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Module 1

Overview

1.1 Module Objectives

By theendof this module,youshould beableto

� Compareandcontrastexamplesof four majorscalablehardwarearchitectures

� Of thesevariousarchitectures,compareandcontrast

� Scalability (interprocessor communicationandI/O)
� Operatingsystemarchitectures
� Languagearchitectures

� Easeof useandefficiency
� I/O techniques

� Understandperformanceprofiles

� Understandprogrammingdifficulties

1
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1.2 Definition of Scalability

ScalableComputing

� Computationalpower that cangrow over a large rangeof performance,while re-
tainingcompatibility

Scalability dependson the distance(time) betweennodes

� Latency: Time to sendfirst bytebetweennodes

� Shortlatency = tightly coupledsystem(capabilitysolution)

� Long latency = looselycoupledsystem(capacitysolution)



Overview AAPPL-1.0-L2.4-S-SD-W 3

1.3 Scalability

Why is low-latency, high-bandwidth, interprocessorcommunication important?

� Low latency enablesfine-grainparallelism

� Loweroverhead= smallersegmentation

� Split loopsinto smallsegmentsonmultiple processors
� Easierto find smallparallelsegmentsthanlargesegments

� Efficient smallcodesegmentsallow for moreparallelismin thecode
� More loopscanbeparallelizedwith a reasonablespeedup� Especiallyimportantfor automaticparallelcodedetectionandgeneration,

for example,with theautomaticparallelizationoption in theIntel R
�

com-
pilers
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1.4 Symmetric Multipr ocessors(SMPs)

� Easiestparallelprogrammingenvironment

� All processors haveequallyfast(symmetric)accessto memory

� Inexpensive to assemble

� Examples:MultiprocessorworkstationsandPCs

� Limited scalabilitydueto thememoryaccess

� Typically 2 to � 100processors
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1.5 SMP Performance

� Latency to synchronizeprocessors

� Latency to communicatedataamongprocessors
� Fastest: Sharedregister– approximately10nanoseconds (ns)

� For example,CRAY T90TM

� Fast: Sharedcache– approximately300ns
� For example,SunUltra Enterprise10000TM andmany otherserversand

workstations
� Slowest: Sharedmemorywithout sharedcache100sor 1,000sof ns

� For example,multiprocessorPCsandmany workstations
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1.6 SMP Performance(continued)

Memory bandwidth

� Multiple processorsexert heavy demandsonmemorybandwidth

� Bus-basedsystemsmayhave low multiprocessorbandwidth

� Examples:Most SMPworkstations,serversandPCs
� Fastexecutionin cache,but slow randomaccessto memory

� Multiport memoriescanhaveveryhighbandwidths

� Example:CRAY T90— 880gigabytes/second(GB/s)
� 32CPUs@ 440MHz
� 8 wordsperclockperCPU,8 bytesperword= 64bytes/clock
� 32CPUs* 440MHz* 8 words* 8 bytes/word= 0.88TB/s
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1.7 Arra ys (Clusters)

� Most popular, highly scalablearchitecture

� Any networkedcomputercanparticipatein clusters
� Extremeexample: PCson the Internetusedto crackencryptionkeys or find

largeprimenumbers

� Populartechniquefor scalingbeyondSMPs

� Easyto assemble,but oftenhardto use
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1.8 Arra ys (Clusters) (continued)

Cluster Issues

� Coarse-grainparallelismonly

� Requiresthousands,millions, or billions of instructionsbetweencommunica-
tion cycles

� No sharedmemory

� Messagepassingrequiredto spanmachines(capability)
� Oftenusedfor multiple serial-jobthroughput (capacity)

� Long latencies

� Typically 10s,100s,or 1,000sof microseconds
� Comparethiswith 10sto 1,000sof nanosecondsfor SMPs

� SMPstypically have100to 1000timesbetterlatency thanclusters
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1.9 Arra ys (Clusters) (continued)

Cluster Issues

� Multiple OSimages

� Hardto coordinate,schedule,andadminister
� Schedulingmessage-passing jobscanbedifficult

� DistributedI/O

� Hardto accessremoteperipherals
� OftenuseNFSR

�
or DFSfor logically sharedfiles
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1.10 Arr ays(Clusters) (continued)

Cluster Benefits

� Easyto startsmall,thenscaleuphardware

� Canaddnewerhardwareto olderhardware

� Nodescanbeindividual computenodes

� In additionto beingmembersof acluster

� High reliability

� Partsof clustercanfail while othersremainavailable
� May loseaccessto someperipherals

� Excellentfor throughput (multiple single-PEjobs)

� A batchscheduleris typically usedfor schedulingmultiple jobs
� A systemwith a sharedcachefor data(e.g.,a databasestoredin buffer cache)

maystill show advantagesoveraclusterin somethroughput applications,if all
jobsaccesssamelargedatasets.
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1.11 Massively Parallel Processors(MPPs)

FastDistrib uted Memory

� Distributedmemoriesscalingto terabytes

� Similar to clusterprogrammingprimitives
� Easierto programthanclusters

� Latency � 1,000timeslower� Bandwidth10sto 1,000stimesfaster
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1.12 MPPs(continued)

FastDistrib uted Memory

� Fasterbandwidth

� Typically gigabytespersecondof bisectionbandwidth
� Often100sof MB/s processorto processor

� Sometimessingle-systemimages

� Example:CRAY T3ETM

� Scalingto thousandsof processors

� Scaling independenton low latency andhighbandwidth

� SometimesglobalI/O

� Any processorcanperformI/O onany device
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1.13 MPP Features

� Largenumbersof processors

� 32 to 9,000+processors
� TeraFLOP/sof processing power

� Largememories

� Up to terabytesof memory

� Largelocal memorybandwidth

� Sumis hundredsor thousandsof GB/s

� HugeI/O bandwidth

� Up to 10sor 100sof GB/s
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1.14 Scalable Symmetric Multipr ocessors(S2MPs)

� ccNUMA — CombiningSMPsandMPPs

� Cache-coherent(SMP-like)
� Non-UniformMemoryAccess(MPP-like)

� Logically programmableasanSMP

� Everyprocessor hasfastandcache-coherentaccessto acommonmemory
� SMPcodescanrunwithoutmodification

� MPP-like scalability

� Scalesto 1000sof processors
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1.15 S2MPs (continued)

ccNUMA - Scalability

� SMPcodestendto bewritten for 10sof processors

� SMPcodesaccessmemorywithout regardfor locality
� SMPcodesassumememoryaccessspeedsdonot vary
� This tendsto limit thescalabilityof SMPcodes

� S2MPcanbeprogrammedasanMPP

� MPPprogrammingtechniquesemphasizegoodlocality of reference
� Tendsto improvescalability

� Combination:SMP-like codeandhigh-level directivesfor locality

� New areafor languagedirectives
� Promiseof scalabilitywith easeof programming
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1.16 S2MPs (continued)

ccNUMA - Configuration

� OS:Singlesystemimageor multiple images

� CanbeconfiguredasanSMP, MPP, or cluster

� I/O: Globaldeviceaccess(with singlesystemimage)

� Any processoraccessingany peripheral
� Very fastrandomaccessfrom processors to disks
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1.17 Scalable Operating Systems

� Singlethreadedkernels

� Low-endUNIX R
�

or PCOS
� Onesystemcall processedat a time OK for uniprocessorsor smallSMPs

� Multithreadedkernels

� High-endUNIX kernels
� Multiple systemcallsexecutedsimultaneously
� ImprovesI/O dramaticallyon largeSMPs

� Note: OSdesigncanhavedramaticeffectsonsystemperformance
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1.18 Scalable Operating Systems (continued)

Array ed (clustered)operating systems

� Full OSoneachnodeof thecluster

� Eachnodehasits own systemimagesondiskandin memory
� Add globalschedulingandadministrationlayers
� Add logically globalI/O

� Tie togetherwith distributedfilesystems(NFS,DFS,etc.)� Typically muchslower I/O thanonanSMPor MPP
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1.19 Scalable Operating Systems (continued)

Distrib uted microkernels(Mach and Chorus)

� Smallkerneloneachnode

� Handleslocal functionslocally
� Local memoryandprocessorscheduling

� Asksfor helpfrom systemnodesfor globalfunctions

� I/O is usuallyaglobalfunction

� Singlesystemimage

� Highly scalable

� Examples:

� CRAY T3E usesadistributedChorusTM kernel
� Intel R

�
ParagonR

�
usesadistributedMachTM kernel
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1.20 Scalable Application Development

� Fortran

� C & C++

� SMPmultitasking(multithreading)

� Messagepassing

� Single-sidedmessagepassing

� Explicit-distributedlanguages

� Implicit-distributedlanguages

� Explicit processcontrol—POSIXthreads
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1.21 Scalable Application Development (continued)

Parallel Programming Models
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1.22 Scalable Application Development (continued)

Shmemis single-sidedmessagepassingported fr om the CRAY T3D/T3E

� Reador write any wordonany process’ memoryat any time

� Closeto hardware(1 to 2 µs) latency on fastMPPsandS2MPs

� Callablefrom Fortran,C, andC++
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1.23 Scalable Application Development (continued)

SMP multitasking (multithr eading)

� Implicit work anddatadistribution

� Multiple logical(andphysical)processorssharingasinglesymmetricaddressspace
in memory

� Requireslogically sharedmemory

� Schedulelogical processors to tasksasneeded

� Efficiently mix many applications(serial and parallel) with high processor and
memoryefficiency

� Automaticparallelismwith directivesto assistauto-parallelism

� Directivesaddedto languages

� Fortran77,Fortran90,C, andC++ directives
� OpenMPor vendorsyntax

� Scalability variesdependingon theapplication
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1.24 Scalable Application Development (continued)

SMP multitasking (multithr eading)
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1.25 Scalable Application Development (continued)

Messagepassing

� Most popularparalleldevelopmentstylefor independentsoftwarevendors(ISVs)

� Portability is key featurefor ISVs

� Harderto programthanSMPparallelism

� Coarsergrainparallelism
� Muchmoreusercodethanwith SMPdirectives

� MPI

� De factostandardfor messagepassing programming

� PVM

� Worksonheterogeneous(multivendor)environments
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1.26 Scalable Application Development (continued)

Implicit distrib ution languages

� HPFTM : High PerformanceFortranTM

� Designedto provide SMP-like programmingon physically distributedmemo-
ries

� Programmersuppliesdirectivesto lay outmemory
� Programmerorganizeswork into data-parallelconstructs
� Compiler distributesdata,distributeswork, and takescareof interprocessor

communicationimplicitly
� Tendsto havehighoverheadfor communication
� Availableonmostparallelmachines
� HPFis notanISO/ANSI standard
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1.27 Scalable I/O – Points of View

Parallel I/O deviceswith serial I/O code

Parallel I/O codewith serial I/O devices

� Combinethesetechniques

� Parallel I/O codewith parallelI/O devices
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1.28 Scalable I/O - Parallel I/O Programming

Parallel I/O on SMPs

� GlobalI/O easy

� Any processcanaccessany diskdirectly
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1.29 Summary

SMPs: Most popular parallel platforms

� Easiestto program

� EasyglobalI/O

� Leastexpensiveparallelsolution

� Sometimesdifficult to scaleapplications

� FastestSMPexecutionenvironment:

� SMPprogrammingwith languagedirectives
� Messagepassingalsofast,andfasterthanonclusters

� FastestSMPOS:Multithreadedkernels
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1.30 Summary (continued)

Clusters: Popular but Difficu lt ScalableSystems

� Goodthroughputengines(if accessto shareddatais “cheap”)

� Difficult distributed-parallel programming

� Slow, difficult globalI/O

� Easyto reconfigure

� Goodresiliency

� Only oneparallelexecutionmodel:Messagepassing

� Rareto see(real)singlesystemimages
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1.31 Summary (continued)

MPPs: Most scalableparallel platforms

� Scalability to teraFLOP/salreadydemonstrated

� Easierto programthanclusters(betterlatency)

� Harderto programthanSMPs(incoherentmemory)

� Hugedistributedmemories(terabytes)

� SomehavegoodglobalI/O, othersnot

� Most havesinglesystemimageOS

� Highestperformancelanguage:getsandputs

� Expensive— losingmarketshare
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1.32 Summary (continued)

S2MPs: SMP-like MPPs

� Theoreticalscalabilityto teraFLOP/s

� 100sof GFLOP/s (sustained)demonstratedto date

� Logically symmetricmemory(SMP-like)

� Physically distributedmemory(MPP-like)

� SMPeaseof programming(cache-coherentmemory)

� Messagepassingscalability

� Hugedistributedmemories(terabytes)

� GoodglobalI/O

� Singlesystemimage



Module 2

Altix Compiling Envir onment

2.1 Module Objectives

After completingthemodule,youwill beableto

� RecognizetheAltix compilerflow

� Compileprogramswith standardoptions

� Createandusestaticanddynamicsharedlibraries

� Usesomeobjectfile analyzers

33
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2.2 C/C++ and Fortran Compilers

� Intel R
�

Compilers

� 7.0CompilersshippedNovember2002
� 7.1CompilersshippedMarch2003
� FortransupportsOpenMP2.0
� C/C++compatiblewith gccandC99standard(subset)

� GNU FortranandC

� Enableeasymigrationfrom 32-bitplatformsto Altix
� Includedin thestandardLinux distribution

� ORC(OpenResearchCompiler)FortranandC

� BasedonSGI Pro64
� No OpenMPsupport
� Availableat http://ipf-orc.sourceforge.net/
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2.3 Compiling a Program

� Compileline:

ecc [ option(s) ] filename.{c|C|cc|cpp|cxx|i}
efc [ option(s) ] filename.{f|for|ftn|f90|fpp}
gcc|g++ [ option(s) ] filename.{c|C|cc|cxx|m|i|ii}
g77 [ option(s) ] filename.{f|for|F|fpp}

� Filenamerequirestheappropriateextension

%ecc main.c

%efc main.f

%g77 main.f[or]

%g++ main.C
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2.4 Common Compiler Options

-o <file_name> Renamestheoutputfile_name
-g Producesadditionalsymbolinforma-

tion for debugging
-O or -O{0,1,2,3} Invokestheoptimizerat differentlev-

els
-I< dir_name> Look for includefiles in dir_name
-c Compileswithout invoking the linker

(producesa .o file only)
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2.5 Floating-point Underflow

Many processorsdonothandledenormalizedarithmetic(for gradualunderflow) in hard-
ware. Whetherenvironmentssupport gradualunderflow is very implementationdepen-
dent,andmayleadto differencesin numericalresults.

� TheIntel R
�

compilersprovide the -ftz option to forceflushingdenormalizedre-
sultsto zero

Notes:

Frequent gradualunderflow arithmetic in a programdoescause it to run very slowly, consuming large quantities of
system time,which canbedeterminedwith time . In this case,it is bestto tracethesourceof theunderflowsandfix
thecode,asgradual underflow is usually thesourceof reducedaccuracy anyway.



38 AAPPL-1.0-L2.4-S-SD-W SGI CompilingEnvironment

2.6 StorageClasses and Virtu al Addr esses

A variablecanhaveoneof differentstorageclasses;theseareusuallystoredin different
areasof the virtual addressspaceof programs,andthe differentstorageclassescause
differencesin behavior (particularlyin somecontexts in parallelprograms).

automatic variablesare local to eachinvocationof a block (e.g.,when a function is
called),andarediscardeduponexit from theblock. They arestoredon thestack,
a region at high virtual addressesthatgrows towardslow addresses. As blocksare
enteredandexited in Last-in,First-outfashion,memoryfrom the stackis always
freedat the“top” of thestack(i.e.,at low addresses).
Examplesarevariablesdefinedwithin afunction/procedurebodywithoutqualifiers
(bothin C andin Fortran).

static variablesare local to a block or group of blocks, but retain their valuesupon
reentryto ablock, i.e., they cannotbediscardedwhencontrolhasleft theblock.
They arefrequentlystoredjust like externalvariables,with the differencthat the
compilerknows they canonly be referredto in the propercontext called lexical
scopeor staticextent.
Examplesarevariableswith a static storageclassspecifierin C, a SAVEattribute
in Fortran,andnamedcommonblocksin Fortran.

external variablesexist andretaintheir valuesfor the life of theentireprogram.They
arestoredontheheap, aregionof spaceat low addressesin virtual spacethatgrows
to largeraddresses.
Examplesarevariablesdefinedout of the scopeof a block in C, unnamedcom-
monin Fortran,and(obviously) C variablesdeclaredor definedwith theexternal
storageclassqualifier.
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2.7 StorageClasses and Virtu al Addr esses(continued)

dynamic variablesareallocatedduringexecutionof theprogramthroughexplicit mech-
anisms(e.g.,ALLOCATEin Fortranor malloc() in C). They arestoredon theheap,
and a referenceto their location is storedin anothervariable(which hasa non-
dynamicstorageclass).
Theheapthuscontainsvariablesthat caneithernever be reclaimed,be reclaimed
explicitly (e.g.with a free() in C) or implicitl y (e.g., unsaved Fortran allocatable
arrays).

volatile variablesarevariableswhosecontentmaychangeby interventionof something
outsidethescopeof thecurrentlyexecutingblockof code.As aresult,thecompiler
is forcedto evaluateexpressionsinvolving volatile variableseachtime they appear
in thecode.
Expressionsusingvolatile variablesactasfull memorybarriers;a compileris not
allowed to move memoryreferencesacrossthesewhenoptimizing the code(and
a fortiori cannotdelaystoringthe variableinto memoryby keepingits “present”
valuecachedin a register.
This propertycanbe usedto goodeffect for implicit synchronisationusingvari-
ablesbetweenthreadsor processesin parallelprograms, wherethecompilermight
otherwise“optimizeaway” thesynchronizationoperations.

Notes:

Theenvironment on mostmachines hasstringentlimits for thesizeof thestackat runtime,andprogramsthattry to
allocatevery large automatic variable space maynot run successfully andareusually terminatedwith a coredump
becauseof a SIGBUS(buserror)or SIGSEGV (segmentationviolation) signal if no precautionsaretaken.

Locationson thestackareconstantly reused, andasa result automaticvariables,which arenot initialized,will
have unspecifiedvalues thatvary from call to call.

Staticvariable spaceon theheap is initi alizedto zero.
In the Fortrancompiler, it is possible to force all automatic storageclassvariablesto behave asstaticstorage

classvariableswith the -sav e option, something usedoftenfor programsthatassumezero-initi alizedvariables.
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2.8 Modules

module is a userinterfacethat providesfor the dynamicmodificationof a user’s envi-
ronment,i.e., usersdo not have to modify their PATHandotherenvironmentvariables
by handto accessthecompilers,loader, libraries,andutilities. If enabled,modulescan
be usedon the SGI Altix Seriesto customizethe compiling environment. To access
thesoftwareon theSGI Altix Series,do the following (typically MODULESHOMEwill be
/opt/modules/x.y.z, wherex.y.z is themodulespackageversion):

� C shellinitialization(in .cshrc):

source ${MODULESHOME}/init/csh
module load intel-compilers-latest mpt-1.7-1rel
module load scsl-1.4.1-1

� Bourneshellinitiali zation(in .profile):

. ${MODULESHOME}/init/sh
module load intel-compilers-latest mpt-1.7-1rel
module load scsl-1.4.1-1

� Kornshell initialization (in .profile):

. ${MODULESHOME}/init/ksh
module load intel-compilers-latest mpt-1.7-1rel
module load scsl-1.4.1-1

Notes:

If modulesis not available on your system,its installation anduseis highly recommended. The latest releasemay
befoundat http://sourceforge.net/projects/modules/. It is alsoincludedin SGIProPack2.3andlater.
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2.9 Modules (continued)

� To view whichmodulesareavailableonyoursystem(any shell):

% module avail

--------- /sw/com/modulefiles ---------
SCCS ivision.R
admin ivision.lnk
. . .
capd mpt-1.7-1rel
. . .
epic.5.1 scsl-1.4.1-1
. . .
intel-compilers-latest transcript.4.0
. . .

