a programs
ability to executein parallel.
ÅHere, the output of one task, the producer,

becomesthe input to another,the consumer. The
two tasksareperformedby different threads,and
the secondone, the consumer,cannotstart until
the producerfinishessomeportion of its work.



Contd....

ÅUsing the gardeningexample,one gardener
preparesthe toolsτthat is, he puts gasin the
mower, cleansthe shears,and other similar
tasksτ for both gardenersto use.

ÅNo gardening can occur until this step is
mostly finished, at which point the true
gardeningwork canbegin.

ÅThe delay causedby the first task createsa
pausefor the secondtask, after which both
taskscancontinuein parallel.



Contd....

ÅIn common programming tasks, the
producer/consumerproblemoccursin several
typicalscenarios.

ÅFor example,programsthat must rely on the
readingof a file fit this scenario.

ÅTheresultsof the file I/O becomethe input to
the next step, which might be threaded.
However, that step cannot begin until the
reading is either complete or has progressed
sufficiently.



Contd....

ά¢ƛƎƘǘƭȅ ŎƻǳǇƭŜŘέ ǇǊƻōƭŜƳǎ ǊŜǉǳƛǊŜ ƭƻǘǎ ƻŦ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜƛǊ 
parallel tasks



Contd....

Theproducer/consumer(DataFlowDecomposition)has
severalinterestingdimensions:
ÅThe dependencecreated between consumerand

producercancausesignificantdelaysif this model
isnot implementedcorrectly.
ÅIf the consumeris finishingup while the producer

is completelydone, one thread remainsidle while
other threadsarebusyworkingaway.
ÅThis issue violates an important objective of

parallel processing,which is to balance loads so
that all availablethreadsarekept busy.
ÅA performance-sensitivedesignmust aim to avoid

situationsof threads are in idle while waiting for
relatedthreads.



Implications of Different Decompositions 

ÅDifferent decompositions provide different
benefits.

ÅThe most common reason for threading an
application is performance, meanwhile, the
choiceof decompositionsismoredifficult.

ÅIn many instances,the choiceis dictated by the
problemdomain.

ÅIn some cases,the answer comesonly through
carefulanalysisof the constituentactivities.

ÅUltimately, you determine the right answer for
yourŀǇǇƭƛŎŀǘƛƻƴΩǎuseof parallelprogrammingby
carefulplanning,timing,evaluationandtesting.



Challenges Youõll Face

ÅThe use of threads enablesyou to improve
performancesignificantlyby allowing two or
moreactivitiesto occursimultaneously.

ÅHowever,developerscannot fail to recognize
that threadsadda measureof complexitythat
requires thoughtful considerationto navigate
correctly.

ÅThiscomplexityarisesfrom the inherent fact
that more than one activity is occurringin the
program.



Contd....

Managing simultaneousactivities and their possible interaction
leadsyouto confrontingfour typesof problems:
1. Synchronizationis the processby which two or more threads

coordinate their activities. For example,one thread waits for
anotherto finisha taskbeforecontinuing.

2. Communicationrefers to the bandwidth and latency issues
associatedwith exchangingdatabetweenthreads.

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 eightprocessorcores?

Each of these issues must be handled carefully to maximize
application performance. Subsequent chapters describe many
aspectsof theseproblemsandhow best to addressthem on multi-
coresystems.



Parallel Programming Patterns 
ÅParallelprogrammingpatternsare designpatternsto logically

design applications, through Parallel programming/Solve
parallelprogrammingproblems.

ÅNeed a άcookbookέ that will guide the programmers
systematicallyto achievepeakparallelperformance.

ÅProvidecommonvocabularyto the programmingcomunity.

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



Task-level parallelism

In this pattern, the problem is decomposedinto a set of tasksthat operateindependently.

Problemsthat fit into this pattern include the so-called embarrassinglyparallel problems,

thosewherethereareno dependenciesbetweenthreads.



Divide and Conquer



ÅGeometric Decomposition Pattern

ÅPipeline Pattern

ÅWavefront Pattern



A Motivating Problem: Error Diffusion

ÅTo seehow you might apply the discussedmethods
to a practicalcomputingproblem,considerthe error
diffusion algorithm (multi-level imageinto a binary image) that is
used in many computer graphics and image
processingprograms.