� To loadmodulesinto yourenvironment(any shell):

% module load intel-compilers-latest mpt-1.7-1rel
% module load scsl-1.4.1-1

� To list whichmodulesarein yourenvironment(any shell):

% module list

Currently Loaded Modulefiles:
1) intel-compilers-latest 3) scsl-1.4.1-1
2) mpt-1.7-1rel

� Seeman module for moreoptions
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2.10 Libra ries

� Librariesarefiles thatcontainoneor moreobject(.o) files

� Librariesareusedto

� Protectacompany’s investmentin softwaredevelopmentby allowing it to ship
only objectcodeto customersanddevelopers

� Simplify local softwaredevelopmentby “hiding” compilationdetail

� In UNIX, librariesaresometimescalledarchives
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2.11 Static Versus Dynamic Libra ries

� Staticlibrary

� Calls to library componentsaresatisfiedat link time by copying text from the
library into theexecutable

� Dynamiclibrary

� As theprogramstarts,all neededlibrariesarelinkedinto theprogram
� Whenloadedinto memory, thelibrary canbeaccessedby multiple programs
� Dynamiclibrariesareformedby creatingaDynamicallySharedObject(DSO)

file
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2.12 Creating Static Librari es

� Usethearchivercommand,ar(1)
ar options [posObject] libName [object1...objectN]

� Commonarchiveroptions

-d Deletesspecifiedobject
-m Movesspecifiedobjectto theendof thearchive
-q Appendsspecifiedobjectto theendof thearchive
-r Replacesanearlierversionof theobjectin thearchive
-t Lists thetableof contentsof thearchive
-x Extractsafile from thearchive



SGI CompilingEnvironment AAPPL-1.0-L2.4-S-SD-W 45

2.13 ExamplesUsingar(1)

� Createa library with threeobjectfiles:

%ar -q libutil.a object1.o object2.o object3.o

� List thecontentsof thearchive:

%ar -t libutil.a
object1.o
object2.o
object3.o

� Add afile to thearchive:

%ar -q libutil.a object4.o

� Replaceanobjectwith anewerversion:

%ar -r libutil.a object4.o

� Deleteanobjectfrom thearchive:

%ar -d libutil.a object4.o
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2.14 UsingStatic Libra ries

� To useastaticlibrary, includethelibrary on thecompileline:

%gcc -o myprog myprog.c func1.o libutil.a

� If thelibrary is namedlib<name>.aandit is not in astandardlibrary directory, use
the-L< dir> and-l< name> options:

%gcc -o myprog myprog.c func1.o -L./libs -lutil

� In theabove example,if botha dynamicandstaticlibrariesexist in thesame
directory, thedynamiclibrary is chosenfirst

� To usethestaticversionof standardlibraries,usethefull pathnameof thelibrary
or the-static option:

%gcc myprog.c /usr/lib/libm.a

or

%gcc myprog.c -static -lm
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2.15 Creating Dynamic Librarie s

� To createadynamiclibrary with aseriesof objectfiles:

%ld -shared object1.o object2.o -o libops.so

� To createaDSOfrom anexisting staticlibrary:

%ld -shared --whole-archive libutil.a -o libutil.so
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2.16 UsingDynamic Librar ies

� To useadynamiclibrary, includethelibrary on thecompilerline:

%gcc -o myprog myprog.c func1.o libops.so
%gcc -o myprog myprog.c func1.o -L./libs -lops
%gcc myprog.c -lm

� Whenusing-l< string> and,within adirectory, bothlib<string>.a andlib<string>.so
exist, theDSOlibrary is used

� If yourdynamiclibrary is not in thestandarddirectories,therun-timelinker ld.so
cannotfind it unlessyou

� Usethe-rpath <directory> optionduringlinking:

%gcc -o myprog myprog.c -Wl,-rpath -Wl,./libs -L./libs
-lops

or

� Set the LD_LIBRARY_PATH environmentvariablebeforerunning the exe-
cutable:

%setenv LD_LIBRARY_PATH ./libs
%myprog
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2.17 C/C++ Librar ies

Classlibraries includedwith the Intel compiler

� libguide.a, libguide.so

� for support of OpenMP-basedprogram

� libsvml.a

� shortvectormathlibrary

� libirc.a

� Intel R
�

supportfor PGO(profile-guidedoptimization)andCPUdispatch

� libimf.a, libimf.so

� Intel R
�

mathlibrary

� libcprts.a, libcprts.so

� DinkumwareC++ library

� libunwind.a, libunwind.so

� Unwinderlibrary

� libcxa.a, libcxa.so

� Intel R
�

runtimesupport for C++ features
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2.18 Getting Information About Object Filesand Libra ries

Command Purpose
file Lists thegeneralpropertiesof thefile
size Lists thesizeof eachsectionof theobjectfile
readelf Lists thecontentsof anELF objectfile
ldd Lists sharedlibrary dependencies
nm Lists thesymboltableinformation
dis Disassemblesthesourcecode
strip Removesthesymboltableandrelocationbitsfrom

anobjectfile
c++filt Demanglesnamesfor C++
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2.19 Listin g File Propertiesand File Size

� Usefile (1) for informationaboutobjectfiles andexecutables

%file main
main: ELF 64-bit LSB executable, IA-64, version 1,
dynamically linked (uses shared libs), not stripped
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2.20 Estimating Memory Requir ementsof a Program

� size (1) reportsthesizeof aprogram

� Reportedsizeis theminimumspacerequired

$ size main
text data bss dec hex filename
3254 788 80 4122 101a main

$ size -A main
main :
section size addr
.interp 24 461168 6018427388 360
.note.AB I-tag 32 461168 6018427388 384
.hash 144 461168 6018427388 416
.dynsym 408 461168 6018427388 560
.dynstr 244 461168 6018427388 968
.gnu.ver sion 34 461168 6018427389 212
.gnu.ver sion_r 64 461168 6018427389 248
.rela.dy n 96 461168 6018427389 312
.rela.IA _64.pltoff 192 461168 6018427389 408
.init 272 461168 6018427389 600
.plt 448 461168 6018427389 888
.text 1024 461168 6018427390 336
.fini 112 461168 6018427391 360
.rodata 8 461168 6018427391 472
.opd 48 461168 6018427391 488
.IA_64.u nwind_info 56 461168 6018427391 536
.IA_64.u nwind 48 461168 6018427391 592
.data 4 691752 9027641085 592
.ctors 16 691752 9027641085 600
.dtors 16 691752 9027641085 616
.got 128 691752 9027641085 632
.dynamic 464 691752 9027641085 760
.sdata 32 691752 9027641086 224
.IA_64.p ltoff 128 691752 9027641086 256
.sbss 8 691752 9027641086 384
.bss 72 691752 9027641086 392
.comment 232 0
.debug_p ubnames 37 0
.debug_i nfo 4741 0
.debug_a bbrev 252 0
.debug_l ine 0 0
Total 9384
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2.21 Getting Information About ELF Files

� Use readelf (1) to inspectsectionsof an ELF (ExecutableandLinking Format)
file:

readelf [options] filename1 [filename2...]

� Youcanprint theELF header, sectionheaders,DSOlibrary list, library information,
andsoon,by specifyingdifferentoptions(seemanpage)

� List dynamicsharedlibrary list usingreadelf or ldd :

% readelf -d main

Dynamic segment at offse t 0xf4 0 contai ns 24 entri es:
Tag Type Name/Value

0x00 00000 000000 001 (NEEDED) Share d libr ary: [libut il.so ]
0x00 00000 000000 001 (NEEDED) Share d libr ary: [libc. so.6. 1]
0x00 00000 000000 00f (RPATH) Libra ry rpath: [.]
0x00 00000 000000 00c (INI T) 0x400 000000 00006 a0
. . .
0x00 00000 000000 000 (NULL) 0x0

% ldd main
lib util.s o => ./libu til.s o (0x2 00000 000004 8000)
lib c.so.6 .1 => /lib/ libc. so.6.1 (0x2 000000 000204 000)
/li b/ld-l inux- ia64.s o.2 => /lib /ld-l inux-i a64.so .2 (0x20 00000 000000 000)
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2.22 Listin g Global SymbolTable Information

� Usenm(1) to list globalsymbol tableinformationfor objectfiles andarchives

% nm example.o
U func5

0000000000000000 G global_initialized
0000000000000050 C global_uninitialized_array
0000000000000000 T main

U sqrt

Abbreviation Description
B Uninitializeddatasectionsymbol (bss)
C Commonsymbol(uninitialized)
D Initializeddatasectionsymbol
G Smallobjectinitialized datasectionsymbol
U Undefinedsymbol
T Text (code)sectionsymbol
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2.23 Usingnm(1) To Find UnresolvedSymbols

� Whencompilinga program,you maygetanerror from the linker thata symbolis
unresolved(it cannotfind wherethesymbolis defined):

% cc myprog.c -lmy_lib
ld:
Unresolved:
Missing_Symbol

� If you do not know whereMissing_Symbol is defined,you cansearchavailable
objectfiles andlibrariesfor thesymbol

� For example,usea combinationof nm andgrep to searchfor this symbol in
local objectfiles, libraries,andDSOs:

% foreach i (*.o *.a *.so)
? nm $i | grep Missing_Symbol | grep ’ T ’
? echo $i
? echo
? end
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2.24 DisassemblingObject Files

� To disassemble yourobjectfiles or executablesinto IPF assemblylanguage

� Seehow theoptimizeris rearrangingyoursourcecode
� Hand-tunein assembly

� To disassemble anobjectfile, useobjdump (1):

% objdump -d filename1 [filename2...]

� Usethe-S optionto mix source,if possible,with theassemblycode
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2.25 Stripping Executablesof Symbol Table Information

� Usestrip (1) to remove all symboltableinformation,therebydecreasingthesize
of yourexecutables:

% strip [options] filename1 [filename2...]
% ecc -g -o main main.o libutil.a -lm
% ls -l main
-rwxr-x--- 1 gerardo sdiv 259839 Apr 15 10:45 main*
% strip main
% ls -l main
-rwxr-x--- 1 gerardo sdiv 211912 Apr 15 10:45 main*

� Strippedexecutablescannotbedebuggedsymbolically, andnm(1) givesanerror

� Strippingalsoprovidesameasureof intellectualpropertyprotectionwhendistribut-
ing binarycode
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2.26 NameMangling and c++filt

� C++ useof polymorphism andoverloadingrequirescompilergenerationof unique
functionnamesfor differentinstantiationscallednamemangling

� Youcanusethec++filt tool to helpdemanglethesenamesfor theprogrammer

� For example,pipetheresultsof nm throughc++filt :

% nm myc++prog | /usr/lib/c++/c++filt

� nmalsohasa -C optionthatprovidesdemangling

% nm -C myc++prog
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Lab: Using the SGI Altix Compiler Envir onment

Objectives

� CompileaprogramusingtheSGI compilers

� Createanduseanarchive library

� CreateanduseaDSO

� Getinformationfrom objectfiles
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Lab: Intr oduction to the SGI Altix Programming Envir onment

Creatingand Using an Ar chive Library

In this exercise,you compiletheprogrammain , which is madeup of a seriesof object
files (for example,main.o, object1.o, object2.o).

1. Copy theAltix/SGI_programming_environmentdirectoryto yourhomedirectory.

2. Changeto theSGI_programming_environment/labs/{f,c}srcdirectory.

3. Createtheobjectfiles main.o,object1.o,object2.o,object3.o,object4.o,object5.o
without linking theminto anexecutable.
(ThereareC andFORTRAN objectsavailable).List thecommandyouused:

4. Link theobjectfiles. List thecommandyouused:

5. Runmain andnoteits output.

Creatingand Using an Ar chive Library

In thisexercise,youcreateanarchivelibrary from theobject?.ofilesusedin theprevious
exercise.

1. Createan archive called libutil.a by appendingthe file object1.oto it. List the
commandyouused:

2. Add object{2-4}.oto thearchive.

3. List thecontentsof thearchive. List thecommandyouused:

4. Relink themainprogramusingthearchive. Runmain to verify thatit works.
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Creatingand Using a DSO

1. Make libutil.a aDSO(call it libutil.so).List thecommandyouused:

2. Relink main usingtheDSO.

3. Rerunmain to verify thatit works.

Getting Inf ormation From Object Files

In this exercise,yougetinformationaboutobjectfiles.

1. Whatkind of file is libutil.so? Whichcommanddid youuseto determinethis?

2. Compiletheprogramexample.{c,f}. Whichsymbolis undefined?

3. Write a commandto searchthelocal directoryfor all objectfiles,archive libraries,
andDSOsthatmaycontainthesymbol.Whichcommand(s)did youuse?

4. Recompileexample.{c,f} with theidentifiedlibrary to make sureit works. Runthe
executable.
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Module 3

SGI Altix Ar chitecture

3.1 Module Objective

After completingthis module,you shouldbe ableto identify major hardwarecompo-
nentsof theSGI Altix systems.

63
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3.2 SGI Altix 3000

Altix 3300

� 4-12Intel R
�

ItaniumR
�

2 processors

� 900MHz with 1.5MB tertiarycaches(“McKinley”)
� 1.3MHz with 3 MB tertiarycaches(“Madison”)

� Fully modulardesign

� Up to 96GB of sharedmemory

Altix 3700

� 16-64Intel R
�

ItaniumR
�

2 processorsin asinglenode

� Choiceof processors

� 900MHz/1.5MB L3 cacheor 1 GHz/3MB L3 cache(“McKinley”)
� 1.3GHz/3MB L3 cacheor 1.5GHz/6MB L3 cache(“Madison”)

� Fully modulardesign

� Up to 512GB of sharedmemory

Altix 3700Supercluster

� 1-8nodes

� Eachnodeup to 64 Intel R
�

ItaniumR
�

2 processors(up to 512processors)

� Memory, up to 4 TB, is globallyaddressableacrossnodes
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3.3 Scalable CacheCoherent SharedMemory

Notes:

Although a bus-basedsharedmemorymachine offers a familiar multitasking, multiuserenvironmentandrelative
easein parallel programming,the finite bandwidth of the bus canbecomea bottleneck andlimit scalability. Dis-
tributedmemorymessage-passing machinescurethescalability problemby eliminatingthebus, but thrownoutwith
the bus is the shared memorymodeland the easeof programming it allows. Ideally, you want onemachinethat
combinesthebestof bothapproaches; this is whatthescalable sharedmemoryof theSGIAltix systemsprovide.

The SGI Altix usesphysically distributed memory; there is no longer a commonbus that could becomea
bottleneck. Memorybandwidthgrowsasprocessorsandmemoryareadded to thesystem,but theSGIAltix hardware
treats the memoryasa unified, global addressspace; thusit is shared memoryjust asin a bus-basedsystem.The
programmingeaseis preserved,but theperformanceis scalable. Theimprovement in scalability is easily observed
in practice.
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3.4 SharedMemory Without a Bus

Notes:

To understandhow theNUMAfl ex scalable sharedmemorymultiprocessor (S2MP) architectureworks,wefirst look
at how thebuilding blocks of anSGIOrigin 2000systemareconnected.

The above representSGI Origin 2000systemsranging from 2 to 16 processors. We start by considering the
two-processor system in the upper left corner. This is a single SGI Origin 2000node. It consistsof oneor two
processors, memory, anda device calledthehub. Thehub is thepieceof hardware thatcarriesout thedutiesthata
bus performs in a bus-basedsystem; namely, it manageseachprocessor’s access to memoryandI/O. This applies
to accessesthatarelocal to thenodecontaining theprocessor, aswell asto those thatmustbesatisfied remotelyin
multinodesystems.

ThesmallestSGIOrigin 2000systemsconsist of asinglenode. Larger systemsarebuilt by connecting multiple
nodes. A two-node system is shown in the upper middle of the illustration. Because informationflow in andout
of a nodeis controlled by the hub,connecting two nodesmeansconnecting their hubs. In a two-node system this
simplymeanswiring thetwo hubstogether. Thebandwidth to local memoryin atwo-nodesystem is double thatin a
one-nodesystem:thehubon eachof thetwo nodescanaccessits local memoryindependently of theother. Access
to memoryon theremotenodeis abit morecostlythanaccessto local memorybecausetherequestmustbehandled
by bothhubs. A hubdetermineswhether a memoryrequest is local or remotebased on thephysical addressof the
dataaccessed.

When therearemore than two nodesin a system, their hubs cannot simply be wired together. In this case,
additional hardwareis required to control information flow betweenthemultiple hubs. Thehardwareused for this
in SGI Origin 2000 systems is calleda router. A routerhassix ports, so it may be connectedto up to six hubsor
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other routers. In a two-node system, onemay employ a router to connect the two hubsrather thanwiring them
directly together; this is shown adjacentto theother two-node configuration in the illustration. Thesetwo different
configurations behave identically, but becauseof the router in the second configuration, information flow between
the two hubstakes a little moretime. Theadvantage, though, of theconfiguration with the router is that it maybe
usedasa basicbuilding block from which to construct larger systems.

In the upper right corner of the illustration, a four-node(or, equivalently, eight-processor) system is shown. It
is constructedfrom two of thetwo-node-with-router building blocks. Here,theconnection between thetwo routers
allows informationto flow and,hence, the sharing of memorybetweenany pair of hubs in the system. Becausea
router hassix ports, it is possible to connectall four nodesto just onerouter, andthis one-router configuration can
beusedfor small systems.That is a special case,andin general, the two-router implementation is usedbecauseit
conveniently scalesto larger systems.

Two suchlargersystemsareshown on thelower half of theillustration; theseare12- and16-processor systems,
respectively. From thesediagrams,you canbegin to seehow the router configurations scale: eachrouter is con-
nected to two hubs, routers arethenconnectedto eachother forming a binary n-cube,or hypercube, wheren, the
dimensionality of therouterconfiguration, is thebase-2 logarithm of thenumberof routers. For the four-processor
system, n is zero,andfor theeight-processorsystem,the routersform a linear configuration, andn is one. In both
the12- and16-processorsystems,n is two andtheroutersform asquare;for the12-processorsystem,onecornerof
the squareis missing. Larger systemsareconstructedby increasingthe dimensionality of the router configuration
andadding up to two hubswith eachadditional router. Systemswith any numberof nodesmaybe constructedby
leaving off somecorners of then-dimensional hypercube.We will seetheselarger configurationslater.

The key point hereis that the hardware allows the physically distributed memoryof the system to be shared,
just asin abus-based system;however, becauseeachhubis connectedto its own local memory, memorybandwidth
is proportional to the number of nodes. As a result, thereis no inherent limit to the numberof processorsthat
canbeusedeffectively in thesystem. In addition, becausethedimensionality of the router configuration grows as
the systemsget larger, the total router bandwidth alsogrows with system size(proportional to 2n, wheren is the
dimensionality of the router configuration). Thus,systemsmay be scaledwithout fear that the routerconnections
will becomea bottleneck.

To allow this scalability, however, onenice characteristic of the bus-based shared memorysystemshasbeen
sacrificed—namely, the accesstime to memoryis no longer uniform: it variesdepending on how far away the
memorybeing accessed is in the system. The two processors in eachnodehave quick accessthrough their hub
to their local memory. Accessing remotememorythrough an additional hub addsan extra incrementof time, as
doeseachrouterthedatamusttravel through. But several factorscombine to smooth out thesenonuniform memory
access (NUMA) times:

	 Thehardwarehasbeendesignedsothattheincremental costs to accessremotememoryarenot large.

	 The processors operateon datathat areresident in their caches. If programsusethe cacheseffectively, the
access time to memory, whether it is local or remote, is unimportant becausethe vastmajority of memory
accessesaresatisfied from thecaches.

	 Through operating system support or programmingeffort, the memoryaccessesof mostprogramscanbe
madeto comeprimarily from local memory. Thus,in thesameway that thecachescanmake local memory
access timesunimportant,remotememoryaccesscosts canbereducedto aninsignificant amount.

	 Theprocessors canprefetchdatathatarenot cache resident. Otherwork canbecarriedout while thesedata
move from local or remotememoryinto thecache; thustheaccesstime canbehidden.

The architectureof NUMAfl ex-basedsystems,then,providesshared memoryhardware without the limitationsof
traditional bus-based designs.
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3.5 CacheCoherence

� Traditional(snoopy) cachecoherenceschemesdonot scale

� Must broadcastall memoryrequests

� Directorysolvesthisproblem

Notes:

EachCPU in an SGI Altix 3000 system hasa private third-level cache memoryof 1.5 MB to 6 MB. To achieve
goodperformance,theCPUalwaysfetchesandstoresdatain its cache.WhentheCPUrefersto memorythat is not
present in thecache, thereis adelay while acopy of thedatais fetched from memoryinto thecache. TheCPU’suse
of cachememory, andits importanceto good performance,is covered in a later section.

Thepoint is thattherecanbeasmany independent copiesof amemorylocation asthereareCPUsin thesystem.
If everyCPUrefersto thesamememoryaddress,everyCPU’scachewill haveacopy of thataddress.(Thiscouldbe
thecasewith certain kernel datastructures,for example.) But what if oneCPUthenmodifiesthat location?All the
other cached copiesof thelocation havebecomeinvalid. TheotherCPUsmustbepreventedfrom usingwhatis now
“stale data.” This is theissueof cachecoherence—how to ensure thatall caches reflectthetruestateof memory.

Cachecoherenceis not theresponsibility of software(except for kernel device drivers,which musttake explicit
stepsto keepI/O bufferscoherent).For performanceto beacceptablewhile maintaining theimageof asingle shared
memory, cache coherencemust be managedin hardware. Cachecoherenceis also not the responsibility of the



SGI Altix Architecture AAPPL-1.0-L2.4-S-SD-W 69

CPU.Cachemanagement is performedby auxiliary circuits that arepart of the hub chip that is at the heartof the
NUMAfl ex interconnect.

The cachecoherencesolution in the SGI ccNUMA systemsis fundamentally different from that usedin the
earlier Power Challenge and many current bus-basedsystems. Bus-based systemscan usea “snoopy” scheme
in which eachCPU observesevery memoryaccess that moveson the bus. Whena CPU observesanother CPU
modifying memory, the first CPUcanautomatically invalidateanddiscard its now-stale copy of the changeddata.
TheccNUMA systemshave no central bus,andthereis no way for a CPUin onenodeto know whena CPUin a
differentnodemodifiesits own memoryor memoryin yet a third node. SGI Origin andAltix systemscouldmimic
what is donein bus-basedsystems;that is, all memoryaccessescould bebroadcastto all nodes so thatstalecache
linescouldbeinvalidated.But sinceall nodeswouldneedto broadcasttheir memoryaccesses,thiscoherency traffic
wouldgrow asthesquareof thenumberof nodes. As morenodesareaddedto thesystem,all theavailableinternode
bandwidth wouldeventually beconsumedby thistraffic. As aresult, thesystemwouldsuffer from limitationssimilar
to bus-basedcomputers: it would not bescalable. Soto permit thesystem to scaleto large numbers of processors,
ccNUMA systemsusewhatis calleda directory-basedcachecoherency scheme.

Memory is organizedby cachelinesof 128bytes. As shown above, associatedwith thedatabits in eachcache
line is an extra setof bits, the state presencebits—one bit per node (in large systems onestatepresence bit may
representmorethanonenode, but theprinciple is thesame),anda single number, thenumberof a nodethat owns
the line exclusively. Whenever a noderequestsa cache line, its hub initiatesthe memoryfetch of the whole line
from thenodethatcontainsthat line. Whenthecacheline is not ownedexclusively, theline is fetchedandthestate
presencebit for thecalling node is set.As many bits canbesetastherearenodes in thesystem.

Whena CPUwantsto modify a cache line, it mustgain exclusive ownership. To do so, the hub retrievesthe
statepresencebits for the target line andsendsan invalidation event to eachnode thathasmadea copy of the line.
Typically, invalidationsneed to besentto only asmallnumberof other nodes;thus, thecoherency traffic only grows
proportionally to thenumberof nodes,andthereis sufficient bandwidth to allow thesystem to scale. Both CPUson
eachnodesent aninvalidation requestdiscard their cachedcopy of theline. Thenumber of theupdatingnode is set
in the directory datafor that line asthe exclusive owner. Whena CPUno longer needsa cache line (for example,
whenit wantsto reuse thecache spacefor other data),thehub givesup exclusive access,if it hasit, andclearsits
statepresencebit.

WhenaCPUwantsto readacacheline andtheline is exclusively owned,thehubrequestsacopy of theline from
theowning node. This retrievesthe latest copy without waiting for it to bewritten backto memory. Therearealso
protocolsby whichCPUscanexchangeexclusivecontrol of aline whenbotharetrying to updateit andprotocolsthat
allow kernel softwareto invalidate all cachedcopies of a range of addresses. Thedirectory-basedcachecoherency
mechanismusesa lot of dedicatedcircuitry in thehubto ensurethatmany CPUscanusethesamememory, without
raceconditions, athighbandwidth. As long asmemoryreads farexceed memorywrites(thenormalsituation), there
is no performancecost for maintaining coherence. However, whentwo or moreCPUs alternately andrepeatedly
update the samecache line, performancesuffers,becauseevery time eitherCPUrefers to that memory, a copy of
thecache line mustbeobtainedfrom theother CPU.This performanceproblem is generically referred to ascache
coherency contention, of which therearetwo variations:

	 Memorycontention, in which two (or more)CPUstry to update thesamevariables.

	 Falsesharing, in which the CPUsupdatedistinct variables that only coincidentally occupy the samecache
line.

Memory contention occurs becauseof the designof the algorithm; correcting it generally involvesan algorithmic
change. Falsesharing is contentionthatarises by coincidence, not design; it canusually becorrectedby modifying
datastructures.

Part of performancetuning of parallel programsis recognizing cachecoherency contention andeliminating it.
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3.6 Altix 3000Ar chitectur e

� Modulararchitecture:No backplanesor midplanes

� Built from “Bricks”

� C-brick: 4 Intel R
�

ItaniumR
�

2 processors,2 to 32GB memory
� M-brick: CPU-lessC-brick,up to 32GB of memory
� Ix- Brick: BasicI/O andSystemdisk
� Px-Brick: PCI-X expansionmodule
� D-Brick2: JBODstoragearray

Notes:

TheSGI Altix 3000 is basedon thethearchitectureof thethird generation MIPS-processor-basedSGI Origin 3000
ccNUMA system.Thefirst generationwastheStanfordDASH project, andthesecond generation is theSGIOrigin
2000. It incorporateshigh-density nodes (4 processors per node) andmore,higher-bandwidth portsper crossbar
ASIC (initially in thehubs,later in therouter). Higherdensity andlower latency throughtheroutershelpmake the
worst-caselatency of theAltix 3000 muchflatterthan theworst-caselatency in previousor competing systems.
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3.7 Altix 3000Limits

Category Minimum Maximum
Numberof Processors 4 512(8 64-CPUclusterednodes)

C-brickMemoryCapacity 2 GB 32GB
SystemMain MemoryCapacity 2 GB 4 TB

(1 C-brick) (128C-bricks)
Numberof I/O Channels 2 256

Notes:

An SGI Altix 3000C-brick hastwo nodes with two processors each. Two IntelR



Itanium R



2 processors,each
with 1.5 to 6 Mbytesof privatetertiary cache, areconnectedthrough the 6.4 GB/s front-sidebus (FSB)to a SHub
ASIC. This SHubASIC actsasa crossbarbetweenthe processors, local SDRAM memory, the network interface,
andtheI/O interface.Within a C-Brick, thetwo SHubsareconnectedinternally by a 6.4GB/schannel. An external
3.2/6.4GB/s port on eachof the SHubsis connected to the SHubin another C-Brick (in the SGI Altix 3000) or
to oneof the router planes. The router planes areconstructedout of 8-ported routers,eachport operating at 3.2
GB/sin NUMAlink3, in a fat-treetopology. Themodularity of theDSM approachcombines theadvantagesof low
entry-level costwith global scalability in processors,memory, andI/O.

TheSGI Altix 3000 seriesuses a PCI-X-basedI/O subsystemasits primaryI/O protocol.
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3.8 The C-Bri ck

TheAltix 3000C-brick contains:

� 4 Intel R
�

ItaniumR
�

2 processors

� 900MHz with 1.5MB L3 cacheor 1 GHz with 3 MB L3 cache(“McKinley”)
� 1.3GHz with 3 MB L3 cacheor 1.5GHz with 6 MB L3 cache(“Madison”)

� 2 SHubASICs

� 2 MB to 32GB (32memoryDIMM slots)

� 4 L3 caches(oneperprocessor)

� Two internal3.2GB/s(eachdirection)NUMAlink channels(oneperSHub)

� Two NUMAl ink 3 channel(1.6GB/sin eachdirection;oneperSHub)

� Two Xtown2I/O channels(1.2GB/sin eachdirection,eachchannel;oneperSHub)

� OneL1 controllerandLCD display

� OneUSB port for systemcontrollersupport

� Oneserialconsoleport (DB9 connector)
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Fan pack
and L1 display�

Shub
� Memory DIMMs



Memory DIMMs

Shub
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Notes:

The node electronics, L1 controller, and power regulators are containedon a half-panelpower board. The two
SHubs,four processors, and four processor power podsare housed on a second half-panelprinted circuit board
(PCB).This second PCBalsoprovidesconnectionsfor thefour memorydaughtercards.

The Altix 3000 series systemsusecommodity off-the-shelf memoryDIMMs. The DIMM card is a JEDEC
standard184-pin card.

TheC-brick hasthefollowing restrictions:

	 All processorswithin theC-brick mustbethesamefrequency; however, C-brickswithin apartition or system
canhave differentprocessor speeds.

	 All processorrevisionsmustbethesamewithin a processornode.

	 Theprocessorrevisionsof CPUsbetween processornodes candiffer by not morethan1.

	 All memoryDIMMs within amemorybankmustbethesamespeed, capacity, andusethesamechip technol-
ogy.

	 Different logical bankswithin a C-brick canhave differentDIMM capacities andchip technologies.

	 MemoryDIMMs mustbeaddedin groups of eight DIMMs.
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3.9 The IX-Br ick

TheAltix 3000IX-brick contains:

� Two SCSIdisk drives.Thesecustomer-removable,sled-mountedSCSIdisk drives
areusedto house theoperatingsystemandotherapplicationsoftware.

� DVD-ROM device

� 12PCI-X slots

� SCSI68-pinVHDCI connector

� Two DB-9 RS-232serialport connectors

� One10/100/1000BaseTEthernetRJ45connector

� RTI andRTO connections(RealTime syncI/O)

� Two Xtown21200MB/s or 800MB/s (eachdirection)ports

� Threehot-swappablefans
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Power 
switch �

Power 
connector�

Dnet 
connectors: �
XIO 10
�

PCI card carrier

XIO 11
Rear View

Front View

DVD-ROM

Disk Drives

Serial Connectors

Notes:

TheIX-brick providestheboot I/O functionsfor all SGI Altix 3000 seriessystems.It provides12 PCI-X slots that
support up to 12 PCIor PCI-X cards. The12 slots areconfiguredassix 2-slot buses.

Various typesof PCI-X or PCI cardscanbeusedin the IX-brick, suchasSCSI,Fibre Channel, ATM, Gigabit
Ethernet, etc.PCI cardscanbeinstalledin 11 of the12 PCIslots. OnePCI-X slot (theleftmostslot) is reservedfor
anIO9 PCIcard.This cardis required for thebaseI/O functions.

ThreePIC (PCI interfacechip) ASICsarekey componentsof the IX-brick architecture. TheseASICssupport
two 1200-or 800-MB/sXtown2 XIO portsandsix PCI-X buses (seeblock diagram above). Eachbushastwo card
slotsin which you caninstall PCIcards. (Slot 1 of bus1, however, seatstheIO9 card.)

Also important to the IX-brick architecture is the IO9 PCI card. This card contains logic that controls the
DVD-ROM andinternal SCSIdisk drives, andit providesthefollowing connectors:

	 External VHDCI SCSIport connector.

	 Internal SCSIport connectorthatconnectsto two SCSIdisks.
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	 GigabitEthernet RJ45connector.

	 Two RT interrupt stereojack connectors (one input connectorlabeledRTI, andoneoutput connectorlabeled
RTO).

	 Two RS-232DB-9 serialportconnectors. (Thesetwo connectorsarenot locatedontheIO9 PCIcard; instead,
they arelocated on theright sideof theIX-brick rearpanel)

	 An optionaldaughtercardcanalsobeaddedto theIO9 cardthataddstwo RS-232DB-9 serialportconnectors
to theIX-brick.
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3.10 The Power Bay

Notes:

Thepowerbayis a3U-highenclosurethat holdsamaximumof six hot-swappabledistributedpowersupply modules
(DPSs).Thepower baymonitors,controls,andsupplies AC power to theDPSs.Although thepower baycanhold a
maximumof six DPSs,in this systemthepower baycontains three or five DPSs.Thecompute racksrequire power
bayswith fiveDPSsandtheI/O racksrequire power bayswith threeDPSs.

EachDPSinputs single-phaseAC voltageandoutputs950W at 48 VDC and42 W at 12 VDC. Theoutputsof
theDPSsarebusedtogether. For example,whenthepower baycontainsthreeDPSs,theDPSsarebused together to
provideapproximately 2,760W of 48 VDC power and135W of 12 VDC power.
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3.11 SGI Altix 3300:SystemsUp to 12Processors

A few NUMAlink cablesis all it takesto build an8- or 12-processorsystemfrom two or
threeC-Bricks:

A completesystemwould requireanIX-Brick, aPower Bay, anda shortrack.Addi-
tional rackscontainingD-brick2sandTP900storagemodulescanbeaddedto theSGI
Altix 3300serversystem.
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3.12 The R-Brick

TheR-Brick contains:

� One8-portrouterchip

� OneUSB port (thatconnectsto theL2 controller)

� EightNUMAli nk3connectors

� Hot-swappablefans
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Notes:

The R-brick is an eight-port crossbar that connects any input-link channel to any of seven possible output-link
channels.It containsa router ASIC that is mountedon a PCBwith its associatedpower circuitry, L1 controller, and
a USB hub. Thehubfansout USB signals from theL2 controller to theL1 controller inside theR-brick andto the
four nodes(C bricks) thatmaybeconnectedto therouter.

The R-brick hasa total of eight 100-pin link connectors located on its rear panel. Four of these connect to
C-bricks andcarry USB signals aswell aslink signals. Theothers areonly for connection to other routersanddo
not carryUSBsignals. Metaroutersandrepeat routersuseall eightports to connectto other R-bricks.

When an R-brick-to-R-brick connection is madethrough ports that carry USB signals, the USB signals are
ignored. USB signals to the C-bricks are distributed over the network cables. Becausean R-brick can have a
maximumof four C-bricks attachedto it, only four of theR-brick’s 100-pin network connectorshave USB signals
routed to them.Ports2, 3, 4, and5 carryUSB signals. Therefore,a C-brick mustconnect to anR-brick via port 2,
3, 4, or 5.

EachR-brick hasa dedicatedUSB connection to the L2 controller through a 4-pin USB connector on its rear
panel. Therefore, it is not necessaryfor anR-brick to distributeUSB signals to other R bricks. R-brick-to-R-brick
network connectionsarenormally madethrough the four port connectors that do not carry USB signals; however,
they arenot restrictedto thesefour ports.
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3.13 SystemsUp to 16Processors

Up to four C-brickscanconnectto eachof two R-bricks. The remainingportson the
R-bricksconnectto otherroutersin largersystems,usinga dual-planefat-treeconfigu-
ration.
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3.14 32-processorSystem
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3.15 64-processorSystem



86 AAPPL-1.0-L2.4-S-SD-W SGI Altix Architecture

3.16 128-processorSystem
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3.17 256-processorSystem
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3.18 512-processorSystem
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3.19 SGI Altix 3700Memory Limit s and Bandwidths

No. of Maximum NUMAlin k3 NUMAli nk4 Maximum No. of Maximum
SHubs No. of Bandwidth Bandwidth Memory Routers No. of

or nodes processors MB/s/CPU MB/s/CPU 1 GB DIMMs Routerhops

8 16 800 1600 128GB 2 3
16 32 800 1600 256GB 4 4
32 64 400 800 512GB 8 4
64 128 400 800 1 TB 20 5
128 256 400 800 2 TB 40 5
256 512 400 800 4 TB 112 7

512 1024 400 800 8 TB 288 10
1024 2048 400 800 16TB 576 10

Notes:

TheSGIAltix 3000SHub’s interconnect portsoperate at thespeed of the4th generationof theNUMAflex technol-
ogy, NUMAlink 4. NUMAlink 4 providesdouble the bandwidth of NUMAlink 3 while maintaining compatibilit y
with NUMAlink 3 physical connections. This increasein bandwidth is achieved by employing advancedbidirec-
tional signaling technology.

As shown in thepreviouspages’ diagrams,theNUMAflex network for theSGIAltix 3000 is configuredin a fat
treetopology, which enablesthesystemperformanceto sclaewell by providing increasesin bisection bandwidth as
thesystemincreasesin size.Initial SGIAltix systemsusetheNUMAlink 3 router brick, sothatwhentheNUMAlink
4 routerbrick becomesavailable thebisectionbandwidthwill bedoubled,allowing thesystem’scapabilities to grow
along with thedemands of new generations of Itanium 2 family processors.

In theabovetablemaximummemorysizesaregivenassuming 1 GB DIMMs areused; otherpossibilit iesinclude
512MB and2 GB DIMMs. SincememoryDIMMs canbeadded to theSGIAltix 3000usingM-bricks,thememory
canbescaledindependently of theprocessors. Henceit is entirely possible to build asystemwith 16processorsand
4 TB of sharedcache-coherentmemory.

Thephysicaladdressspaceis split into amemoryaddressof 36bits (architectural limit of 64GBperSHub),and
compute node addressof 10 bits (1K nodes, or 2K processors). While the initial system is capable of coherently
sharing cachelines amongup to 512 processors, it is possible to build a single NUMAfl ex network with globally
upgradeable memoryof up to 2,048 processors. Communications amongthe four 512-processorsharing domains
on the NUMAfl ex network usecoherentI/O semantics for moving databetweenthe sharing domains, while still
utili zing thelow-latency, high-bandwidth characteristics of NUMAlink. Futureenhancementsmayincreasethesize
of thecoherencelimit to thousands of processors.

Previous generations of NUMAfl ex systemsusedproprietary memoryDIMMs to provide datastorageandthe
additional directory storagefor tracking cachecoherencewithin the system. The Altix 3000 family breaks away
from this limitation and embraces industry-standard DIMM technology, providing the economic benefits of this
standard technology without sacrificing performance. The memorysubsystemof Altix 3000usesPC-styledouble
datarate(DDR) SDRAM DIMMs. EachSHubASIC in a C-brick supports four DDR buses. EachDDR bus may
contain up to four DIMMs (eachDIMM is 72 bits wide,64 bits of dataand8 bits of ECC).Thefour memorybuses
areindependent andcanoperate simultaneously to provide up to 12.8GBpersecond of memorybandwidth.

The systemsupports the useof PC2100(DDR 266 MHz), PC2700(DDR 320 MHz), andPC3200(DDR 400
MHz) DIMMs. The aggregatememorybandwidths using theseDIMMs are 8.5GB per second and 10.2GB per
second respectively. Using 256Mb DRAM tech-nology yields a per-DIMM capacity of 512MB. This giveseach
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nodeabasecapacity of 8GB,4GBperprocessor. One-gigabyteDIMM tech-nology will provideacapacityof 32GB
per C-brick or 8GB per processor. Different DIMM sizes maybe mixed in a C-brick but mustbe addedin setsof
eight DIMMs at a time. The systemis designedto accommodate2GB DIMMs whenthey becomecommercially
available.

EachSHubASIC contains a directory cachefor themostrecent cache-coherency state information.This allows
for efficient utili zation of the memorysubsystemfor performing dataoperations, by minimizing the amountof
memorybandwidth that is neededto look up cache-coherency state information. Whenthesystem is booted,it sets
asideapproximately 3% of the memoryspace to store the cache-coherency directory information(in comparison,
typical memorystructuresset aside 12% of memoryspaceto store error-detection andcorrection codes) for the
system. This directory space is used to store directory information that is not being actively usedin the directory
cache. The directory information is storedin parallel with the cache-line data,but on a different DIMM bus. So
if thedirectory state for a memoryreferenceis not currently available in theon-chip directory cache, thedirectory
informationcanbereadfrom memoryat thesametime asthedata (which resideson a differentDIMM bus). This
optimized storage schemeensuresthat the systemcanachieve maximumdelivereddatabandwidth by minimizing
bus usage conflicts. While the local processorbus hasa peakbandwidth of 6.4GBper second, the local memory
subsystemhasenoughbandwidth to fully saturatethelocal processordemandswhile leaving availablebandwidth to
serviceremoteprocessorandI/O memoryrequests.
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3.20 D-Brick2

The optional D-brick2 module is a high performance,large-scalenon-RAID storage
systemfor theSGI rackmountedsystems.Eachenclosurecontainsa minimumof 2 and
maximumof 16 disk drives,and the componentmodulesthat handleI/O, power and
cooling,andoperations.OptionalRAID storagesystemsarealsoavailable.

Notes:

TheD-brick hasthefoll owing features:

	 Maximumconfiguration of up to 96 drives(six D-brick2 units)

	 1 � 16 (morestorage)and2 � 8 (morebandwidth) disk topologies in eachbrick

	 Dual power feedswith dualpower supplies

	 Redundantcooling

	 Non-disruptivecomponentreplacement

	 Enclosure servicesinterface(ESI) for SCSIenclosureservices(SES)



92 AAPPL-1.0-L2.4-S-SD-W SGI Altix Architecture

3.21 PX-Brick
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Notes:

The4U-highPX-brick provides12 cardslots to support up to 12PCIor PCI-X cards. The12slotsareconfiguredas
six 2-slot buses.ThreePIC (PCI interfacechip) ASICsarekey componentsof thePX-brick architecture. ThePIC
ASICssupport thefoll owing

	 Two 1200- or 800-MB/sXtown2XIO ports. (YoucanselecttheMB/s settingwith theL1 controller command
XIO. For moreinformation,seetheSGI L1 andL2 Controller SoftwareUser’s Guide.)

	 Six PCI/PCI-Xbuses. Eachbushastwo cardslotsin which you caninstall PCI or PCI-X cards.

SGIsupportsvariousPCIandPCI-X cards. Thesecards canbepurchasedfrom SGIor anothermanufacturer. A list
of supported PCIcardscanbeobtainedfrom SGIsales representatives.



94 AAPPL-1.0-L2.4-S-SD-W SGI Altix Architecture

3.22 Intel Itanium 2 Processor

� EPIC(Explicitly Parallel InstructionComputing)architecture

� 128general(integer)registers;up to 96rotating
� 128floating-pointregisters;up to 96 rotating
� 641-bit predicateregisters;up to 48 rotating
� 8 branchregisters
� 128applicationregisters(e.g.,loopor epilogcounters)
� PerformanceMonitor Unit (PMU)
� AdvanceLoadAddressTable(ALAT)
� 3 predicatedinstructionsin asingle128-bitbundle
� 2 bundlesperclockcycle
� 6 integerunits
� 2 loadsand2 storesperclock
� 11 issueports
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3.23 Intel Itanium 2 Processor (continued)

� InstructionLevel Parallelismsupport

� Speculation(to hidememorylatency)
� Predication(to removebranches)
� Softwarepipelining
� Branchprediction
� Prefetchinstructionsto hidememorylatency

� Specialinstructions(popcnt , multimedia,etc.)

� IA32 modefor x86compatibility
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3.24 Intel Itanium 2 Processor (continued)

� Three-level cachememoryhierarchy

� 16kB L1 instructioncache(64-bytelines,4-wayassociative)
� 16kB L1 datacache(64-bytelines,4-wayassociative,write-through)
� 256kB unifiedL2 cache(128-byte lines,8-wayassociative,write-back)
� “McKinley”: 1.5 MB or 3 MB unified L3 cache(128-byte lines, 6/12-way

associative,32GB/s)
� “Madison”: 3 MB or 6 MB unifiedL3 cache(128-byte lines,6/12-way asso-

ciative,48GB/s)

� FrontSideBus: 400MHz, 128-bitwidesystembus, 6.4GB/sbandwidth

� 50-bitphysicaladdressing, 64-bit virtual addressing

� Maximumpagesizeof 4 GB
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3.25 Itani um 2 Instruct ion Bundle

� 1 instructioncodedon41bits

� 3 instructionsgroupedinto 128-bitbundle

� Bundletypeis specifiedthrough5-bit template

{ .mfi // template (mem-fp-int)
(p16) ldfd f39=[r2],16 // load fp, post-increment
(p19) fnma.d.s0 f49=f42,f6,f45 // multiply-add
(p16) adds r32=16,r33 // integer add immediate

};
{ .mib // template (mem-fp-br)

(p16) ldfd f42=[ r33] // load fp, post-increment
(p16) adds r40=8,r33

br.ctop.dptk.few .BB13_ ;; // counted loop branch
};
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3.26 Itani um 2 Branch Optimization

� Predicationallows removal of (small)branches

if ( i == j) { cmp.eq p1,p2=r32,r33 ;; // cycle 0
k += l; (p1) add r1=r1,r3 // cycle 1
x = y + a * b; (p1) fma.d f31=f3,f4,f2 // cycle 1

} else {
k = m - 3; (p2) sub r1=3,r4 // cycle 1
y = *p_fp++; (p2) ldfd f31=[r34],8 // cycle 1

}
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3.27 Itani um 2 Loop Optimi zation

� Countedloopsareoptimizedwith hardwaresupport

� Loopcounter
� Epilogcounter
� Predicationregistersfor eachinstruction
� Rotationof registers
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3.28 Itani um SoftwarePipelining
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3.29 Itani um 2 Data Flow (900MHz/1GHz)
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3.30 Memory AccessLatencies on the SGI Altix

� Local latency: 145ns

� SameC-brick,othernode:290ns

� NUMAli nk 3 Routertraversal:50ns

� 1 m NUMAlink cable:10ns
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3.31 Itani um 2 Translation Lookaside Buffer (TLB)

� Pagesizes:4, 8,16,64,256kB; 1, 4, 16,64,256MB; 1, 4 GB

� Addresses: 50-bitphysical,64-bit virtual

� 2 levelsof TLB for dataandinstructions

� L1 DTLB: 32 (4K) entries,fully associative

� L2 DTLB: 128entries,fully associative, (up to 64TRs)

� IntegerstoreandFPaccesseshavenopenaltyfor L1 TLB miss

� L1 DTLB miss � L1D miss; if L2 DTLB hit: +4 cyclepenalty

� L2 DTLB miss � HardwarePageWalker (HPW)

� HPW hit in L2 � 25cyclepenalty

� HPW missin L2, hit in L3 � 31cyclepenalty

� HPW missin L2 andin L3 � OStrap
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3.32 TLB Miss Cost

Linux R
�

kernelcurrentlysupportsup to 64kB pages:whatis theperformanceimpact?

� TLB missesarehandledin hardwarein mostcases

� TLB misscostsarelow comparedto memoryaccess:

� Streamingdata,worstcase:20cycles
� Randomhops: 30cycles

� TLB missesshouldrarelybeaproblemon ItaniumR
�

2



Module 4

SGI Altix NUMAtools

4.1 Module Objectives

After completingthis module,youshouldbeableto

� Understandtheissuesof memorylocality andnonuniformmemoryaccess

� Usethedlook anddplace tools to improve performanceof processesrunningon
anSGI Altix system

105
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4.2 It’ sJust SharedMemory

Physically, it is distributedmemory

� Scalablenetwork replacesbusarchitecture

� NUMAtools enhancementsto Linux work to minimizeNUMA effects



SGI Altix NUMAtools AAPPL-1.0-L2.4-S-SD-W 107

4.3 SimpleMemory AccessPattern

Notes:

Hereis a sharedmemoryapplication that we want to run on four processors. This particularapplication exhibits a
relatively simplememoryaccess pattern,namely, 90%of eachprocess’s cachemissesarefrom memoryaccess to
analmost unsharedsection of memory, 5% to a section of memoryshared with anotherprocess,andtheremaining
5% to a section of memoryshared with a third process.We now considerhow thefour processesmight bemapped
ontoprocessors of anSGIOrigin 2000System.
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4.4 Non-Optimal Placement

Notes:

Neglecting attention to memorylocality canresult in the situation shownabove: a couple of processesrunning in
onecorner of themachine,andtheotherprocessesrunning in anoppositecorner. Thissituation results in thesecond
andthird processesincurring longer-than-optimal memorylatenciesto thesharedsection of memory.

Actually, this result is not that bad. Because the SGI Origin 2000 hardware hasbeendesigned to keep the
variation in memorylatenciesrelatively small,andbecauseaccessesto theshared section of memoryonly account
for 5% of two of theprocess’s cachemisses, thenon-optimal placementhasonly a smalleffect on theperformance
of theprogram.