ÅError diffusion is a technique for displaying
continuous-tone digital imageson devicesthat have
limited color (tone) range. Originally proposed by
FloydandSteinberg(Floyd1975).

ÅTheproblem seemsto breakdown into a data-flow
decompositionandfollow wavefront pattern.



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

architectures

üDecompositionsfall into one of three categories: task, data,
anddataflow.

üTask-level parallelism partitions the work between threads
basedon tasks.

üDatadecompositionbreaksdown tasksbasedon the datathat
the threadswork on.

üData flow decompositionbreaksdown the problem in terms
of how dataflowsbetweenthe tasks.

üMost parallel programmingproblemsfall into one of several
well knownpatterns.

üThe constraints of synchronization, communication, load
balancing, and scalabilitymust be dealt with to get the most
benefit out of a parallelprogram.

Many problemsthat appearto be serialmay, through a simple
transformation,beadaptedto a parallelimplementation.



Threading and Parallel Programming 
Constructs

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





Synchronization

ÅIn simple terms, synchronizationis used to coordinate
threadexecutionandmanageshareddata.

ÅTwo types of synchronizationoperationsare widely used:
mutualexclusionandconditionsynchronization.

ÅIn the caseof mutual exclusion, one threadblocksa critical
sectionτa sectionof codethat containsshareddataτand
one or more threadswait to get their turn to enter into the
section.

ÅThis helps when two or more threads share the same
memoryspaceandrun simultaneously.

ÅCondition 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 specificconditionis reached.



Contd....



Contd....

Thescopeof synchronizationis broad. Propersynchronizationordersthe updatesto data and
providesan expectedoutcome. In Figure4.2, shareddatad canget accessby threadsTi andTj
at time ti, tj, tk, tl, where ti ґtj ґtk ґtl and a proper synchronizationmaintainsthe order to
updated at theseinstancesandconsidersthe state of d asa synchronizationfunction of time.
This synchronizationfunction, s, representsthe behavior of a synchronizedconstruct with
respectto the executiontime of a thread.



Synchronization operations
in an actual multi -threaded implementation



Synchronization Primitives

ÅSynchronization is typically performed by
different typesof primitives:

1. Semaphores
2. Locks
3. Conditionvariables Assignment
4. Fence
5. Barrier
ÅThe use of these primitives depends on the

applicationrequirements.



Critical Sections

ÅA sectionof a code block calleda critical sectionis where
shared dependency variables reside and those shared
variableshavedependencyamongmultiple threads.

ÅDifferent synchronization primitives are used to keep
criticalsectionssafe.

ÅWith the use of proper synchronizationtechniques,only
one thread is allowedaccessto a critical sectionat anyone
instance.

ÅThe major challenge of threaded programming is to
implement critical sections in such a way that multiple
threads perform mutually exclusiveoperations for critical
sectionsanddo not usecriticalsectionssimultaneously.



Contd....

ÅMinimize the size of critical sections when
practical.

ÅEachcritical sectionhasan entry and an exit
point.



Deadlock

ÅDeadlockoccurswhenevera thread is blocked
waiting on a resourceof another thread that
will neverbecomeavailable.

ÅAccording to the circumstances, different
deadlockscanoccur:

1. self-deadlock,

2. recursivedeadlock,

3. lock-orderingdeadlock.



Contd....





Contd....

ÅAvoidingdeadlockis one of the challengesof
multi-threadedprogramming.

ÅTheremust not be any possibilityof deadlock
in anapplication.

ÅOne recommendation is to use the
appropriate number of locks when
implementingsynchronization.



Messages

ÅThemessageis a specialmethod of communication
to transfer information or a signalfrom one domain
to another.

ÅFor multi-threading environments, the domain is
referredto asthe boundaryof a thread.

ÅIn general, the conceptual representations of
messagesget associatedwith processesrather than
threads.

ÅFrom a message-sharingperspective,messagesget
shared using an intra-process, inter-process, or
process-processapproach.



Contd....

Message Passing Interface



Threading APIs

ÅThistopic will provide an overviewof several
popular thread packagesused by developers
today.