SGI Altix NUMAtools AAPPL-1.0-L2.4-S-SD-W 109

4.5 Random Placement

Notes:

Therearesituations,however, in which performancecanbeaffectedsignificantly. If absolutely no attention is paid
to memorylocality, the processesandmemorymight result in the situation shown above: eachprocessrunson a
differentanddistant node,andthesectionsof memorythey usehavebeenallocatedfrom yetadifferentsetof distant
nodes. In this case,even the accessesto unshared sectionsof memory—which account for 90% of eachprocess’s
cache miss—are nonlocal, thus increasingthe costsof accessingmemory. In addition, program performancecan
vary from run to run,depending on how closeeachprocessendsup to its most-accessedmemory.

The standard Linux kernel scheduling algorithm tendsto move processesaround on a multiprocessor system,
with the ill effect that datamay have been mappedto physical memoryon one brick, while a processor set of
processesaccessingthatdatarun on entirely differentbricks.
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4.6 Ideal Placement

Notes:

TheNUMAtool util ity dplace is used to avoid suchsituationsin Linux. Ideally, theprocessesandmemoryusedby
this application areplacedin themachineasshown here.
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4.7 Data Placement Policy

� First-touch

� Default policy
� First processorto toucha pageof memorycausesit to be allocatedfrom its

local memory
� Workswell for fully parallelizedprograms, but serialinitializationscausenon-

local accessesandbottlenecks
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4.8 Running on SpecificCPUs— runon(1) and cpuset(1)

� Therunon commandexecutesacommandonaCPUor list of CPUs:

� runon 1 3-5 ./a.out
� find idle CPUsusingtop
� runon restrictstheprocessandits childrento runonthesetof listedCPUs,but

doesnotpreventthemfrom moving aroundwithin it.

� cpuset(1) allows you to run your programson a restrictedsubset of processors
andassociatedmemory, calledacpumemset

� It requirestheprior creationof acpumemsetto run theprogramin
� cpumemsetsmaybecreated:

� manuallyby root� automaticallyby batchschedulerssuchasPlatform’s LSF or Altair Engi-
neering’sPBSPro

� cpuset -q my_cpuset -A a.out
� determineexisting cpumemsetswith cpuset -Q

� As usual,readthemanpages!
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4.9 Running on SpecificCPUs— dplace(1)

� dplace is a tool for controllingplacementof processesontoCPUs

dplace [-c cpu_numbers] [-s skip_count] [-n pro-
cess_name] [-x skip_mask]

command[ command-args]

� To determinewhichprocessesarecurrentlyrunningthatwereboundby dplace

dplace -q

Notes:

By default, memoryis allocatedto a processon thenode that theprocess is executing on. If a processmovesfrom
nodeto nodewhile it running,a higher percentage of memoryreferenceswill beto remotenodes. Remoteaccesses
typically have higher accesstimes.Processperformancemaysuffer.

dpla ce is usedto bind a related setof processesto specific CPUsor nodes to prevent processmigrations. In
somecases,this will improve performancesince a higher percentageof memoryaccesseswill beto thelocal node.

Processesalways execute within a cpumemset. The cpumemsetspecifiesthe CPUsthat are available for a
processto execute on. By default, processesusually execute in a cpumemset that contains all the CPUsin the
system.

dpla ce invokesa kernel hook(PAGG—processaggregates)to create a placementcontainerconsisting of all or
a subsetof theCPUsof thecpumemset. Thedpla ce processis placedin this containerand(by default) is bound to
thefirst CPUof thecpumemset associatedwith thecontainer. Thendplac e “execs”thecommand.

man dplac e gives examplesof dpla ce usagewith various types of processes,including MPI and OpenMP
applications.
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4.10 Determining Data AccessPatterns— dlook(1)

� dlook(1) allows you to displaythe memorymapandCPU usagefor a specified
process

dlook [-a] [-c] [-h] [-l] [-o outfile] [-s secs] com-
mand [ command-args]
dlook [-a] [-c] [-h] [-l] [-o outfile] [-s secs] pid

� For eachpagein thevirtual addressspaceof theprocess,dlook(1) prints thefol-
lowing information:

� The objectthat owns the page,suchasa file, SysV sharedmemory, a device
driver, etc.

� Thetypeof page,suchasrandomaccessmemory(RAM), FETCHOP, IOSPACE,
etc.

� For RAM pages,thefollowing arealsolisted:
� memoryattributes(SHARED,DIRTY, etc.)� nodethatthepageis locatedon� physicaladdressof page,if option-a is specified

� With option -c , dlook(1) also prints the amountof elapsedCPU time that the
processhasexecutedoneachphysicalCPUin thesystem.

Notes:

Two formsof thedlo ok(1) commandareprovided.In oneform, dloo k prints information about anexisting process
that is identified by a processID (PID). To usethis form of thecommand,you mustbetheownerof theprocessor
berunning with root privilege. In theother form, you usedloo k on a commandyou arelaunching andthusarethe
owner.

Besides the-a and-c optionsexplainedabove, thefoll owing optionsareavailable:

	 -h Explicitly list holes in theaddressspace.

	 -l Show libraries.

	 -o Outputfile name.If not specified, output is written to stdou t .

	 -s Specifiesa sampleinterval in seconds. Informationabout the process is displayedevery secsof CPU
usage by theprocess.
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4.11 Recommendations for Achieving GoodPerformance

� Remember:It’s just sharedmemory

� CPUmemsets,dplace anddlook arethereto helpthemrunwell

� Memoryis allocatedanddistributedin pages

� First tunesingle-processorperformance

� Cachefriendly programswill runwell on theNUMA architecture

� Memory-intensive,cacheunfriendlyprograms

� If scalingis lessthanexpected,dataplacementmaybeaproblem
� Makesurethedataareuniformly distributed

� Whendevelopingnew codeusefirst-touchandprogramwith it in mind
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Module 5

Virtual Memory Management

5.1 Module Objectives

After completingthis module,youwill beableto

� Understandthebasicsof virtual memory

117
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5.2 Pages

� A pageis thesmallestunit of systemmemoryallocation

� Pagesareaddedto aprocesswheneithera

� Validity fault occurs
� malloc allocationrequestoccurs

� Numberof pagesin aprocesscanbedeterminedfrom ps(1) or top(1)

Notes:

Virtual memory(VM), or virtual addressing, is usedto divide the system’s relatively small amountof physical
memoryamongthe potentially larger amount of logical processesin a program. It doesthis by dividing physical
memoryinto pages,andthenallocating pages to processesasthepagesareneeded.

VM provideseachprocesswith 16-kB pagesandallocatesmoreastheprocessneedsit 16-kB increments.Pages
in mainmemoryareindexedwith a physical address.This processis shown in theabove slide.

Thenumber of pagesa processhasis reportedfrom theBSDform of ps (ps -l ) underthecolumn RSS.
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5.3 Process Size

� Processsizeis measuredin pages

� Two sizesassociatedwith everyprocess

� Total size
� Residentsetsize(RSS)

� Useps(1) or top(1) to determineprocesssize

� Usefree(1) for systemmemoryusage

� Sharedmemoryanddynamicallysharedobjects(.so libraries)arecountedseveral
times
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5.4 Process Memory

� Addresseswithin codesarevirtual

� Virtual addressescanmapanywherein physicalmemory

� Virtual addressesaremappedto physicalmemoryaddressthroughtheTranslation
LookasideBuffer (TLB)

� Thereis a limited numberof TLB entries

Notes:

A processis assignedphysical memoryonly whenit is usingit. Partsof the address spacethat arenot beingused
canbeswappedout, or never assigned.

Virtual addressesmustbelooked up in theTLB to determinewherethey arein thephysical memory. Thereare
a limited numberof TLB entries on thechip. If anaddresscannot befoundin theTLB, interrupt will occur andthe
OSwill update theTLB using anLRU strategy.

Virtual addressesareconsecutive within physical memoryonly within a page. This allows the OSgreat free-
dom in assigning physical memory. This canwork to the advantageof a multiple CPU shared memoryprogram.
Consecutive memoryaddresseswithin a program canbespread out acrossthemachine.
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5.5 Running Out of Physical Memory

Whenphysicalmemorybecomesscarce,theOScan:

� Reclaimmemoryby paging

� Terminateprocessesmanually

� Terminateprocessesautomatically

Notes:

The CPU canonly referencedataandexecute codeif the dataor codeare in main memory(RAM). Becausethe
CPU executes multiple processes, there may not be enough memoryfor all the processes.If you have very large
programs,they mayrequire morememorythanis physically present in thesystem. So,processesarebrought into
memoryin pages; if there is not enough memory, theoperating system freesmemoryby writing pages temporarily
to a secondarymemoryarea,theswaparea,on a disk.
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5.6 Paging

� Linux is ademandpagingoperatingsystem

� Validity fault

� mapspagesinto physicalmemorywhenfirst referenced
� bringspagesbackinto memoryif swappedout

� Leastrecentlyusedpagingalgorithm
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5.7 SwapSpace

� Usedfor temporarilysaving partsof programswhenthereis not enoughphysical
memory

� Swapspacemaybe

� On thesystemdrive
� On anoptiondrive
� A swapfile onafilesystem

� To avoid swapping,donotoversubscribememory

Notes:

Swap space is disk spaceallocated to be usedasmedium-termmemoryfor the operating system kernel. Lack of
swapspacelimits thenumber andsizeof applications thatmayrun simultaneously onyour systemandcaninterfere
with systemperformance.

Usingswapspacecanhelpkill programperformance. top(1) canbeusedto monitorswapspace usage.
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Module 6

Linux SystemUtili ties

6.1 Module Objectives

After completingthis module,youwill beableto

� Identify whichsystemmonitoringtool is mostapplicableto aparticularsituation

� Determinehardwarecharacteristicsof theSGI Altix Series

� Determinehow heavily varioussystemcomponentsarebeingused(CPU,memory,
I/O devices)
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6.2 SystemMonitoring Concepts

� Usemonitoringtoolsto betterunderstandyourmachine’s limits andusage

� Observebothoverall systemperformanceandsingle-programexecutioncharacter-
istics
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6.3 Determining Hardware Inventory

� hinv(1) displaysthecontentsof thesystemhardwareinventory

� Contentsincludebrick configuration,processor type,mainmemorysize,disk
drives,etc.

� hinv [-v] [-c class] [-b [ brick_ID]]

� class may be serial , processor , memory, scsi , otherscsi , ethernet ,
otherpci , io9

% hinv
Sorry only root user can get scs i info rmati on from /dev /xscs i/pci0 1.01. 0/targ et0/l un0/ds
0 P-Bric k
3 C-Bric k
12 900 MHz Itan ium 2 Rev. 6 Pro cessor
Main memory size : 21. 79 Gb
IO9 Cont rolle r Card (Sil icon Gra phics, Inc. ) (rev 49). on pci01 .01.0

QLogic 1216 0 Dual Channel Ultr a3 SCSI (Re v 6) on pci0 1.03. 0
Disk Drive: unit 1 on SCSI contro ller pci01. 03.0-1
Disk Drive: unit 2 on SCSI contro ller pci01. 03.0-1

BROADCOM Corpo ratio n NetX treme BCM5701 Gigab it Ethern et (rev 21). on pci01. 04.0
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6.4 Determining HardwareGraph With topology

% topology

Machi ne piton .ameri cas.s gi.com has:
12 cpu’s

6 memory node s
The cpus are:
cpu 0 is /dev /hw/mo dule/ 001c11 /slab /0/nod e/cpu bus/0/ a
cpu 1 is /dev /hw/mo dule/ 001c11 /slab /0/nod e/cpu bus/0/ c
cpu 2 is /dev /hw/mo dule/ 001c11 /slab /1/nod e/cpu bus/0/ a
. . .
cpu 10 is /dev/h w/module/00 1c17/ slab/1 /node /cpubu s/0/a
cpu 11 is /dev/h w/module/00 1c17/ slab/1 /node /cpubu s/0/c
The node s are:
node 0 is /dev/h w/module/00 1c11/ slab/0 /node
node 1 is /dev/h w/module/00 1c11/ slab/1 /node
node 2 is /dev/h w/module/00 1c14/ slab/0 /node
node 3 is /dev/h w/module/00 1c14/ slab/1 /node
node 4 is /dev/h w/module/00 1c17/ slab/0 /node
node 5 is /dev/h w/module/00 1c17/ slab/1 /node
The topo logy is defin ed by:
/dev/ hw/module/0 01c11 /slab/ 0/nod e/link /1 is /dev/ hw/module/0 01c11/ slab/ 1/node
/dev/ hw/module/0 01c11 /slab/ 0/nod e/link /2 is /dev/ hw/module/0 01c17/ slab/ 1/node
. . .
/dev/ hw/module/0 01c17 /slab/ 1/nod e/link /1 is /dev/ hw/module/0 01c17/ slab/ 0/node
/dev/ hw/module/0 01c17 /slab/ 1/nod e/link /2 is /dev/ hw/module/0 01c11/ slab/ 0/node
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6.5 Determining System Load

� uptime(1) returnsinformationaboutsystemusageanduserload

� Thissystemusageinformationincludes

� Time of day
� Time sincethelastreboot
� Numberof userscurrentlyon thesystem
� Averagenumberof processeswaiting to run for thelast1, 5, and15minutes

Notes:

Userloadreportedby uptim e maybeinflatedif usersaccessdatafrom slow NFSservers,asprocesseswaiting for
NFSI/O areplacedin the“short wait” queue which is countedasload, eventhough CPUsareidle.
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6.6 Determining Who’sDoing What

� w(1) command

� Displayswho is on thesystemandwhatthey aredoing

� uptime(1) data
� Durationof usersessions
� Processorusageby user
� Currentlyexecutingusercommand

% w
3:15pm up 2:17, 3 user s, load avera ge: 0.31 , 0.21 , 0.54

USER TTY FROM LOGIN@ IDLE JCPU PCPU WHAT
gerar do pts/ 0 dhc p122.m exico .s 12:59p m 0.00s 0.16 s 0.01s w
pmc pts/ 1 cf- vpn-sw -corp -6 2:14p m 21:36 0.14 s 0.12s -cs h
n6965 pts/ 3 fsg i418 2:38p m 36:45 0.11 s 0.09s -cs h
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6.7 Determining ActiveProcesses

� ps(1) letsyouseea “snapshot”of theprocesstable

� EnvironmentvariablePS_PERSONALITYallows ps to behave theway it doesunder
your favorite Unix flavor

� Frequentlyusedoptionsto ps :

-e Everyprocessrunningon thesystem
-l Long listing
-f Full listing
-u List for aspecificuseronly

% ps -l
F S UID PID PPID C PRI NI ADDR SZ WCHAN TTY TIME CMD

100 S 2237 0 4539 4538 0 75 0 - 350 ia64_r pts/ 0 00:0 0:00 tcsh
000 S 2237 0 6191 4539 0 75 0 - 315 ia64_r pts/ 0 00:0 0:00 nwscrm 6
000 S 2237 0 6693 6191 0 76 0 - 178 wait4 pts/ 0 00:0 0:00 time
000 S 2237 0 6694 6693 0 75 0 - 286 schedu pts/ 0 00:0 0:00 mpirun
000 S 2237 0 6697 6694 0 75 0 - 100 7567 sche du pts/0 00:0 0:00 nwchem-fb
040 R 2237 0 6702 6697 99 85 0 - 177 8381 - pts/ 0 00:1 7:13 nwchem-fb
040 R 2237 0 6703 6697 99 85 0 - 177 8353 - pts/ 0 00:1 7:14 nwchem-fb
000 R 2237 0 6759 4539 0 77 0 - 493 - pts/ 0 00:0 0:00 ps
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6.8 Monitorin g Running Processes

top(1) letsyouseeasortedlist of thetopCPUutilizationprocessesupdatedataspeci-
fied interval

� top [-] [d delay] [p pid] [q] [c] [C] [S] [s] [i] [n iter] [b]

� top hasmany interactivecommands,andit is possible to setupaconfigurationfile,
~/.toprc

7:56am up 7:55, 5 user s, load avera ge: 2.21 , 3.97 , 5.06
Mem: 2553 53824K av, 378478 4K used, 25156 9040K free, 0K shrd , 432K buff
Swap: 9438 176K av, 0K used , 9438 176K free 1933 792K cach ed

PID USER PRI NI SIZE RSS SHARE STAT %CPU%MEM TIME COMMAND
4832 obus tos 25 0 323M 99M 320M R 99.9 0.0 73:2 9 l502 .exe
4790 obus tos 25 0 323M 99M 320M R 99.8 0.0 76:4 1 l502 .exe
5288 gera rdo 15 0 4832 286 4 4064 R 1.2 0.0 0:00 top

1 root 15 0 2912 134 4 208 S 0.0 0.0 1:51 init
2 root 0K 0 0 0 0 SW 0.0 0.0 0:00 migr ation _CPU0

. . .
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6.9 Monitorin g systemresourceusage— gtop

� gtop is agraphicaltool to monitorsystemresourceusage

� Processes(basedon top display),memory, filesystems



134 AAPPL-1.0-L2.4-S-SD-W Linux SystemUtilit ies

6.10 Monitori ng Memory Use— gtop

� Memorychartshowshow memoryis usedby thevariousprocessespresent
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Lab: Controlling Processors and Processes

1. Determinehow many processorsyouhaveonyoursystem.
Whatis their speed?

2. List theactiveprocessesonyoursystem.
How many arerunning?

3. Pick oneprocessanddetermineits PID, PPID,processpriority, andniceness.
Whichprocessesareusingmostof theCPUtime?
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Module 7

Debuggers

7.1 Module Objectives

After completingthis module,youwill beableto

� SetDebuggerbreakpointsandwatchpoints

� View

� Call stacks
� Variables
� Processorregisters
� Memorylocations
� User-definedexpressions
� Arraysandstructures

� Follow systemcallsandinterrupts

137
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7.2 Available debuggers

� idb : TheIntel R
�

debugger— availableif youhave licensesfor theIntel R
�

compil-
ers

� Fully symbolicdebugger
� Supportsdebuggingof Fortran,C andC++ programs

� gdb : TheGNU projectdebugger

� Supportsdebuggingof C, C++,andModula-2
� SupportsFortran95debuggingwhengdbf95 patchis installed
� Thepatchcanbefoundat http://sourceforge.net/projects/gdbf95/

� ddd : A graphicalinterfaceto gdb andotherdebuggers

� Simplecommandline optionallows selectingdebuggerto use
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7.3 Debugger Syntax

Thebasiccommand-linesyntaxto startthevariousdebuggersis asfollows:

� gdb [ exec_file[ core_file|process_id]]

� idb [-pid process_id] [-gdb] [ exec_file[ core_file]]

� ddd [--debugger name] [ exec_file[ core_file|process_id]]

� [-pid] process_idletsyou debug a runningprocesswith thespecifiedprocessid
(aslong astheredoesnot exist a file whosenameis process_id, if gdb or ddd are
used)

� exec_filespecifiestheexecutablefile (optional)

� You canspecifya corefile (with its executable)to helpdetermineandlocalizethe
causeof segmentationviolationsor otherabnormalterminationconditions;if an
executablecorefile exists,it is usedby default
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7.4 gdb

� Help is available

� gdb ’s own help command
� info gdb at theshellcommandprompt
� http://sources.redhat.com/gdb/onlinedocs/gdb_toc.html

� Debugginggcc -optimizedcode(-g -O[1|2|3] ) worksfine

� Somechallengeswith ecc at levels2 and3

� Can’t print valuesof registervariables

� Assemblylevel debuggingworks

� gdb understandsrotatingregisters:useful for steppingthroughsoftware-pipelined
loops
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7.5 idb

� Intel debugger, partof Intel compilerinstallation

� SupportsC, C++,Fortran77,Fortran90

� dbx- (default)andgdb -like interfaces

� Debuggingof optimizedcodelimited

� Goodfor gettingFortranstacktraces

� Supportsmultithreadedapplications(pthreadsandOpenMP)
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7.6 Data Display Debugger — ddd

� Front endGUI to gdb andotherdebuggers, written by DorotheaLütkehausand
AndreasZeller

� Homepageat http://www.gnu.org/software/ddd/

� Featuresan interactive graphicaldatadisplay, wheredatastructuresaredisplayed
asgraphs

� Worksbestwith gdb , but canwork with idb in dbx mode

� ddd --debugger idb --dbx ./a.out
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7.7 Main Window

� By default displaysthe Menu Bar, Tool Bar, SourceWindow, DebuggerConsole
andStatusLine

� The DataWindow, wheninvoked,appearsabove the SourceWindow, andan op-
tionalMachineCodeWindow appearsbelow theSourceWindow
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7.8 Command Tool/Program Menu

� A free-standingwindow displayedwhenddd starts

� Canberespositionedwith Alt-8 or selectingView � Command Tool on theMain
Window

� Canbeconfiguredto appearasacommandtool barabovethesourcewindow (Edit
� Preferences� Source � Tool Buttons Location)

� Thetool provideseasyaccessto many frequently-useddebuggercommands

� Thesamefunctionsareaccessiblefrom theProgramMenuandthekeyboardshort-
cutslistedin it
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7.9 Execution Window

� By default theprogrambeingdebuggedwill run in theDebuggerConsole

� SelectingView� Execution Window will openanxterm window andenablethe
Run in ExecutionWindow item in theProgram menu

� Alternately, enablingRun in ExecutionWindow in theProgram menuwill cause
anExecutionWindow to beopenedwhenyouclick onRun in theCommandTool
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7.10 Tool Bar

TheTool Barhastwo parts:

� Theargumentfield, labeled(), whereany item maybeentered

� Thetool icons,which representfunctionsthatcanbeappliedto theitem in thear-
gumentfield; only thosefunctionsthatmakesensefor theargumentwill beenabled
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7.11 DebuggerConsole

� A command-lineinterfaceto thedebuggeris at thebottomof themainwindow

� Youcanusetheunderlyingdebugger’s commandshere

� Youcantypein debuggercommandsinsteadof usingtheGUI
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7.12 File Menu

TheFile menugroupsfile-relatedoperations
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7.13 Edit Menu

� TheEdit menuallows settingpreferencesanddebuggerconfigurationparameters,
besidestheusualeditingfunctions
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7.14 View and Command Menus

� TheView menuallowsdisplayingtheoptionalstandalonewindowsandshowing or
hiding themainview windows

� TheCommandmenuhelpsperformoperationsrelatedto ddd commands
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7.15 Status Menu

TheStatusmenuhasoptionsfor examiningandmodifyingtheprogramstate:call stack,
machineregistercontents,threadsandsignals,aswell asmoving up anddown thecall
stack.
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7.16 Setting/Clearing Breakpoints

� Thereareseveralwaysto setbreakpoints:

� Left-click onthewhitespaceto theleft of thesourceline whereyouwantto set
a breakpointso that it appearsin theArgumentField, thenusethe Stop icon
on theTool Bar (whichshouldbelabeled“Break”)

� Triple left-click on thewhitespaceto theleft of thesourceline whereyouwant
to setabreakpoint

� Right click-and-hold,choosefrom theresultingpop-upmenu
� Typetheappropriatebreak commandin theDebuggerConsole

� To clearabreakpoint:

� Left click onthestopsignnext to theline with thebreakpointto makeit appear
in theArgumentField, thenusetheStop icon on theTool Bar (which should
now belabeled“Clear”)

� Right click-and-hold,choosefrom theresultingpop-upmenu
� Typetheappropriatedelete commandin theDebuggerConsole
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7.17 Examining Variables

� Therearethreewaysof showing thevalueof avariable:

� Point to it with the cursor: The answerwill appearin the StatusLine at the
bottommargin of themainwindow

� Print it on thedebuggerconsolewith theprint() command
� Displayit graphicallywith thedisplay() command

� Printingor displayingcanbeachievedby

� Left-clicking onthedataitem,whichplacesit ontheArgumentField,andthen
selectingtheappropriatetool

� Usingtheright mousebuttonto click-and-holdon thedataitem,andselecting
from theresultingpop-upmenu
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7.18 Backtrace Window

Thecall stackis shown in theBacktracewindow, displayedfrom Status� Backtrace
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Lab: SettingBreakPoints (C, C++, Fortran)

Objectives

� Startupaprogramin theddd

� UsetheDebuggerto setabreakpoint

� Stepinto andstepover functioncalls

� Exercisethevariouswaysto examinevariables

� UsetheBacktracewindow
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7.19 Edit - Compile - Debug Loop

Editing,compiling,anddebuggingaretightly integratedin ddd :

1. EDIT
Clicking on Edit in the CommandTool opensa window with your favorite X-
Windows editor if theenvironmentvariableXEDITOR is defined,or elsean xterm
with eitherthe editor given by the environmentvariableEDITOR, or vi . The pro-
grambeingdisplayedin theSourceWindow will beloadedinto theeditorwindow.

2. COMPILE
Clicking on Make in the CommandTool executesmake. A makefile shouldbe
present;you can choosea target from the File � Make menuoption. The new
executableis attachedautomaticallywhenyou click on Run. Note that idb does
not supportthemake command;however, a shell make target commandmaybe
typedin theDebuggerConsole.

3. DEBUG
Continuedebuggingyourcode.
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7.20 Traps

Trapsareusedto inspectdataat pointsduringexecutionof theprogram
Therearetwo typesof traps:

� Breakpoint

� Haltstheprocesssoyoucanexaminedatamanually
� You canaddconditionsto control in detail whetherthe programstopsat the

breakpoint

� Watchpoint

� Stopstheprogramwhenthevalueof anexpressionchanges
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7.21 Setting and Clearing Breakpoints

Youcansetbreakpointsin thefollowing ways:

� Triple click ona line with theleft mousebutton(to set)

� Click andhold theright mousebutton,selectfrom thepop-upmenu

� UsetheStopsigniconon theControlPanel

� UsetheConsolepanelcommands(break /clear )
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7.22 Breakpoints - What Can You Examine?

� Variables(value,type,addresses)

� Valueof expressions

� Call Stack

� Datastructures(graphically)

� Arrays

� Machinecode

� Memory/registers
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7.23 Breakpoint Properties

� Onceabreakpointis set,right click-and-holdontheStopsigniconatthebreakpoint
andselectPropertiesfrom thepop-upmenu,or with thebreakpointin theArgument
Field,usetheStopTool menuto selectBreakpointProperties

� A pop-upwindow appearswhereyou canseta conditionfor stopping,a countfor
the numberof timesto ignore the breakpointbeforestopping, or debugger com-
mandsto executewhenarriving at thebreakpoint.
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7.24 Watchpoints

� A frequentpointermistake in C or C++ is overwritingdataoutof range

� Typically, theoverwrittenaddressrangeis known, but thepointeris not

� Watchpointswatchoveramemorylocationfor overwriting

� You cansetwatchpointsby left-clicking on thevariableif it is visible or typing it
in theArgumentField andthenclicking on theWatch button

� Differenttypesof watchpointsmaybeselectedfrom themenuassociatedwith the
Watch button

� Oncea watchpointis set,watchpointpropertiesmaybemodifiedin theWatchpoin
Propertieswindow
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7.25 Signals

� Status � Signalspopsup a panelshowing a list of all signalsandhow gdb has
beentold to handleeachone.

� Stop:Stoptheprogramwhenthesignalhappens.(SettingStopalsosetsPrint.)
� Print: Print a message whenthe signalhappens. (UnsettingPrint alsounsets

Stop.)
� Pass:If set,allow theprogramto seethesignalandhandleit, if it hasinstalled

ahandler, or bekilled, if nohandlerhasbeeninstalled.



Debuggers AAPPL-1.0-L2.4-S-SD-W 163

7.26 Data Display

� TheDataDisplayprovidesagraphicalrepresentationof variables,arrays,structures
andlinkedlists

� TheDataDisplayopensautomaticallywhenanitem is selectedfor display

� Left click on theitem,click on theDisplay button
� Right click-and-hold,selectDisplay from thepopupmenu
� Doubleclick on thevariable

� Therearemany displayandformattingoptions



164 AAPPL-1.0-L2.4-S-SD-W Debuggers

7.27 Machine CodeWindow

� Source � Display Machine Codeopensup anadditionalwindow, usuallybelow
theSourceWindow, thatcontainsthemachinecodefor thecurrentfunction

� Breakpointscanalsobesetandclearedin thiswindow

� If sourcecodeis notavailable,only themachinecodewindow is updated
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7.28 Register Window

TheRegisterView letsyouview processorregisters

� Thewindow popsupselectingStatus � Registers
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Lab: UsingBrowsers and Views (C/C++/Fortran)

Objective

UsetheDisplayWindow, MachineCodeWindow, andRegisterWindow



Module 8

Data Decomposition

8.1 Module Objectives

By theendof this module,youshould beableto

� Understandwhy datadecompositionis importantin parallelcomputing

� Identify implicit andexplicit datadecomposition constructs

167
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8.2 Parallelism

To usemultiple processors,youmustfind tasksthatcanbeperformedat thesametime.
Therearetwo basicmethodsof definingthesetasks:

� Functionalparallelism

� Differentprocessorsperformdifferentfunctions
� Naturalapproachfor programmerstrainedin modularprogramming
� Disadvantagesinclude:

� Definingfunctionsasthenumberof processors grow� Definingfunctionsthatusebalancedamountsof CPUtime� May requirea lot of synchronizationanddatamovement

� Dataparallelism

� Differentprocessorsperformthesamefunctionondifferentpartsof thedata
� Takesadvantageof thelargecumulativememory
� Requiresthattheproblemdomainbedecomposed
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8.3 Data Parallelism

Requiresthreebasicsteps:

1. Breakingup thedata

2. Mappingthedatato theprocessors

3. Dividing thework amongsttheprocessors

The programmermay needto manuallyperformthesestepsor usetools that will do
someor all of thesesteps.Thefirst two stepsarecalleddatadecompositionand,if done
correctly, make thethird stepeasy.
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8.4 Data Decomposition

� Chooseadatadecompositionto minimizedatatransfer

� Chooseadatadecompositionto balancetheload
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8.5 Data Decomposition in Data Parallelism

� Data(for example,arrays)is decomposedwhenthereis enoughparallelwork in
codesegmentsthatreferenceit

� In a dataparallel environment(loop-level parallelism),datacan be decomposed
implicitly or explicitly

� Explicit (manual)decompositionis doneby theprogrammerwith nocompiler
help
� Messagepassing (MPI, PVM) anddatapassing(shmem)codesrequireex-

plicit datadecomposition
� Implicit (compilerdirective based)decomposition is carriedout by the com-

piler
� MP directivesfind parallelismin implicitl y decomposeddata
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8.6 Explicit Data Decomposition Example

Considermanuallydecomposinganarray. Thearrayto bemodeledis A(4000,8000).
Usingfour PEs:

� Decomposingthefirst dimension:

� EachPEdimensionsa local arrayA(1000,8000)
� Map eachPE’s localareainto theglobalarray
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8.7 Explicit Data Decomposition Example (continued)

Youmaynow needto know where

� GlobaldataelementA (2000,4000)mapsin local space

� GlobalpositionA(2000,4000) is now A(1000,4000)onPE1

� ElementA (2000,4000)’snearestneighborsarein local space:

� Neighborsare:
� NorthA(999,4000) onPE#1� SouthA(1,4000)onPE#2� EastA(1000,4001)onPE#1� WestA(1000,3999) onPE#1
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8.8 Explicit Data Decomposition Example (continued)

Decomposingtheseconddimension:

� EachPEallocatesa local arrayA (4000,2000)

� GlobalpositionA(2000,4000)is now A(2000,2000)onPE1

� Neighborsare:

� NorthA(1999,2000)onPE#1
� SouthA(2001,2000)onPE#1
� EastA(2000,1)onPE#2
� WestA(2000,1999)onPE#1
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8.9 Explicit Data Decomposition Example (continued)

� Decomposingin bothdimensions:

� GlobalpositionA(2000,4000)is now A(2000,4000)onPE0

� Neighborsare:

� NorthA(1999,4000)onPE#0
� SouthA(1,4000)onPE#1
� EastA(2000,1)onPE#2
� WestA(2000,3999)onPE#0
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8.10 Impl icit Data Decomposition Example

� Implicit data decomposition requiresno “resizing” of the data—indicesremain
global

� Example:breakingup REAL A(4000,8000) acrossthefirst dimensionamong
four processes
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8.11 Impl icit Data Decomposition Example (continued)

Decomposingtheseconddimension:
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8.12 Impl icit Data Decomposition Example (continued)

Decomposingin bothdimensions:
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8.13 Impl icit VersusExplicit Data Decomposition

� Implicit decompositionadvantages:

� No dataresizing
� All communication/synchronizationshandledby thecompilerimplicitly
� Sourcecodeeasierto develop/port/read
� Sourcecodeis portableto othersystemswith thecorrespondingprogramming

modelsupport(e.g.,OpenMP)

� Explicit decompositionadvantages:

� All communication/synchronizationcallsinsertedby theprogrammer(full con-
trol/knowledgeof programflow)

� Sourcecodeis portableto othersystems(MPI, PVM)
� Codeperformancecanbebetterthanimplicitly parallelizedcodes
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8.14 Impl icit VersusExplicit Data Decomposition (continued)

� Implicit decompositiondisadvantages:

� Datacommunicationhiddenfrom user
� Compiler technologynot matureenoughto deliver top performanceconsis-

tently (yet)

� Explicit decompositiondisadvantages:

� Harderto program
� Sourcecodeharderto read
� Sourcecodeis longer(typically 40%or more)
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8.15 Data Replication
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8.16 Tools

Sometoolsallow theprogrammerto view theprocessgrid asacartesianplane,using(X,
Y) coordinatesor columnor row operations.

� MPI

� MPI_CART_CREATE definesthesizeandshapeof theprocessgrid
� MPI_CART_COORDSreturnsthecoordinatesof aprocess
� MPI_CART_SHIFTreturnsaneighbor’s rank(processnumber)

� BLACS

� BLACS_GRIDINITallows theuserto definethesizeandshapeof theprocess
grid

� BLACS_GRIDINFO returnsthecallingprocess’s grid coordinates
� Matricesaresentandreceivedby grid coordinates
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8.17 ProcessorGrids
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Module 9

OpenMP

9.1 Module Objectives

After completingthis module,youwill beableto

� Explaintheoriginsof OpenMP

� RecognizeOpenMPconstructsanddirectives

� Understandincrementalparallelism

� Write aparallelcodeusingOpenMP

185
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9.2 Moti vation for OpenMP

� 1997:No standardfor sharedmemoryparallelism

� EachSMPvendorhadproprietaryAPI
� Portability only throughMPI, PVM

� Parallelapplicationavailability

� ISVs havebig investmentin existing code
� Messagepassingportsarelaborintensive

� OpenMPallows apartialport—incrementalparallelism

Notes:

TheSMParchitecture workswell with a variety of styles of parallel processing. Becauseall processorshave access
to all of memory, adding processors to assist a processor that is already executing a codeis fairly straightforward.
Additional processors canbeaddedto thecomputationally intenseareas of thecode, andreleasedwhenthis kernel
of work is completed. This ability allows theprogrammerto execute large portionsof thecodein a singleCPUand
modify only thecomputationalkernels,yetstill gainsignificantperformancewhenmultiple processorsareavailable.
This is known asincrementalparallelism.
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9.3 What Is OpenMP?

� SharedmemorymultiprocessingAPI

� Standardizesexisting practice

� Portableandstandard

� SGI,Compaq,KuckandAssoc.,DOE, IBM, Sun,HP, Intel R
�

, andsoon
� BothUNIX andNT R

�

� First FortranOpenMPimplementationreleasedby SGI October1997

� First C/C++OpenMPimplementationreleasedby SGI November1998

� TheIntel R
�

compilersthatrunon theSGI Altix systemssupportOpenMP

Notes:

A variety of APIs have beenavailable on SMP machinesfor many years. All APIs perform roughly the same
functions, but they usedifferent syntax anddifferent execution models. Not all vendors supported all constructs,
suchas ATOMIC updates. Thesemodelsvaried greatly on whenand wherethey usedimplied synchronization.
Thesedifferenceskeptparallel codesfrom being portable.
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9.4 Parallel Programming Execution Model

� OpenMPusesa fork andjoin executionmodel

� Executionbeginsin asinglemasterthread

� Parallelregionsareexecutedby a team

� Executionreturnsto asinglethreadat theendof aparallelregion

� OpenMPprovidesconstructsfor

� Dataparallelism—Looplevel
� Functionalparallelism
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9.5 OpenMP Overview

� Scalable:fineandcoarsegrainparallelism

� Emphasisonperformance

� Exploit strengthsof sharedmemory

� Directive-based(pluslibrary callsandenvironmentvariables)

Notes:

Usingdirectivesallows a codeto becompiledto run on a single processoror by using a compiler option, compiled
to run on multiple processors. It also allows execution of the codeto easily move between single threaded and
multithreaded regions.
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9.6 Dir ectiveSentinels

Fortran

� !$OMP

� C$OMP

� *$OMP

C/C++

� #pragma omp directive
{ structured block }

Notes:

Thesesentinelsarerecognized by thecompiler whentheOpenMPoption is turned on. A variety of directivesfollow
thesentinel to control theparallel execution of thecode.In fixedform Fortran,thesentinelsmustappear in column
one,andcontinuation directivesmusthave theform C$OMP+, where+ is any non-blankor non-zerocharacter. In free
form, !$OMP canappearin any columnaslong asit is proceededonly by white space.Directivesarecontinuedby
using anampersand(&) asthelastnon-blank characterof theline. Continuationlinesstartwith !$OMP or !$OMP& as
thefirst non-blankcharacters.
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9.7 Conditional Compilation

OpenMPallows certainstatementsto beconditionallycompiled

Fortran

� !$ Fixedor freeform

� C$ Fixedform

� Whencompiledwith the OpenMPoption thesesentinelsarereplacedin the code
with two spaces.

!$ record = ( loopcnt - 1 ) *
!$ + myid

C/C++

� Usethemacro_OPENMP

� CanNOT beusedwith #define or #undef

Notes:

Oneof thegoals of OpenMPis for a codeto becompiledandrun on a single-processoror multiprocessorsystem.
Usingsentinels thatappear to a non-OpenMPcompiler asa commentworkswell in mostcases. Many times,some
additional codeneeds to be added to the serial code to make it work properly in a multiprocessing environment;
examples include calculations based on processornumber or calls to OpenMPlibraries. Thesecalculations would
bewastedonasingle-processor system,andthelibrarycallswouldbeundefined.Usethesesentinelsto conditionally
compile the code. Whenthe OpenMPflag is on, thesesentinels arereplacedwith two spaces; the restof the line
mustbeproper Fortransyntax. Theline canincludeline numbers andexecutable statements.
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9.8 Parallel Regions

Fortran

!$ omp parallel
...
!$ omp end parallel

C/C++

#pragma omp parallel
{ structured block }

� Becarefulof “throws”

Notes:

OpenMPcodesexecuteasasingle thread(master)until anomp para llel directive is encountered. All threadsthat
join thegroup at this directive will executeall thecode until anomp end par allel directive is encountered. If no
further omp directivesarein this region, thenthis is redundantcode—parallel, but redundant. The masterprocess
will continuebeyond theparallel region only afterall threadsin theteamhavefinished.

The numberof threads in the teamis implementation dependent. The numberof threads is constant within a
parallel region, but thenumbermaybechangedby theuseror thesystembetweenparallel regions.

If a threadin a teamencounters anotherparallel region, it createsa new teamto execute theparallel region and
it becomesthemasterfor thenew team.By default, this teamhasonly oneplayer, themaster.

A “throw” executed inside a parallel region mustbe caught by the samethread andmustcontinue execution
inside thedynamicextentof thesamestructuredblock.
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9.9 Parallel Regions(continued)

Optional clauses

Thefollowing optionalclausesmaybeaddedto theomp parallel directive:

private ( list )
shared ( list )
default ( private | shared | none )
firstprivate ( list )
reduction ( ( operator | intrinsic ) : list )

� operatormustnotbeoverloaded

if ( scalar_logical_expression )
copyin ( list )

Notes:

Part of the analysis required to execute a region of code in parallel is to scope the dataitems. By default, all data
itemsaresha red , unlessthedefault is changedby thedefault clause.

Eachthread will have its own storage for any variable in the privat e list. The value of the variable is un-
defineduponentry to andexit from the region. This behavior canbe overriddenby declaring the variable in the
first priva te list. This variable will be priv ate , but initialized to the value of the samevariable in the master
thread.

Thevariablesontheshared list haveonly onestorage locationwhichall processesmayaccess if andwhenthey
referencethesevariables.

For variables listed in the reduct ion clause, a special priv ate variable is created and initialized for each
thread. At the endof the region, the operator or intrinsic is usedto reduce the partial answersfrom eachthreadto
onefinal answer, which is storedin theoriginal variable. Possible operationsandintrinsicsinclude+, - , *, ANDand
OR(both logical andbitwise), MAXandMIN. OpenMP1.0only supportsscalar reduction variables,but OpenMP2.0
will support arraysasreduction variables.

Whentheif clauseis included,theregionwill beexecuted in parallelonly if thescalar _logi cal _expr essio n
is true. Onereason a region maybeconditionally executed in parallel is that theamount of work variesfrom run to
run,or evenwithin a run.

Thecopy in clause applies to namedCOMMONblocks thathave beendeclared thre adpri vate . All variablesor
wholecommonblocks in thelist will beinitialized from themaster thread.

The thr eadpri vate is a special declaration. It immediately follows the declaration of a variable that should
beprivateto threadswhenin a parallel region, but whosevalueshould beretainedbetween parallel region invoca-
tions (pri vate variables areautomatic: they arecreated eachtime the parallel region is enteredandconceptually
destroyedeachtime theparallel region is exited).



194 AAPPL-1.0-L2.4-S-SD-W OpenMP

9.10 Work Sharing: DO / FOR

!$ omp parallel #pragma omp parallel
... { ...
!$ omp do #pragma omp for

do i = 1, n for (i=0;i<n;i++)
a(i) = 0 a[i]=0.0
enddo }

...
!$ omp end parallel

Notes:

The DO is the natural way to operate on arrays in Fortran77, but Fortran90/95 introducesarrayoperations and
FORALL, work constructsthat only impl y loops. While the autoparallelizer will try to autoparallelize such con-
structs, it may not do so in the manneronewould want to (e.g., if the last array index only hasa limited range).
OpenMP2.0introducesaworksh are directive thatyoucanplaceto indicatethatyouwantthecompiler to distribute
theunitsof work in suchFortran95 constructs.
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9.11 Work Sharing: DO/FOR (continued)

DO/FOR clauses

Thefollowing clausescanbeaddedto theDO/FORconstruct:

lastprivate ( list )
schedule ( type [ , chunk ] )
"type" is :

static
dynamic
guided
runtime

ordered

Thereis anoptionalEND DOdirective,with anoptionalclause:

nowait

Notes:

The lastpr ivate clause will causevariableson the list to beupdatedby thethread thatexecutes the last iteration
of theloop. Within theloop, eachthreadwill have a priva te copy of these variables.

Iterationsof a loop areassignedto threads basedon the schedu le clause. The clauseis not required,but the
standarddoesnot specify a default.

sche dule can be

� (stat ic, chunksize)
chunksize number of iterationsof the loop to beassignedto eachthread in a round-robin fashion, based
on thread number. If chunksize is not specified, eachthread getsexactly onechunk; the chunk size in
this caseis computed by dividing the number of iterations by the numberof threads andany remainder is
distributed amongthethreads in a manner determinedby theimplementation.

� (dyna mic, chunksize)
chunksize numberof iterationsof theloop will beassignedto threadsasthey becomeavailablefor work.

� (guid ed, chunksize)
the numberof iterationsassigned to threadsdecreasesaswork is completed.chunksize is the minimum
numberof iterationsassigned.

� (runt ime)
scheduling will bedeterminedby theenvironmental variable OMP_SCHEDULE.
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Theorder ed clause allowsthe loop to contain a region of codewhich will beexecuted in thesameiteration order
asit would executeon a single processor.

Thenowai t clauseon the END DOdirective will allow a threadto continueexecuting whenall the iterationsof
thedo loop have beenassigned,but not yet completed. This is particularly important if onewantsto freetheCPUs
occupiedby threadsthatareidle while theremaining iterationscomplete;without thenowai t clausetheidle threads
will busy-spinwaiting for all iterationsto complete, regardlessof environmentsettings.

Thenowait clausegoeson the for pragmain C/C++.
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9.12 Loop scheduling types

� If scheduleis static with no chunksize specifiedeachthreadsgetsonechunk

!$ omp parallel #pragma omp parallel
... { ...
!$ omp do #pragma omp for

do i = 1, 1000 for (i=0;i<1000;i++)
! code block B /*code block B*/
enddo }

...
!$ omp end parallel
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9.13 Loop scheduling types(continued)

� static with achunksize distributeswork cyclically in blocksof chunksize
iterations

� dynamic dynamicallyallocateswork in blocksof chunksize iterations
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9.14 Loop scheduling types(continued)

� guided is dynamicschedulingthatstartswith largechunksandendswith smaller
chunks;chunksize is theminimumnumberof iterationsassigned

� runtime indicatesthattheschedulingtypeandchunksizeareto besetat run time
by theenvironmentvariableOMP_SCHEDULE
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9.15 Work Sharing: Sections

!$ omp parallel #pragma omp parallel
... { ...

!$ omp sections #pragma omp sections
!$ omp section { ...

... #pragma omp section
!$ omp section { structured block }

... #pragma omp section
!$ omp end sections {structured block }

... }
!$ omp end parallel }

Notes:

Another methodof using multiple processorsis to have themexecute different regionsof code,which is knownas
functional parallelism. Eachsection of codeis executedby athread. Threadswill synchronizeat theend sect ions
directive unless it hasa nowai t clause.Thesect ions directivehasdatascoping clausessimilar to thedo directive.
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9.16 Work Sharing: Single

!$ omp parallel #pragma omp parallel
... { ...

!$ omp single #pragma single
... {structured block }

!$ omp end single [nowait] }
...