1. ThreadingAPIsfor MicrosoftWindows

2. ThreadingAPIsfor Microsoft .NETFramework

3. POSIXThreads

Group activities



OpenMP
A Portable Solution for Threading

ÅOpenMPplaysa keyrole by providinganeasymethodfor threading
applications without burdening the programmer with the
complications of creating, synchronizing, load balancing, and
destroyingthreads.

Å TheOpenMPstandardwasformulated in 1997asan APIfor writing
portable,multithreadedapplications.

Å Thecurrent versionis OpenMPVersion2.5, whichsupportsFortran,
C,and C++. Intel C++and Fortran compilerssupport the OpenMP
Version2.5 standard.

Å The OpenMP programming model provides a platform-
independentset of compilerpragmas, directives, function calls, and
environmentvariablesthat explicitlyinstruct the compilerhow and
whereto useparallelismin the application.

ÅMany loops can be threaded by inserting only one pragmaright
before the loop. Thefull potential of OpenMPis realizedwhen it is
usedto threadthe most time consumingloops.



Contd....

ÅThe simplestway to create parallelismin OpenMPis to use
the parallel pragma.



Contd....

wsmultiple threads



Contd....



Contd....

ÅThe for 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.

Å#pragma omp parallel spawns a group of threads,
while #pragma omp parallel for divides loop
iterationsbetweenthe spawnedthreads.



Contd....



Contd....

ÅThe OpenMP implementation determines how
manythreadsto createand how best to manage
them.
ÅAll the programmerneedsto do is to tell OpenMP

whichloop shouldbe threaded.
ÅNo need for programmersto add a lot of codes

for creating, initializing, managing, and killing
threadsin order to exploitparallelism.
ÅOpenMPcompiler 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.

üLoop-carried Dependence

üData-race Conditions 

üManaging Shared and Private Data

üLoop Scheduling and Partitioning

üEffective Use of Reductions 



Loop-carried Dependence

ÅEven if 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.

ÅWhena statementin one iteration of a loop depends
in someway on a statement in a different iteration of
the sameloop , a loop-carrieddependenceexists.



Contd....

In order for S2 to dependupon S1 , it is necessaryfor someexecutionof
S1 to write to a memorylocationL that is later readby an executionof S2

. Thisis alsocalledflow dependence. Other dependenciesexist when two
statements write the same memory location L, called an output
dependence,or a readoccursbeforea write, calledananti-dependence.



Contd....



Contd....
Limitations to Parallelism



Contd....
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ÅBecauseOpenMPdirectivesare commandsto
the compiler, the compiler will thread the
loop.

ÅHowever,the threaded code will fail because
of loop-carrieddependence.

ÅTheonly way to fix this kind of problem is to
rewrite the loop or to pick a different
algorithm that does not contain the loop-
carrieddependence.



Data-race Conditions

ÅData-race condition occurs when, multiple threads
attempt to update the same memory location, or
variable, without proper synchronization, after
threading.
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ÅThefollowingexample,in whichmultiple threadsare
updating the variable x will lead to undesirable
results.

ÅIn sucha situation,the codeneedsto bemodifiedvia
privatizationor synchronizedusingmechanismslike
Mutexes.

ÅFor example,you can simplyadd the private(x)

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



Managing Shared and Private Data

Å In writing multithreadedprograms,understandingwhichdata
is sharedand which is private becomesextremelyimportant,
not only to performance,but alsofor programcorrectness.

ÅOpenMPmakesthis distinction apparent to the programmer
througha set of clausessuchasshared , private , and

default , andit issomethingthat youcansetmanually.

ÅWith OpenMP, it is the ŘŜǾŜƭƻǇŜǊΩǎresponsibilityto indicate
to the compiler which piecesof memory should be shared
amongthe threadsandwhichpiecesshouldbekept private.

ÅWhen memory is identified as shared,all threadsaccessthe
exactsamememorylocation.

Å 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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ÅThe following loop fails to function correctly
becausethe variablex is shared. It needsto be
private.

ÅGiven example below, it fails due to the loop-
carriedoutput dependenceon the variablex .

ÅThe 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 , anotherthreadmightbewriting to it.
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Loop Scheduling and Partitioning

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

Å The ultimate goal is to ensure that the executioncores are busy
mostof the time.