!$ omp end parallel

Notes:

Thefirst threadto arrive at thesing le directive executes thecodeblock. All other threadsskip this block andwait
for therestof the teamto reachtheend sin gle directive. Thewaiting canbeoverriddenwith a nowait clauseon
theend sing le directive.
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9.17 Work Sharing: Master

!$ omp parallel #pragma omp parallel
... { ...

!$ omp master #pragma master
... {structured block }

!$ omp end master ...
... }

!$ omp end parallel

Notes:

The mast er directive forces a block of codeto be executed only by the masterof the team. The restof the team
skips this block of codeandcontinuesprocessing.
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9.18 Work Sharing: Shorthand

!$ omp parallel do !$ omp parallel sections
do i=1,n !$ omp section
... ...
enddo !$ omp section

!$ omp end parallel do ...
!$ omp end parallel sections

#pragma omp parallel for #pragma omp parallel sections
for (...) {...} #pragma omp section

{ structured block }
#pragma omp section

{ structured block }
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9.19 Work Sharing: Orphaning

� Worksharingconstructsmaybeoutsidelexical scopeof parallelregion

!$ omp parallel subroutine foo (...)
... ...
call foo (...) !$ omp do
... do i=1,n

!$ omp end parallel ...
enddo
end

Notes:

If foo is called from outside a parallel region, theDOloop is executedby a teamof one,themaster. foo cannot be
legally calledfrom within a work sharing DOloop.

If foo alsoincludedaparallel directive,a second teamwould becreatedto execute this parallel region, with the
encountering thread asthe master. Usually this teamwill have only onemember. This behaviormay be changed
by setting the OMP_SET_NESTEDenvironmental variableto TRUE. Although this condition mustbesupportedby all
OpenMPimplementations, theresulting teammaystill haveonly onemember.

Notethatwhencalling functionsor subroutinesfrom within a parallel region, variablesdeclaredin thefunction
or subroutinecannot explicitly bespecifiedassharedor private,asthey areoutside thelexical scopeof theOpenMP
directives.Thestorageclassdeterminestheir status:

� automatic variables arecreated on the private stackof eachthread (which is usually small!) andare thus
privateto threads

� staticandexternal variables(on theheap) areshared,i.e., they referto thesameobject in all threads

� dynamic variablescan,of course,beallocated independently in all threads,but caremustbetaken to ensure
theprogramdoes not leakmemoryby avoiding to freesomeof theobjects allocated



OpenMP AAPPL-1.0-L2.4-S-SD-W 205

9.20 Data ScopingClauses

common /mycommon/ f1, f2
!$omp threadprivate (/mycommon/)

real a(n), b(n), sum
!$omp parallel shared(a) private(b)

...
!$omp end parallel
!$omp parallel default(private) shared(b) reduction(+:sum)

...
!$omp end parallel

� firstprivate, lastprivate

� reduction

� default (shared|private)

� threadprivate

Notes:

The thread priva te directive must be in the declaration section and must foll ow the declaration of the named
COMMON blocks it references.Eachthread will have a storageblock for the namedCOMMONblock uponentry into a
parallel region. Theblock is uninitializedunless theCOMMONblock nameor variableswithin theblock arereferenced
in the copyi n clause. TheseCOMMONblocks areprivate to the thread, but commonwithin the thread. The values
within these namedCOMMONs arenot preservedacross parallel regions,unless dynamic threadsaredisabled andthe
numberof threadsacrossall parallel regionsis thesame.

In C/C++ thread priva te is used to give a privatecopy of a file-scope variable to eachthread.
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9.21 Synchronization

� Barriers

!$omp barrier #pragma omp barrier

� Critical sections

!$omp critical [printlock] #pragma omp critical [name]
!$omp end critical { structured block }

� Lock library routines

omp_set_lock(var)
omp_unset_lock(var)
...

Notes:

All threadsin a teamwill wait for each otherat thebar rier directive.
Threads wait at thebeginning of a critical region until no other teammembersarein theregion. Thecrit ical

directive hasanoptional name.All unnamedcritical regionsmapto thesamename.
In C/C++the#pra gma omp barri er mustbein a structuredblock; it is not a statement.
if ( x != 0)
#pra gma omp barri er

is anillegal structure.
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9.22 Synchronization (continued)

� Atomic

!$omp atomic #pragma omp atomic
count = count + 1 count += 1;

� Flush

!$omp flush [(list}] #pragma omp flush [(list)]

� Maintainmemoryconsistency
� Restore/reloadthread-visiblevariablesto/from memory
� Usefulfor customsynchronizationbetweenthreads

Notes:

In C/C++ the binary operator for the atomicupdate mustbe oneof the following: +, *, -, /, &, ^, |, < <,
> >, andmustnot beoverloaded.

In Fortrantheoperatorcanbe: +, * ,-, /, .AND. , .OR., .EQV. or .NEQV., or thelvaluecanbeinvolved
in oneof thefollowing intrinsics:MAX, MIN, IAND, IOR, IXOR.

Thereareimplicit flushes(with nolist) atabarrier, atentryandexit of acritical region,attheexit of worksharing
constructs(unless nowait is specified),andat theexit of a parallel region. Volatile storageclassvariablesneednot
beflushed,sinceby definition they cause thenecessaryflushesto becarried out.

Consideringthe different synchronization mechanisms,the more“heavyweight” mechanismslike barriers are
themostexpensive,but they do offer theadvantagethat they arelesslikely to yield correctness problems;synchro-
nization using synchronizationvariablesor locks canbemuchfaster, but it is moredifficult to ensure thatproblems
suchasdeadlocksnever occur.
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9.23 Synchronization: DO/FOR ordered

!$omp do ordered #pragma omp for ordered
do i = ... for (...)
... { ...

!$omp ordered #pragma omp ordered
print *,i,result(i) { structured block }

!$omp end ordered ...
... }
enddo

!$omp end do

Notes:

Theoutput from the PRINT statementwill be the samewhenrun in parallel or serial. This directive could be very
expensive.

The DO/FORdirective mustcontain the ordered clause, the loop canonly contain oneorderedclause, andthe
clause canonly beexecuted oncewith a giveniteration of theloop.
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9.24 Interoperability

OpenMPdirectiveswork with

� Automaticparallelization(-parallel )

� MPI

� SHMEM

On theIntel R
�

compilersrunningin SGI Altix systemsOpenMPdirectivesareenabled
with -openmp flag.
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9.25 Run-Time Library Routines

A sampleof theOpenMplibrary routines:

OMP_GET_NUM_THREADS
OMP_GET_THREAD_NUM
OMP_IN_PARALLEL
OMP_SET_NUM_THREADS
OMP_SET_DYNAMIC
OMP_SET_NESTED

� In C/C++use

#include <omp.h>

Notes:

Theselibrary routinescanbeusedto queryor override theenvironmental variablesthatcontrol parallel execution.
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9.26 OpenMP Envir onment Variables

Thefollowing variablesaredefinedby thestandard:

OMP_SCHEDULE(default static )
OMP_NUM_THREADS(default: numberof processorsin system)
OMP_DYNAMIC(default: .FALSE. )
OMP_NESTED(default: .FALSE. )

Thefollowing environmentvariablesareIntel R
�

compiler-specific:

KMP_LIBRARY (serial , turnaround or throughput )
KMP_STACKSIZE (default 4 MB)

SeetheIntel R
�

FortranCompilerUser’sGuidefor details.

Notes:

Theseenvironmental variableshelpcontrol thebehaviorof theparallel code.
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9.27 OpenMP on the SGI Altix 3000

� Supportedby theIntel R
�

compilers,but notby GNU compilers

� For moreinformationonOpenMPseewww.openmp.org

� For moreinformationonOpenMPsupport in theIntel R
�

compilers,seetheIntel R
�

C++ CompilerUser’s Guide,the Intel R
�

FortranCompilerUser’s Guide,andthe
KAP/Pro ToolsetReferenceManualVersion4.0

� The latestIntel R
�

compilerUserGuidesandReferenceManualscanbe foundon
http://developer.intel.com/
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Lab: Multipr ocessing on the SGI Altix systems

Changeto theAltix/OpenMP/labdirectory.

1. Runthecodemat_dist.f to getasingleprocessor timing.

2. Add OpenMPdirectivesto thesourcecodeandrecompile.

3. Runthecodein 2, 4, and8 processors. Usetime to determinechangesin elapsed
timesfor thevariousruns.
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Module 10

Compiling for Shared-Memory Parallelism

10.1 Module Objectives

� Introducefeaturesfor compilingfor shared-memoryparallelism

� Introducemethodsof breakingdatadependencies

� Introduceparallelizationperformanceissues

� Usethecompilersto parallelizeserialcode

215
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10.2 Compiling for Shared-Memory Parallelism

� TheIntel R
�

C/C++,andFortrancompilerscangenerateparallelcode

� Enabledby using-openmp or -parallel optionswhencompiling
� Interpretsdirectivesfor parallelization
� Introducesparallelisminto codewithout jeopardizingserialexecution

� Directivesareignoredwhen-openmp is not specified

� Generationof parallelcodefor loopsis attemptedwhen-parallel is used

� Whenboth -openmp and -parallel areusedno automaticparallelizationis at-
temptedin routinesthatalreadyhaveOpenMPdirectives

� The -openmp optionin Fortransetsthe -auto optionto ensurestackallocationof
all local variables
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10.3 Identifying Parallel Opportunities in Existing Code

� Loopswith potentialfor parallelism

� Loopswithoutdatadependencies
� Loopswith datadependenciesbecauseof

� Temporaryvariables� Reductions� Nestedloops� Functioncallsor subroutines

� Loopswithoutpotentialfor parallelism

� Prematureexit
� Too few iterations
� Programmingeffort to avoid datadependenciesis toogreat
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10.4 Parallelizin g LoopsWithout Data Dependencies

� SimpleC loop:

for (i = 0; i < max; i++) {
a[i] = b[i] + c[i];

}

� SimpleFortranloop:

do i = 1, max
a(i) = b(i) + c(i)
enddo

� Variabletypesthatarenot specifieddefault to shared
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10.5 Parallelizin g LoopsWithout Data Dependencies(continued)

� SimpleC loopcanbetransformedinto

#pragma omp parallel for \
shared(a, b, c, max) private (i)

for (i = 0; i < max; i++) {
a[i] = b[i] + c[i];

}
� Loop index mustbe private

� SimpleFortranloopcanbetransformedinto

c$omp parallel do
c$omp& shared(a, b, c, max), lastprivate(i)

do i = 1, max
a(i) = b(i) + c(i)
enddo

� Loop index mustbe private or lastprivate
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10.6 Parallelizin g LoopsWith Temporary Variables

� Temporaryvariablescancreatedatadependenciesif they areshared variables

for (i = 0; i < n; i++) {
tmp = a[i];
a[i] = b[i];
b[i] = tmp;

}

� Uselastprivate if variablecanbetreatedasprivate , but is to beusedafterloop

� By default, index variablesassumedto beprivate

c$omp parallel do lastprivate(i, x)
c$omp& shared(a, b, n)

do i = 1, n
x = a(i) + b(i)

enddo
print(*) i, x
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10.7 Parallelizin g LoopsWith Temporary Variables(continued)

� Makevariablesprivate wheneverpossible

#pragma omp parallel for \
shared(a, b, n) private (i, tmp)

for (i = 0; i < n; i++) {
tmp = a[i];
a[i] = b[i];
b[i] = tmp;

}
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10.8 Parallelizin g Reductions

� Generatingasinglevaluefrom theelementsof anarrayis referredto asareduction

� Thereis a datadependencebecausethe samememorylocation is written to
overmultiple loop iterations

� Usethereduction clausein thecorrespondingdirectiveor pragma
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10.9 Parallelizin g NestedLoops

� Nestedloopsprovideoptionsasto which loop to parallelize

� Reordertheloopsto

� Putthemostamountof work in eachiteration
� Removedatadependence

Datadependencedueto a[i][j] (parallelizingthe“k” loop):

for (k=0; k<n; k++)
for (j=0; j<n; j++)

for (i=0; i<n; i++)
a[i][j] = a[i][j] + b[i][k];

Reorderingtheloopsremovesthedatadependence(paralleliz-
ing the“ i ” loop):
for (i=0; i<n; i++)

for (j=0; j<n; j++)
for (k=0; k<n; k++)

a[i][j] = a[i][j] + b[i][k];
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10.10 Parallelizing LoopsWith Subroutinesand Functions

� Makesurecalledroutineshavenosideeffects

� Modifiesor usesonly sharedvariablesindexedby loopcontrolvariableor in a
critical region

� Must notusestaticvariables
� Eachcall from a threadmustbeindependentof any call from anotherthread

� Simpletestfor sideeffects

� If thefunctioncouldbetransformedinto inlinedcode,it is probablysafe

� Parallel-safefunctions

� All Fortranintrinsic functions
� Functionsin theC standardlibrary
� All functionsin themathlibrary
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10.11 UnparallelizableLoops

� Recurrence:loop iterationordernot changeable

DO I = 2,N
X(I) = X(I-1) + Y(I)

ENDDO

� Exit branch

DO I = 2,N
! some work
IF ( VALUE .GT. MAX ) GOTO999

ENDDO

� Loopswith too few iterations(notworthparallelizing)

DO I = 1,4
X(I) = 1

ENDDO

� Loopswith callsto functionswith sideeffects

DO I = 2,N
! some work
call unsafe_function

ENDDO
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10.12 Reducing Parallelization Overhead

� Measuringparallelizationoverhead

� Time serialrun
� Calculateonethreadof parallelprogram

� Time parallelprogramrunningsinglethreaded
� Comparesingle-threadtime to original serialrun

� Only parallelizea region if theperformancegain is morethantheoverhead

� Useconditionalparallelizationmodifierto controlwhena region is parallelized
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10.13 Conditional Parallelization

� Canconditionallyparallelizea regionbasedonhow muchwork it does

� Most oftenusedwith loops

� C/C++

#pragma omp parallel for private(i) if (max > 50)
for (i = 0; i < max; i++) {

/* loop body */
}

� Fortran

C$omp parallel do private(i) shared(n) if (n .GT. 50)
do i = 1, n

! work
enddo



228 AAPPL-1.0-L2.4-S-SD-W Compilingfor Shared-MemoryParallelism

10.14 Load Balancing

� Keepall threadsbusy

� Find loadimbalances

� Balancework donein independentblocks

� Examineloopsto determinethebestschedulingtypefor loops
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10.15 ProcessSpin Time

� Processesspinwhenwaiting for morework

� Readyto getnew work immediately
� WastesCPUtime if nonew work is available

� Settheamountof time to spinbeforeblocking

� Reducespintime if parallelregionsareisolatedor widely spaced

� Increasespin time for parallelregionsthatareclusteredin oneportionof thepro-
gram
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10.16 Guidelinesfor Parallelization

� Profileserialcode

� Determineregionsin which time is significant

� Look for opportunitiesin significantregions

� Introduceparallelloops
� Identify potentialindependentblocks
� Rearrangecodefor bestscheduling

� Modify dependentcodeblocks

� Identify suitablecodeblocks
� Isolatedependencein critical sectionor single-processor blocks

� Guardagainstdependence

� Synchronize
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10.17 Automatic Parallelization Limitatio ns

� C/C++

� Only analyzescertainfor loops
� for loopsusingexplicit arraynotation:array[index]� for loopsusingpointerincrementnotation:*var++

� Cannotanalyzefor loopsusingpointerarithmeticnotation:*(var + index)
� Cannotanalyzewhile or do/while loops
� Doesnot look for blocksof codeto berun in parallel

� Fortran

� Only analyzesDOloops
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10.18 Example: Fortran

% cat apo-example.f
program listing
real*4 a(0:9999), b(0:9999), total
total = 0.0
do i = 0, 9999

b(i) = i
enddo
do i=0, 9999

a(i) = b(i) + 1.0
enddo
do i=0, 9999

a(i) = safety_ unknown(a,i )
enddo
do i=0, 9999

total = total + a(i)
enddo
write(* ,*) total
end

% efc -parallel -par_report3 -c apo-example.f
program LISTING
procedure: listing
serial loop: line 13: not a parallel candidate due to statemen t at line 14

apo-exam ple.f(5) : (col. 0) remark : LOOP WASAUTO-PARALLELIZED.
parallel loop: line 5

shared: {"b"}
private : {"i"}
first privat e: { }
reducti ons: { }

apo-exam ple.f(9) : (col. 0) remark : LOOP WASAUTO-PARALLELIZED.
parallel loop: line 9

shared: {"b", "a"}
private : {"i"}
first privat e: { }
reducti ons: { }

apo-exam ple.f(17) : (col. 0) remark: LOOP WASAUTO-PARALLELIZED.
parallel loop: line 17

shared: {"a"}
private : {"i"}
first privat e: { }
reducti ons: {"total"}

22 Lines Compiled
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10.19 Example: C

% cat c-apo-example.c
main() {

float a[10000], b[10000], total=0.0;
int i;
for (i=0; i <= 9999; i++)

b[i] = i;
for (i=0; i <= 9999; i++)

a[i] = b[i] + 1.0;
for (i=0; i <= 9999; i++)

a[i] = safety_unkn own(a,i);
for (i=0; i <= 9999; i++)

total = total + a[i-1];
printf("%d \n", total);

}
% ecc -w -parallel -par_report3 -c c-apo-example.c

procedure: main
serial loop: line 13: not a parallel candidate due to statemen t at line 13

c-apo-ex ample.c(6) : (col. 17) remark: LOOP WASAUTO-PARALLELIZED.
parallel loop: line 6

shared: {"b"}
private : {"i"}
first privat e: { }
reducti ons: { }

c-apo-ex ample.c(9) : (col. 17) remark: LOOP WASAUTO-PARALLELIZED.
parallel loop: line 9

shared: {"b", "a"}
private : {"i"}
first privat e: { }
reducti ons: { }

c-apo-ex ample.c(17 ) : (col. 17) remark: LOOP WASAUTO-PARALLELIZED.
parallel loop: line 17

shared: {"a"}
private : {"i"}
first privat e: { }
reducti ons: {"total"}
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10.20 Strategy for Using-parallel

� Profilecodeto determineareasof mostperformancegain

� Look at outputof -par_report for moreparallelizationopportunities

� Theauto-parallelizermayneedmoreinformation

� Insertdirectivesor enablecompileroptionsto helptheauto-parallelizer

� Informationto parallelize/optimizemore
� Indicatewhich loopsareunimportant

� Repeattheabovestepsasmany timesasneeded
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10.21 Controlling the Analysis

� Directivesto controlparallelization:

� Fortran

!DIR$ PARALLEL
CDIR$ PARALLEL
!DIR$ NOPARALLEL
CDIR$ NOPARALLEL

� C/C++

#pragma ...



236 AAPPL-1.0-L2.4-S-SD-W Compilingfor Shared-MemoryParallelism

10.22 Debugging With -parallel

� Debugfirst runningsingle-threaded

% setenv OMP_NUM_THREADS 1

� Usingdebuggerson transformedcode:

� Compilewith -g

% efc -g -O0 -parallel file.f

� Avoid transformationsthatconfusethedebugger(inlining andloopunrolling)

� Parallelregions,loopsandsectionsgettransformedinto functions

� __<subprogram_name>_<line_no>__par_regi on<seq_no>
� __<subprogram_name>_<line_no>__par_loop <seq_no>
� __<subprogram_name>_<line_no>__par_sect ion< seq_no>
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Lab: AnalysisWith -parallel

Use-parallel to analyzeandparallelizeaprogram.

Lab: Parallel Performance

Breakdatadependenciesandchecktheanswers.

Lab: Multipr ocessing on the SGI Altix Systems

Changeto theAltix/Multiprocessing/labs/[fc]src directory.

1. Runthemat_dist.[fc] codeto getasingleprocessortiming.

2. Add multiprocessingdirectivesto thesourcecodeandrecompile.

3. Runthecodein 2, 4, and8 processors.

4. Runthemat_reduce.[fc] codeto getasingleprocessortiming.

5. Add multiprocessingdirectivesto thesourcecodeandrecompile.

6. Runthecodein 2, 4, and8 processors.
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Module 11

MessagePassing Interface

11.1 Module Objectives

After completingthis module,youwill beableto

� DefineMPI

� Describewhy messagepassingis aviableparallelprogrammingparadigm

� Explainwhy MPI is apopularmessagepassinglibrary

� Identify commonMPI components

� Write simpleparallelprogramsusingMPI calls

239
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11.2 MessagePassing

� Explicit parallelprogramming

� Programmerinsertscommunicationcallsinto theprogram“manually”
� All processors executeall thecode

� Basedon“message”transmittal

� Messageconsistsof statusand,usually, data

� Offerspoint-to-point(process-to-process)or global(broadcast) messages

� Requiresasenderanda receiver

� Processesdonothavedirectaccessto eachother’smemory
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11.3 Why MessagePassing?

� Only way to programparallelapplicationsfor non-sharedmemorysystems

� Givesprogrammer100%controlabouthow to divide theproblem

� Canperformbetterthanimplicit methods

� Portable— doesnot requireasharedmemorymachine
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11.4 What Is MPI?

� Thede-factostandardmessagepassinglibrary

� Similar functionalityto PVM andotherlibraries

� Goals

� Provide source-codeportability
� Allow efficient implementation
� Functionality

� Callablefrom Fortran,C, C++

� MPI 1.2has129routinesplus13“deprecated”ones(big!)
� MPI-2 adds157routines(bigger!)
� Subsetof 6 is enoughto dobasiccommunications(small!)
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11.5 MPI HeaderFilesand Functions

� Headerfile

� Fortran

INCLUDE ’mpif.h’

� C/C++

#include <mpi.h>

� Functionformat

� Fortran

CALL MPI_xxx (...., ISTAT)

� C/C++

int stat = MPI_Xxx (....);
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11.6 MPI Startup and Shutdown

� MPI initiali zation

� Fortran

CALL MPI_INIT (istat)

� C/C++

MPI_Init (int *argc, char ***argv);

� Must becalledbeforeany otherMPI calls

� MPI termination

� Fortran

CALL MPI_FINALIZE (istat)

� C/C++

int MPI_Finalize (void);

� Must becalledafter all otherMPI calls
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11.7 Communicator and Rank

� Communicator

� Groupof processes, eithersystemor userdefined
� Default communicatoris MPI_COMM_WORLD
� UsethefunctionMPI_COMM_SIZEto determinehow many processesarein the

communicator

� Rank

� Processnumber(zerobased)within thecommunicator
� UsethefunctionMPI_COMM_RANKto determinewhichprocessis currentlyexe-

cuting
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11.8 Compiling MPI Programs

ecc prog.c -lmpi

ecc prog.C -lmpi

efc prog.f -lmpi
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11.9 Launching MPI Programs

� On mostmachines,thempirun commandlaunchesMPI applications:

mpirun -np num_Procs user_executable[ user_args]

� Example:Launchingaprogramto runwith fiveprocessesononecomputer

% mpirun -np 5 ./a.out

� Example:Launchingaprogramto runwith 64processesoneachof two systems

% mpirun host1,host2 64 ./a.out



248 AAPPL-1.0-L2.4-S-SD-W MessagePassingInterface

11.10 Example: simple1_mpi.c

#include <mpi.h>
#include <stdio.h>
main(argc, argv)
int argc;
char *argv[];
{

int num_procs;
int my_proc;

/* Initialize MPI */
MPI_Init(&argc, &argv);

/* Determine the size of the communicator */
MPI_Comm_size(MPI_COMM_WORLD,&num_procs);

/* Determine processor number */
MPI_Comm_rank(MPI_COMM_WORLD,&my_proc);

if (my_proc == 0)
printf("I am process %d. Total number of \

processes: %d\n", my_proc,num_procs);

/* Terminate MPI */
MPI_Finalize();

}
% ecc simple1_mpi.c -lmpi
% mpirun -np 5 ./a.out
I am process 0. Total number of processes: 5
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11.11 Example: simple1_mpi.f

program simple1
include ’mpif.h’

C Initialize MPI
call mpi_init(istat)

C Determine the size of the communicator
call mpi_comm_size(mpi_comm_world, num_procs,

& ierr)
C Determine processor number

call mpi_comm_rank(mpi_comm_world, my_proc, jerr)
if (my_proc .eq. 0)

& write(6,1) ’I am process ’,myproc,
& ’. Total number of processes: ’,num_procs

1 format(a,i1,a,i1)
C Terminate MPI

call mpi_finalize(ierr)
end

% efc simple1_mpi.f -lmpi
% mpirun -np 5 ./a.out
I am process 0. Total number of processes: 5
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11.12 MPI Basic(Blocking) SendFormat

� C/C++synopsis

int MPI_Send (void* buf, int count, MPI_Datatype datatype,
int dest, int tag, MPI_Commcomm)

� Fortransynopsis

CALL MPI_SEND (BUF, COUNT, DATATYPE, DEST, TAG, COMM, ISTAT)
<type> BUF(*)
INTEGER COUNT, DATATYPE, DEST, TAG, COMM, ISTAT

� Standardallows for implementationto choosebufferingscheme

� buf containsthearrayof datato besent

� MPI_Datatype is oneof severalpredefinedtypesor aderived(user-defined)type
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11.13 MPI Basic(Blocking) ReceiveFormat

� C/C++synopsis

int MPI_Recv (void* buf, int count, MPI_Datatype datatype,
int source, int tag, MPI_Commcomm,
MPI_Status *status)

� Fortransynopsis

CALL MPI_RECV (BUF, COUNT, DATATYPE, SOURCE, TAG, COMM,
STATUS, IERROR)

<type> BUF(*)
INTEGER COUNT, DATATYPE, SOURCE, TAG, COMM, STATUS (MPI_STATUS_SIZE)

� MPI_ANY_SOURCEandMPI_ANY_TAGcanbeputin aswildcardswhenexactsource/tag
is notknown or is notcritical to theapplication

� buf containsthearrayof datato bereceived

� MPI_Datatype is oneof severalpre-definedtypesor aderived(user-defined)type
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11.14 Elementary Data Types

MPI Fortran
MPI_INTEGER INTEGER
MPI_REAL REAL
MPI_DOUBLE_PRECISION DOUBLEPRECISION
MPI_COMPLEX COMPLEX
MPI_LOGICAL LOGICAL
MPI_CHARACTER CHARACTER(1)
MPI_BYTE
MPI_PACKED

MPI C/C++
MPI_CHAR signed char
MPI_SHORT signed short int
MPI_INT signed int
MPI_LONG signed long int
MPI_UNSIGNED_CHAR unsigned char
MPI_UNSIGNED_SHORT unsigned short int
MPI_UNSIGNED unsigned int
MPI_UNSIGNED_LONG unsigned long int
MPI_FLOAT float
MPI_DOUBLE double
MPI_LONG_DOUBLE long double
MPI_BYTE
MPI_PACKED
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11.15 Example: simple2_mpi.c

#include <mpi.h>
#include <stdio.h>
#define N 1000
main(argc, argv)
int argc;
char *argv[];
{

int num_procs;
int my_proc;
int init, size, rank, send, recv, final;
int i, j, other_proc, flag = 1;
double sbuf[N], rbuf[N];
MPI_Status recv_status;

/* Initialize MPI */
if ((init = MPI_Init(&argc, &argv)) != MPI_SUCCESS) {

printf("bad init\n");
exit(-1);

}
/* Determine the size of the communicator */

if ((size = MPI_Comm_size(MPI_COMM_WORLD,&num_procs))
!= MPI_SUCCESS) {

printf("bad size\n");
exit(-1);

}
/* Make sure we run with only 2 processes */

if (num_procs != 2) {
printf("must run with 2 processes\n");
exit(-1);

}
/* Determine process number */

if ((rank = MPI_Comm_rank(MPI_COMM_WORLD,&my_proc))
!= MPI_SUCCESS) {

printf("bad rank\n");
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exit(-1);
}
if (my_proc == 0) other_proc = 1;
if (my_proc == 1) other_proc = 0;

for (i = 0; i < N; i++)
sbuf[i] = i;

/* Both processes send and receive data */
if (my_proc == 0) {

if ((send = MPI_Send(sbuf, N, MPI_DOUBLE, other_proc, 99,
MPI_COMM_WORLD))!= MPI_SUCCESS) {

printf("bad send on %d\n",my_proc);
exit(-1);

}
if ((recv = MPI_Recv(rbuf, N, MPI_DOUBLE, other_proc, 98,

MPI_COMM_WORLD,&recv_status))
!= MPI_SUCCESS) {

printf("bad recv on %d\n", my_proc);
exit(-1);

}
} else if (my_proc == 1) {

if ((recv = MPI_Recv(rbuf, N, MPI_DOUBLE, other_proc, 99,
MPI_COMM_WORLD,&recv_status))

!= MPI_SUCCESS) {
printf("bad recv on %d\n", my_proc);
exit(-1);

}
if ((send = MPI_Send(sbuf, N, MPI_DOUBLE, other_proc, 98,

MPI_COMM_WORLD))!= MPI_SUCCESS) {
printf("bad send on %d\n",my_proc);
exit(-1);

}
}

/* Terminate MPI */
if ((final = MPI_Finalize()) != MPI_SUCCESS) {

printf("bad finalize \n");
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exit(-1);
}

/* Making sure clean data has been transferred */
for(j = 0; j < N; j++) {

if (rbuf[j] != sbuf[j]) {
flag = 0;
printf("processor %d: rbuf[%d]=%f. Should be %f\n",

my_proc, j, rbuf[j], sbuf[j]);
}

}
if (flag == 1) printf("Test passed on processor %d\n",

my_proc);
else printf("Test failed on processor %d\n", my_proc);

}
% ecc -w simple2_mpi.c -lmpi
% mpirun -np 2 ./a.out
Test passed on process 1
Test passed on process 0
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11.16 Example: simple2_mpi.f

program two_procs
include ’mpif.h’
parameter (n=1000)
integer other_proc
integer send, recv
integer status(mpi_status_size)
dimension sbuf(n), rbuf(n)

call mpi_init(init)
if (init .ne. mpi_success) stop ’bad init’
call mpi_comm_size(mpi_comm_world, num_procs, ierr)
if (num_procs .ne. 2) stop ’npes not 2’
if (ierr .ne. mpi_success) stop ’bad size’
call mpi_comm_rank(mpi_comm_world, my_proc, jerr)
if (jerr .ne. mpi_success) stop ’bad rank’
if (my_proc .eq. 0) other_proc = 1
if (my_proc .eq. 1) other_proc = 0

do i = 1, n
sbuf(i) = i
enddo

if (my_proc .eq. 0) then
call mpi_send(sbuf, n, mpi_real, other_proc, 99,

& mpi_comm_world, send)
if (send .ne. mpi_success) stop ’bad 0 send’
call mpi_recv(rbuf, n, mpi_real, other_proc, 98,

& mpi_comm_world, status, recv)
if (recv .ne. mpi_success) stop ’bad 0 recv’

else if (my_proc .eq. 1) then
call mpi_recv(rbuf, n, mpi_real, other_proc, 99,

& mpi_comm_world, status, recv)
if (recv .ne. mpi_success) stop ’bad 1 recv’
call mpi_send(sbuf, n, mpi_real, other_proc, 98,
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& mpi_comm_world, send)
if (send .ne. mpi_success) stop ’bad 1 send’

endif

call mpi_finalize(ierr)
if (ierr .ne. mpi_success)stop ’bad final’
iflag = 1
do j = 1, n

if (rbuf(j) .ne. sbuf(j)) then
iflag = 0
print*,’process ’, my_proc, ’:rbuf(’, j, ’)=’,

& rbuf(j),’.Should be ’,sbuf(j)
endif

enddo

if (iflag .eq. 1) then
print*,’Test passed on process ’,my_proc

else
print*,’Test failed on process ’,my_proc

endif

end
% efc -w simple2_mpi.f -lmpi
% mpirun -np 2 ./a.out
Test passed on process 0
Test passed on process 1
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11.17 Addition al MPI Messaging Routines

� Bufferedmessages

MPI_Bsend(buf, count, datatype, dest, tag, comm)

� Asynchronousmessages

MPI_Isend (buf, length, data_type, destination,
message_tag, communicator, &request)

MPI_Ibsend(buf, count, datatype, dest, tag, comm, &request)

� Returnreceiptmessages

MPI_Ssend(buf, count, datatype, dest, tag, comm)
MPI_Issend(buf, count, datatype, dest, tag, comm, &request)

Notes:

Whenusingbufferedsends,theuser mustprovideausable buffer for MPI usinganMPI_Buffer _attac h command.
Additional MPI callsareavailableto manage thesebuffers.

Whenusing theasynchronousMPI calls, a handle is returnedto theuser. Theusercannot modify/delete “data”
until themessage is completedor freed. Seethenext slidefor checking thestatusof requests.
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11.18 MPI AsynchronousMessagingCompletion

MPI_Wait(request, status)
� Wait until requestis completed

MPI_Test(request, flag, status)
� Logical flag indicateswhetherrequesthascompleted

MPI_Request_free(request)
� Removesrequest

AsynchronousMessageReceipt
MPI_Irecv(buf, count, datatype, source, tag, comm, request)
MPI_Iprobe(source, tag, comm, flag, status)

� Checksfor messageswithout blocking

� Probewill checkfor messageswithout receiving them
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11.19 Commonly UsedMPI Features

� Point-to-pointmessages

� Collectiveoperations

� Broadcast
� For example,onetaskreadsin a dataitem andwantsto sendto all other

tasks
� Globalreductions

� Sums,products,minimums,maximums

� Deriveddatatypes

� Necessaryfor noncontiguous patternsof data

� Functionsto assistwith topologygrids

� Convenience—noperformanceadvantage
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11.20 CollectiveRoutines

� Calledby all processesin thegroup

� Examples

� Broadcast
� Gather
� Scatter
� All-to-all broadcast
� Globalreductionoperations(suchassums,products,max,andmin)
� Scan(suchaspartialsums)
� Barriersynchronization
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11.21 Synchronization

� Format

� C/C++synopsis

int MPI_Barrier(MPI_Comm comm)

� Fortransynopsis

CALL MPI_BARRIER (COMM, ISTAT)
INTEGER COMM, ISTAT

� Blocksthecallingprocessuntil all processeshavemadethecall

� Ensuressynchronizationfor time-dependentcomputations
� Most commonlyusedsynchronizationroutine
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11.22 Broadcast

� Format

� C/C++synopsis

int MPI_Bcast(void* buf, int count, MPI_Datatype datatype,
int root, MPI_Commcomm)

� Fortransynopsis

CALL MPI_BCAST (BUFFER, COUNT, DATATYPE, ROOT, COMM, ISTAT)
<TYPE> BUFFER(*)
INTEGER COUNT, DATATYPE, ROOT, COMM, ISTAT

� Broadcastsamessagefrom root to all processesin thegroup, includingitself
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11.23 Example: bcast.c

#include <mpi.h>
#include <stdio.h>
#define N 5
main(argc, argv)
int argc;
char *argv[];
{

int num_procs, my_proc;
int a[N];
int i, j, root=0;
for(i = 0; i < N; i++)

a[i] = -11;
MPI_Init(&argc, &argv);
MPI_Comm_size(MPI_COMM_WORLD,&num_procs);
MPI_Comm_rank(MPI_COMM_WORLD,&my_proc);
if (my_proc == root) {

for(i=0;i<N;i++)
a[i] = -20;

}
MPI_Bcast((void *)a, N, MPI_INT, root, MPI_COMM_WORLD);
for (j = 0; j < N; j++)

printf("%d ",a[j]);
printf("\n");
MPI_Finalize();

}
% ecc -w bcast.c -lmpi
% mpirun -np 7 ./a.out
-20 -20 -20 -20 -20
-20 -20 -20 -20 -20
-20 -20 -20 -20 -20
-20 -20 -20 -20 -20
-20 -20 -20 -20 -20
-20 -20 -20 -20 -20
-20 -20 -20 -20 -20
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11.24 Example: bcast.f

program cast
include ’mpif.h’
parameter (n=5)
dimension buf(n)
integer root
parameter (root = 0)

do i = 1, n
buf(i) = -11.0

enddo
call mpi_init(ierr)
call mpi_comm_size(mpi_comm_world, num_procs, ierr)
call mpi_comm_rank(mpi_comm_world, my_proc, jerr)
if (my_proc .eq. root) then

do i=1, n
buf(i) = -20.0

enddo
endif
call mpi_bcast(buf,n,mpi_real,root,mpi_com m_world,

& istat)
write(6,1) (buf(j), j=1,n)

1 format(5(f5.1,1x))
call mpi_finalize(ierr)
end

% efc -w bcast.f -lmpi
% mpirun -np 7 ./a.out
-20.0 -20.0 -20.0 -20.0 -20.0
-20.0 -20.0 -20.0 -20.0 -20.0
-20.0 -20.0 -20.0 -20.0 -20.0
-20.0 -20.0 -20.0 -20.0 -20.0
-20.0 -20.0 -20.0 -20.0 -20.0
-20.0 -20.0 -20.0 -20.0 -20.0
-20.0 -20.0 -20.0 -20.0 -20.0
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11.25 Reduction

� Format

� C/C++synopsis

int MPI_Reduce (void* sendbuf, void* recvbuf, int count,
MPI_Datatype datatype, MPI_Op op, int root, MPI_Commcomm)

� Fortransynopsis

CALL MPI_REDUCE(SENDBUF, RECVBUF, COUNT, DATATYPE, OP, ROOT,
COMM, ISTAT)

<type> SENDBUF(*), RECVBUF(*)
INTEGER COUNT, DATATYPE, OP, ROOT, COMM, ISTAT

� Combinestheelementsof sendbuf in eachprocessin thegroup, usingtheoperation
op, andreturnstheresultsin root process’s recvbuf

� MPI providespredefinedoperationsfor op:

MPI_MAX, MPI_MIN, MPI_SUM, MPI_PROD, MPI_LAND
MPI_BAND, MPI_LOR, MPI_BOR, MPI_LXOR, MPI_BXOR
MPI_MAXLOC, MPI_MINLOC
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11.26 Example: reduce.c

#include <mpi.h>
#include <stdio.h>
#define N 5
main(int argc, char *argv[])
{

int num_procs;
int my_proc;
int myarr[N];
int global_res[N];
int i;

MPI_Init(&argc, &argv);
MPI_Comm_size(MPI_COMM_WORLD,&num_procs);

MPI_Comm_rank(MPI_COMM_WORLD,&my_proc);
for (i = 0; i< N; i++)

myarr[i] = my_proc+i+1;
MPI_Reduce((void *) myarr, (void *) global_res, N, MPI_INT,

MPI_SUM, 0, MPI_COMM_WORLD);
if (my_proc == 0) {

for(i = 0; i< N ; i++)
printf("%d\n",global_res[i]);
printf("\n");

}
MPI_Finalize();

}
% ecc -w reduce.c -lmpi
% mpirun -np 5 ./a.out
15
20
25
30
35
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11.27 Example: reduce.f

program reduce
include ’mpif.h’
parameter (n = 5)
integer myarr(n)
integer global(n)

call MPI_Init(ierr)
call MPI_Comm_size(MPI_COMM_WORLD,num_procs, ierr)
call MPI_Comm_rank(MPI_COMM_WORLD,my_proc, jerr)
do i = 1, n

myarr(i) = my_proc + i
enddo
call MPI_Reduce(myarr, global, n, MPI_INTEGER, MPI_SUM, 0,

& MPI_COMM_WORLD,ierr)
if (my_proc .eq. 0)

& write(6,1) (global(i), i=1, n)
1 format(5(i2,1x))

call MPI_Finalize(ierr)
end

% efc -w reduce.f -lmpi
% mpirun -np 5 ./a.out
15 20 25 30 35
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11.28 MPI Application on SGI Altix Systems
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11.29 MPI Application After Startup
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11.30 MPI Application on SGI Altix Cluster
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11.31 MPI ProcessInitiation

� mpirun requeststhearrayservicesdaemon,arrayd , to createprocesses

� Login shell is created—createsasinglecopy of program

� Thiscopy becomesthe“shepherd” or MPI daemon

� ForkstheMPI processes, doesbookkeeping
� Onedaemonpermachinein acluster
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11.32 MPI ProcessRelationships

� Ancestor/descendentrelationshipis lost (trueonly onclusters)

� Extrashepherdprocessis introduced

� Most,but notall, job controlfunctionsareretained

� Cntl C/interruptworks
� Cntl Z/suspendworks
� fg worksto resume
� bg is not supported
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11.33 MPI MessagingImplementation
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11.34 MPI on SGI Altix Clusters

� Cancommunicateacrossmachinesin asuperclusterof SGI Altix Systems

� Threeinterhostcommunicationmodes:

� GSN(formerlycalledHiPPI 6400)
� Myrinet
� NUMAflex (XPMEM)
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11.35 NUMA Memory Layout

� Explicit NUMA placementusedfor staticmemoryandsymmetricheap

� “First-touch” is usedfor heapandstack

� dplace maybeused,but rememberto skip theshepherdprocess

mpirun -np 4 dplace -s1 -c0-3 a.out

� If cpusetsareused,thenumbersin the -c optionrefersto logical CPUswithin the
cpuset
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11.36 Cluster Example

� Seethe/usr/lib/array/arrayd.conffile

array goodarray
machine fast.sgi.com
machine faster.sgi.com
machine another.sgi.com

� Samplecommandto run128processesacrosstwo of theclusteredmachines:

mpirun -a goodarray fast 64 a.out : faster 64 a.out
� “64” is numberof processors
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11.37 Standard in/out/err Behavior

� All stdout/stderr from MPI tasksdirectedto mpirun

� stdout is line buffered

� Sentto mpirun asamessage

� stdin is limited to MPI rank0

� stdin is line buffered

� New line is neededfor mpirun to processinput from stdin
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11.38 Debugging

� EtnusTotalview

totalview mpirun -a -np 4 a.out
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11.39 UsingPerformanceTools

� profile.pl

mpirun -np 4 profile.pl [options] a.out



MessagePassingInterface AAPPL-1.0-L2.4-S-SD-W 281

11.40 Scheduling With cpusets

� In atime-sharedenvironment,usecpusetsto ensurethatmessagepassingprocesses
arescheduledtogether:

cpuset -q myqueue -A mpirun -np 100 a.out

� Dynamiccpusetcreationis supported in Platform’s LSF andAltair Engineering’s
PBSpro
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11.41 MPI Optimi zation Hints

� Do notusewildcards,exceptwhennecessary

� Do notoversubscribenumberof processors

� Collectiveoperationsarenotall optimized

� UseSHMEM to optimizebottlenecks

� Minimize useof MPI_barrier calls

� Optimizedpaths

� MPI_Send() / MPI_Recv()
� MPI_Isend() / MPI_Irecv()

� Lessoptimized:

� ssend, rsend, bsend, send_init

� WhenusingMPI_Isend()/MPI_Irecv() , be sureto free your requestby either
calling MPI_Wait() or MPI_Request_free()
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11.42 Envir onment Variables

� MPI_DSM_CPULIST

� Allows specificationof which CPUsto use
� If runningwithin an n-processor cpuset,use0-<n � 1> ratherthan physical

CPUnumbers
� Workslikeanimplicit dplace -s1

� MPI_BUFS_PER_PROC

� Numberof 16-kBbuffersfor eachprocessor (default32)
� For usewithin a host;they areassignedlocally socopy into buffer is efficient

andhasnocontention

� MPI_BUFS_PER_HOST

� Singlepoolof buffersfor interhostcommunication,16kB each(default32)
� Lessmemoryusagebut morecontention

� Many others,seeman mpi
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11.43 Instrum enting MPI

� MPI hasPMPI* names

int MPI_Send(args)
{

sendcount++;
return PMPI_Send(args);

}
� “MPI_Send ” is userdefinedsendfunction;“PMPI_Send” is theactual

MPI_Send functionin thelibrary
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11.44 MessagePassing References

� Manpages

� mpi
� mpirun
� shmem

� Releasenotes

� relnotes mpt

� MPI Standard

http://www.mpi-forum.org/docs/docs.html
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11.45 General MPI Issues

� Most programsuseblockingcalls

� Useof nonblockingandsynchronizationcallscanleadto fastercodes

� Synchronization(barrier, wait, andso on) calls areoften overused;algorithmre-
thinkingofteneliminatestheunnecessarycalls

� Insteadof writing your own procedures,investigatewhetherMPI hasoneanduse
it (for example,reductions,synchronization,broadcast)

� URLs http://www.mcs.anl.gov/mpi/index.html and
http://www.mpi-forum.org/docs/docs.html aregoodstartingpointsto learn
moreaboutthestandard
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Lab: MPI and Explicit Data Decomposition

For thefollowing labexercises,makesurethempt moduleis loaded.

1. Write aprogramto distributethework of initializing anarray, A, where
A(i) = i asi = 1 to 1024
Sharethework acrossfour PEs.Haveeachprocessor calculateapartialsumfor A.
UseMPI callsto passall thepartialsumsto oneprocessor.
Whatis thefinal sum?
How well doesyourprogram“scale”?