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

Å In order to provide an easyway for you to adjust the workload
among cores, OpenMPoffers four schedulingschemesthat are
appropriate for many situations: static, dynamic, runtime, and
guided.

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

Å 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,andtherefore the cores,for optimal loadbalancing.
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Static
ÅTheschedule ( static, chunk - size) clauseof

the loop constructspecifiesthat the for loop has
the staticschedulingtype.
ÅOpenMP divides the iterations into chunks of

sizechunk - size and it distributesthe chunksto
threadsin a circularorder.
ÅWhen no chunk - size specified , OpenMP

divides iterations into chunks that are
approximatelyequal in size and it distributes at
mostonechunkto eachthread.
ÅHereare three examplesof static scheduling. We

parallelizeda for loop with 64 iterations and
we used4 threadsto parallelizethe for loop .





Dynamic

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

ÅEachthread executesa chunk of iterations and then
requestsanother chunkuntil there are no more chunks
available.

ÅThedynamicschedulingtype hashigher 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) clauseand the total number of

iterations is 100, the partition would be

16, 16, 16, 16, 16, 16, 4 with atotalof sevenchunks.





Guided
ÅFor the guided scheduling, the way a loop is

partitioned dependson the number of threads (N) ,
the number of iterations (ɓ0) and the chunk size
(S) .

ÅThreadsdynamicallygrab block of iterations. The size
of the block starts large and shrinks down to size
άchunk έasthe calculationproceeds.

ÅFor example,given a loop with ɓ0=800 , N= 2, and
S=80 , the loop partition is { 200 , 150 , 113 ,

85, 80, 80, 80, 12} .

ÅSimilarto dynamicscheduling,but the chunksizestarts
off largeandshrinksin an effort to reducethe amount
of time threadshave to go to the work queue to get
morework.



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

ÅThe runtime scheduling scheme is actually not a 
scheduling scheme per se. 
ÅThe runtime schedulingtype defers the decision

about the schedulinguntil the runtime.
ÅWhenruntime is specifiedin the scheduleclause,

the OpenMPruntime usesthe schedulingscheme
specified in the OMP_SCHEDULEenvironment
variablefor this particularfor loop.
ÅUsing runtime schedulinggives the end-user

someflexibility in selectingthe type of scheduling
dynamicallyamong three previouslymentioned
scheduling mechanisms through the
OMP_SCHEDULEenvironmentvariable.



Effective Use of Reductions

ÅOpenMPprovidesthe reduction clausethat is used
to efficiently combine certain associativearithmetical
reductionsof oneor morevariablesin a loop.

ÅThe following loop uses the reduction clause to
generatethe correctresults.

ÅGiven the reduction clause,the compiler creates
privatecopiesof the variablesum for eachthread,and
when the loop completes,it addsthe valuestogether
andplacesthe result in the originalvariablesum.
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ÅHow doesOpenMPparallelizea for loop declared
with a reductionclause?

ÅOpenMPcreatesa team of threadsand then shares
the iterationsof the for loop betweenthe threads.

ÅEachthread has its own local copy of the reduction
variable. The thread modifiesonly the local copy of
this variable.

ÅTherefore,there is no data race. When the threads
join together, all the local copies of the reduction
variablearecombinedto the globalsharedvariable.
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How to combinevaluesinto a singleaccumulation
variable(avg)?



Contd....



Minimizing Threading Overhead
ÅUsingOpenMP,you can parallelizeloops, regions,

andsectionsor straight-line codeblocks,whenever
dependencesdo not forbids them being executed
in parallel.

ÅIn 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.

ÅHowever, you can improve your application
performance by further reducing threading
overhead.
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ÅConsider the following example:

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 parallelregionisperformedonly
once.
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Work -sharing Sections

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

ÅThe 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.

ÅThe 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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Å Here,OpenMPfirst createsseveralthreads. Then,the iterations of the
loop aredividedamongthe threads.

Å Oncethe loop is finished,the sectionsare dividedamongthe threadsso
that eachsectionis executedexactlyonce,but in parallelwith the other
sections.

Å If the program contains more sections than threads, the remaining
sectionsgetscheduledasthreadsfinishtheir previoussections.



Thank you