2. Try usinganMPI call to do thereduction.
How many processorsnow have thefinal sum?

3. UseanotherMPI call to getthesumto all theprocessors.

4. Compileandrun theprogramAltix/MPI/mxm4.mpi.[fc] . Thisprogrammustbe
runon four PEs.
mxm4.mpi.[fc] is adistributed256 256matrix multiply, where
B ( i , j ) = i - j
C ( i , j ) = 2i - j
Theinitial datalayoutis asfollows:

B * C = A
+---+---+---+---+ +---+---+---+---+ +---+---+---+---+
| | | | | | | | | | | | | | |
| | | | | | | | | | | | | | |
| | | | | | | | | | | | | | |
| I |II |III|IV | | I |II |III|IV | | I |II |III|IV |
| | | | | | | | | | | | | | |
| | | | | | | | | | | | | | |
| | | | | | | | | | | | | | |
+---+---+---+---+ +---+---+---+---+ +---+---+---+---+
0 1 2 3 0 1 2 3 0 1 2 3



288 AAPPL-1.0-L2.4-S-SD-W MessagePassingInterface

Thefirst passof theouterloopuses:
B * C = A
+---+---+---+---+ +---+---+---+---+ +---+---+---+---+
| | | | | | I | | | | | | | | |
| | | | | +---+---+---+---+ | | | | |
| | | | | | |II | | | | | | | |
| I |II |III|IV | +---+---+---+---+ | I |II |III|IV |
| | | | | | | |III| | | | | | |
| | | | | +---+---+---+---+ | | | | |
| | | | | | | | |IV | | | | | |
+---+---+---+---+ +---+---+---+---+ +---+---+---+---+

Thefirst datatransfermoves:
B * C = A
+---+---+---+---+ +---+---+---+---+ +---+---+---+---+
| | | | | | ------------> | | ------------> |
| | | | | | | | | | | | | | |
| | | | | | | | <---- | | | | <---- |
| I |II |III|IV | | I |II |III|IV | | I |II |III|IV |
| | | | | | | <---- | | | | <---- | |
| | | | | | | | | | | | | | |
| | | | | | <---- | | | | <---- | | |
+---+---+---+---+ +---+---+---+---+ +---+---+---+---+

How many passesdoesit take to completethemultiply?

Which piecesof dataareusedon eachpassof the outerloop? How muchdatais
movedto completethemultiply?

5. Add calls to time themultiplicationphaseandthedatapassingstagesof this pro-
gram.
How many MFLOPsdoeseachprocessor achieve in themultiplicationphase?

How muchis the performancereducedif the overheadof datapassingis consid-
ered?
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6. Modify thedatapassingroutinesto reducethedatapassingtime.
How muchdoesthis improve theoverall performanceof thisprogram?

Whatis thetrade-off for this improvement?

7. Canyoureducethedatapassingtime furtherby changingthedatadecomposition?
Whataboutreplicatingsomeof thedata?
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Module 12

SharedMemory AccessLibrary (libsma)

12.1 Module Objectives

After completingthis module,youwill beableto

� Understandone-sided,data-passingconcepts

� Usedata-passingcallsto parallelizeapplications

291
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12.2 SharedMemory Access Librar y

� “Globalmemoryaccess”librarydevelopedbyCrayResearchfor theCrayT3D/T3E

� Library routinesoperateon remoteandlocalmemory

� UnderAltix, partof MessagePassingToolkit (MPT) package

� Unlikemessagepassing,shmemroutinesdonot requirethesender-receiverpair

� Minimal overheadandlatency andmaximumdatabandwidth

� Availableonall SGI systems
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12.3 SharedMemory Access Librar y (continued)

Supportedoperations

� Remotedatatransfer

� Atomic swap

� Atomic incrementandadd

� Work-sharedbroadcastandreduction

� Synchronization
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12.4 Shmem Parameters

Someshmemroutineshavepredefinedparametersasargument(s)

� C/C++

#include <mpp/shmem.h>

� Fortran

INCLUDE ’mpp/shmem.fh’
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12.5 Data Addr esses

� C, C++,or Fortrandataobjectsarepassedby addressto SHMEMroutines

� Targetor sourcearraysthatresideon theremotePEmustbe“symmetric”

� SHMEMroutinesthat operateon the samedataobjecton multiple PEsrequirethat
symmetricdataobjectsbepassed(collective routines)

� Symmetric

� Dataobjectwhoselocal addressis exactly the sameasa corresponding data
objecton remotePEs

� Remotedataobjectsareaccessedby usingthe addressof the corresponding
dataobjecton thelocalPE

� Thefollowing dataobjectsaresymmetriconAltix systems:

� FortranPE-privatedataobjectsin commonblocksor with theSAVE attribute
� Thesedataobjectsmustnotbedefinedin aDSO

� Non-stackC andC++ variables
� Thesedataobjectsmustnotbedefinedin aDSO

� Objectsallocatedfrom thesymmetricheapusingshmalloc , shpalloc , or re-
latedroutines
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12.6 Indi vidual Routines

� Calledby onePEregardlessof how many PEsareallocatedto a job

� “Owner” of theremotememoryis not involvedin thetransfer

� Useris responsible for any necessary synchronization

� Most commonlyusedindividual routines:

� shmem_getn: calling PEgetsdatafrom aspecifiedPE
� Usessimpleloads
� Blocksexecution— doesnot returnuntil datahasarrivedin localmemory

� shmem_putn: calling PEputsdatato aspecifiedPE
� Usessimplestores� Functionreturnswhenlast storeinstructionis issued;datamay not have

arrivedat destinationyet� Orderof arrival in remotememoryfor multiple callsis notguaranteed
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12.7 GET Operations

� C/C++datatransfer

void shmem_get<32|64|128> (void *target, const void *source,
size_t len, int pe)

� Fortrandatatransfer

integer len, pe
call shmem_get<4|8|32|64|128> (target, source, len, pe)

� Transferlen wordsfrom addresssource onprocesspe to addresstarget onlocal
processing element

� C/C++strideddatatransfer

void shmem_iget<32|64|128> (void *target, const void *source,
ptrdiff_t tst, ptrdiff_t sst,
size_t len, int pe)

� Fortranstrideddatatransfer

integer tst, sst, len, pe
call shmem_iget<4|8|32|64|128> (target, source, tst, sst,

len, pe)

� Transferstrideddatafrom aspecifiedprocessingelement(PE)
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12.8 PUT Operations

� C/C++datatransfer

void shmem_put<32|64|128> (void *target, const void *source,
size_t len, int pe)

� Fortrandatatransfer

integer len, pe
call shmem_put<4|8|32|64|128> (target, source, len, pe)

� Transferlen wordsto addresstarget onprocesspe from addresssource onlocal
processing element

� C/C++strideddatatransfer

void shmem_iput<32|64|128> (void *target, const void *source,
ptrdiff_t tst, ptrdiff_t sst,
size_t len, int pe)

� Fortranstrideddatatransfer

integer tst, sst, len, pe
call shmem_iput<4|8|32|64|128> (target, source, tst, sst,

len, pe)

� Transferstrideddatato aspecifiedprocessing element(PE)
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12.9 Get and Put

� target Array to beupdated

� For get routines,target resideson the local PE. For put routines,target
resideson theremotePEandmustberemotelyaccessible.

� Datatypesareasfollows:
� shmem_getn, shmem_iget n, shmem_putn, shmem_iput n

Any non-charactertypethathasastoragesizeequalto n bytes

� source Array to becopied.

� Thesource argumentcanhaveany datatypepermittedfor target
� For put routines,source resideson the local PE For get routines,source

resideson theremotePEandmustberemotelyaccessible

� len Numberof elementsin thetargetandsourcearrays

� pe PEnumberof theremotePE
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12.10 Starting Up Virtual PEs

� YoumuststartPEsfor adatapassing(shmem) program

� Synopsis:

� C/C++:

void start_pes(int npes)

� Fortran:

integer npes
call start_pes(npes)

� npes identifiesthetotalnumberof PEsdesired;however, sinceshmemis layeredon
theMPI library, the mpirun command’s option -np will determinethenumberof
processescreated.

� Routinecan be called only once,preferablybeforeany other calls by the main
program
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12.11 Determining Processing Element Number

� Synopsis

� C/C++:

int _my_pe (void);

or

int shmem_my_pe(void);

� Fortran:

MYPE = MY_PE ()

or

INTEGER SHMEM_MY_PE
MYPE = SHMEM_MY_PE()

� Thesefunctionsreturnthenumberof thecallingprocessingelement(zero-based)
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12.12 Determining the Total Number of PEs

� Synopsis

� C/C++:

int _num_pes (void);

� Fortran:

NPES = NUM_PES()

� Thesefunctionsreturnthetotalnumberof processingelementsin thecurrentappli-
cation
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12.13 Compiling and Running SHMEM Programs

� To compile

cc prog.c -lsma
g77 prog.f -lsma
ecc prog.c -lsma
efc prog.f -lsma

� If usingSHMEM andMPI together, addthe-lmpi loaderoption

� On theSGI Altix, SHMEM runson topof MPI, sotheuseof mpirun is necessary:

mpirun -np no_of_processesexecutable
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12.14 Example: GET (Fortran)

PROGRAMGET ! SAMPLE 2-PE CODEUSING SHMEM_GET32
INTEGER, PARAMETER:: SIZE = 10
COMMON/BLK/ SRC
REAL(KIND=4), DIMENSION(SIZE) :: SRC, TARGET
INTEGER :: OTHER_PE, SHMEM_MY_PE
CALL START_PES(2) ! start 2 virtual PE’s
IF (SHMEM_MY_PE() == 0) OTHER_PE= 1
IF (SHMEM_MY_PE() == 1) OTHER_PE= 0
SRC = SHMEM_MY_PE()
CALL SHMEM_BARRIER_ALL() ! MAKE SURE EVERYONEHAS

! INITIALIZED SRC
CALL SHMEM_GET32(TARGET,SRC, SIZE, OTHER_PE)
WRITE(6,1) ’PE’,MY_PE(),’: ’, (TARGET(I), I=1, SIZE)

1 FORMAT(A,I2,A,10(F3.1,1X))
END PROGRAMGET

% efc shmemget32.f90 -lsma
% mpirun -np 2 ./a.out
PE 0: 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
PE 1: 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0



SharedMemoryAccessLibrary AAPPL-1.0-L2.4-S-SD-W 305

12.15 Example: GET (C/C++)

#include <stdio.h> /* sample 2 PE code using shmem_get32 */
#define SIZE 10
main()
{

static float src[SIZE];
float target[SIZE];
int other_pe;
int i;
start_pes(2); /* start 2 virtual PE’s */
if (shmem_my_pe() == 0) other_pe = 1;
if (shmem_my_pe() == 1) other_pe = 0;
for (i = 0; i < SIZE; i++) src[i] = shmem_my_pe();

shmem_barrier_all(); /* make sure everyone has
initialized src */

shmem_get32(target, src, SIZE, other_pe);
printf("PE %d: ",_my_pe());
for (i = 0; i < SIZE; i++) printf("%3.1f ",target[i]);
puts("\n");

}
% cc shmemget32.c -lsma
% mpirun -np 2 ./a.out
PE 1: 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
PE 0: 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
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12.16 Completing a Singleput Operation

Sinceput is asynchronous, it is theprogrammer’s responsibility to guaranteethearrival
(put)of datato theremotePE.Thiscanbedonevia:

� shmem_barrier_all
(guaranteesmemoryandremotestorecompletions)

� shmem_wait
(eventdrivenwait routine)

� shmem_wait_until
(eventdrivenwait routine)

� shmem_quiet
(guaranteescompletionof remotestores)

� shmem_fence
(guaranteesnetwork quietandcompletionof remotestores)
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12.17 Example: PUT (Fortran)

PROGRAMPUT ! SAMPLE 2-PE CODEUSING SHMEM_PUT32
INTEGER, PARAMETER:: SIZE = 10
COMMON/BLK/ TARGET
REAL(KIND=4), DIMENSION(SIZE) :: SRC, TARGET
INTEGER :: OTHER_PE, SHMEM_MY_PE
CALL START_PES(2) !START 2 VIRTUAL PE’S
IF (SHMEM_MY_PE() == 0) OTHER_PE= 1
IF (SHMEM_MY_PE() == 1) OTHER_PE= 0
SRC = SHMEM_MY_PE()
CALL SHMEM_PUT32(TARGET,SRC, SIZE, OTHER_PE)
CALL SHMEM_BARRIER_ALL() ! MAKE SURE DATA HAS BEEN

! DELIVERED
WRITE(6,1) ’PE’,MY_PE(),’: ’, (TARGET(I), I=1, SIZE)

1 FORMAT(A,I2,A,10(F3.1,1X))
END PROGRAMPUT

% efc shmemput32.f90 -lsma
% mpirun -np 2 ./a.out
PE 0: 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
PE 1: 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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12.18 Example: PUT (C/C++)

#include <stdio.h> /* sample 2 PE code using shmem_put32 */
#define SIZE 10
main()
{

static float target[SIZE];
float src[SIZE];
int other_pe;
int i;
start_pes(2); /* start 2 virtual PE’s */
if (shmem_my_pe() == 0) other_pe = 1;
if (shmem_my_pe() == 1) other_pe = 0;
for (i = 0; i < SIZE; i++) src[i] = shmem_my_pe();
shmem_put32(target, src, SIZE, other_pe);
shmem_barrier_all(); /* make sure data has been delivered */
printf("PE %d: ",_my_pe());
for (i = 0; i < SIZE; i++)

printf("%3.1f ",target[i]);
puts("\n");

}
% ecc shmemput32.c -lsma
% mpirun -np 2 ./a.out
PE 0: 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
PE 1: 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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12.19 Multiple PUT Calls

shmem_fence assuresorderingof deliveryof puts

� Synopsis

� C/C++:

void shmem_fence(void);

� Fortran:

CALL SHMEM_FENCE

� All put operationsissuedto a particularprocessing elementprior to the call to
shmem_fence areguaranteedto bedeliveredbeforeany put operationsto thesame
processing elementthatfollow thecall to shmem_fence
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12.20 Example: Multiple PUT Calls (Fortra n)

PROGRAMMULTI_PUT
! SAMPLE 2-PE CODEUSING MULTIPLE SHMEM_PUT64CALLS
INTEGER, PARAMETER:: SIZE = 500000
COMMON/BLK/ TARGET1, IFLAG
REAL(KIND=8), DIMENSION(SIZE) :: SRC, TARGET1
INTEGER :: OTHER_PE, SHMEM_MY_PE
CALL START_PES(2)
IF (SHMEM_MY_PE() == 0) OTHER_PE= 1
IF (SHMEM_MY_PE() == 1) OTHER_PE= 0
DO I = 1, SIZE

SRC(I) = SIN(FLOAT(I))
ENDDO
IFLAG=999
IF (SHMEM_MY_PE() == 1) THEN

CALL SHMEM_WAIT(IFLAG, 999)
...

ELSE ! PE 0
CALL SHMEM_PUT64(TARGET1,SRC, SIZE, OTHER_PE)
CALL SHMEM_FENCE()! GUARANTEESTARGET1 IS PUT
IFLAG = -999
CALL SHMEM_PUT64(IFLAG, IFLAG, 1, OTHER_PE)
...

ENDIF
...
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12.21 Example: Multiple PUT Calls (C/C++)

#include <stdio.h>
/* sample 2 PE code using multiple shmem_put64 calls */
#include <math.h>
#define SIZE 500000
main()
{

static double, target[SIZE];
double src[SIZE];
static long flag;
int other_pe;
int i;
start_pes(2);
if (shmem_my_pe() == 0) other_pe = 1;
if (shmem_my_pe() == 1) other_pe = 0;
for (i = 0; i < SIZE; i++) src[i] = sin((float) i);
flag = 999;
if (_my_pe() == 1) {

shmem_wait (& flag, 999)
...

}
else {

shmem_put64(target, src, SIZE, other_pe);
shmem_fence(); /* guarantees target is put */
shmem_put64(& flag, -999, 1, other_pe);
...

}
...

}
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12.22 Atomic SwapOperations

� Synopsis

� C/C++:

long shmem_swap (long *target, long value, int pe)

� Fortran:

integer shmem_swap, pe
ires = shmem_swap(target, value, pe)

� Writesvaluevalue into target onprocessing elementpe andreturnstheprevious
contentsof target asanatomicoperation
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12.23 CollectiveRoutines

Thefollowing areSHMEM collective routines:

� shmem_and

� shmem_barrier

� shmem_broadcast

� shmem_collect

� shmem_max

� shmem_min

� shmem_or

� shmem_prod

� shmem_sum

� shmem_xor
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12.24 CollectiveRoutines(continued)

� Collective routinesneedtheincludefile shmem.hor shmem.fh

� All participatingPEsmustmake thecall; syntaxis generallyof theform:

shmem_func(*t arget, *source, nitems, PE_start,
log 2PE_stride, PE_size, *pWrk, *pSync)

� target
targetaddress(symmetric)

� source
sourceaddress(symmetric)

� nitems
numberof items(32-bitor 64-bit) to betransferred

� PE_start
basePEnumber

� log 2PE_stride
log2 (stridebetweenPEs)

� PE_size
numberof PEsto make thecall (theactiveset)

� pWrk
scratchwork arrayusedinternally(symmetric)

� pSync
scratchsynchronizationarrayusedinternally(symmetric)
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12.25 CollectiveRoutines(continued)

� Example:

shmem_func ( *t, *s, n, 5, 1, 4, *pWork, *pSync)

� Theactivesetof PEsdefinedby (5, 1, 4) is: 5, 7, 9, 11

� All collective routinesmustinitialize andusea pSync array

� UsingthepSync array
� Sizeof thepSync arrayis differentfor differentoperations

! Definedin theheaderfile
� All of pSync arrayshouldbeinitialized to _shmem_sync_value

(shmem_sync_value for Fortran)� All PEsin theactivesetmustinitializepSync beforeany PEcallsacollec-
tive routine� Multiple pSync arraysareoftenneededif a particularPEcallsacollective
SHMEMroutinemorethanonce
! SomePEsin theactive setfor thesecondcall arrive at thatcall before

processing of thefirst call is complete.Therearetwo specialcases:
! The shmem_barrier_all routineallows the samepSync array to be

usedonconsecutivecallsaslongastheactive PEsetdoesnotchange
! If the samecollective routine is called multiple times with the same

activeset,thecallsmayalternatebetweentwo pSync arrays.TheSHMEM
routinesguaranteethata first call is completelyfinishedby all PEsby
thetime processingof a third call beginsonany PE

! BecausetheSHMEMroutinesrestorepSync to its original contents,mul-
tiple calls that usethesamepSync arraydo not requirethat pSync be
reinitializedafterthefirst call

� All collective routinesmustallocatea pWrk array
� Sizeof thepWrk arrayis differentfor differentoperations

! Definedin theheaderfile
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12.26 Reduction Routines

� SHMEMreductionroutinesperformreductionsonsymmetricarrays:

� shmem_and
� shmem_broadcast
� shmem_collect
� shmem_max
� shmem_min
� shmem_or
� shmem_prod
� shmem_sum
� shmem_xor

� Theseroutinesperforma reductionacrossasetof PEs

� Returnthereductionto all PEs

� Routinesexist for short , int , float , double , complexf , complexd or in Fortran
90 INT8 , REAL8, COMP8, INT4 , REAL4, COMP4
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12.27 Reduction Example

� Assumefour PEs
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12.28 Reduction Example (continued)

� Fortran:

npes = num_pes()
Call Shmem_int8_sum_to_all(trg, src, 1, 0, 0, npes, wrk, sync)

� C/C++:

npes = _num_pes();
shmem_int_sum_to_all(&trg, &src, 1, 0, 0, npes, wrk, sync);
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12.29 Reduction Example (continued)

� Fortran:

npes =shmem_n_pes()
Call Shmem_int8_sum_to_all(trg, src, 3, 0, 0, npes, wrk, sync)

� C/C++:

npes = shmem_n_pes();
shmem_int_sum_to_all(trg, src, 3, 0, 0, npes, wrk, sync);
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12.30 Example: Reduction (Fortra n)

PROGRAMTOALL
INCLUDE ’mpp/shme m.fh’
COMMON/BLK/ PWK(SHMEM_REDUCE_MIN_WRKDATA_SIZE), &

PSYNC(SHMEM_REDUCE_SYNC_SIZE), &
SHARED_SRC, SHARED_TGT

INTEGER*8 :: PSYNC
REAL*8 :: PWK
REAL*8 :: SHARED_SRC, SHARED_TGT
INTEGER*8, PARAMETER :: N = 256
INTEGER*4 :: SHMEM_MY_PE
REAL*8, DIMENSION(N) :: A
REAL*8 :: GLOBAL_SUM
CALL START_PES(0) !number of PE’s determined at run-ti me
NUMPES= NUM_PES()
SHARED_SRC = 0.0

! INITIALIZE THE SYNC ARRAY
DO I = 1, SHMEM_REDUCE_SYNC_SIZE

PSYNC(I) = SHMEM_SYNC_VALUE
ENDDO
CALL SHMEM_BARRIER_ALL( ) ! must sync after initia lizing psync

! INITIALIZE THE LOCAL ARRAY AND PRIVATE SUM
DO I = 1, N

A(I) = SHMEM_MY_PE() * 256 + I
SHARED_SRC = SHARED_SRC + A(I)

ENDDO
! WAIT FOR ALL PES’ TO COMPLETEINITIAL IZATION

CALL SHMEM_REAL8_SUM_TO_ALL(SHARED_TGT, SHARED_SRC, 1, &
0, 0, NUMPES, PWK, PSYNC)

GLOBAL_SUM = SHARED_TGT
IF (SHMEM_MY_PE() == 0) &

PRINT*,’G LOBAL SUM = ’, GLOBAL_SUM
END PROGRAMTOALL

% efc shmemall.f90 -lsma
% mpirun -np 4 ./a.out
GLOBAL SUM = 524800.
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12.31 Example: Reduction (C/C++)

#include <stdio.h>
#include <mpp/shmem.h>
main()
{

/* Static work space for shared memory library */
static double shared _source = 0.0;
static double shared _target;
static double pWrk[_ SHMEM_REDUCE_MIN_WRKDATA_SIZE];
static long pSync[_S HMEM_REDUCE_SYNC_SIZE];
/* Local variab les for main */
double A[256];
int i;
double global_s um;
int mype, npes;
start_pes( 0); /* number of PE’s determine d at run-ti me */
mype = shmem_my_pe();
npes = _num_pes();
/* Initial ize the sync array */
for (i=0; i < _SHMEM_REDUCE_SYNC_SIZE; i++)

pSync[i ] = _SHMEM_SYNC_VALUE;
shmem_barr ier_all(); /* must sync after initial izing psync */
/* Initial ize the local array & sum */
for(i = 0 ; i < 256; i++) {

A[i] = (mype * 256) + i + 1;
shared_ source += A[i];

}
/* calcula te the global sum */
shmem_double_sum_to_ all (&share d_target, &shared_sou rce,

1,0,0, npes,pWrk, pSync);
global_sum =shared_ta rget;
if (mype ==0 )

printf( "global sum = %f \n",globa l_sum);
}

% ecc shmemall.c -lsma
% mpirun -np 4 ./a.out
global sum = 524800.000 000
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12.32 Inside the Implementation

� Applicationlaunchandhelperprocesses

� MPI messagepassingimplementation

� SHMEMdata-passing andsynchronizationimplementation
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12.33 SHMEM Application Running on SGI Altix Systems
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12.34 SHMEM ProcessRelationships

� Startupinitiatedby start_pes() function

� Extrashepherdprocessis used

� Ancestor-descendentrelationshipandall job controlis intact
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12.35 SHMEM PUT/GET Implementation

� Memory copy via fastbcopy() , a fastversionof bcopy() provided in the SGI
MPI library

� Symmetricdataobjectsmustbeused

� Static memory
� Symmetricheap
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12.36 SHMEM Optimi zation Hints

� Getsarebetterthanputsbecauseof cacheside-effects

� Reducethefrequency of barriersif possible

� Removeextra barriersthatoftencreepin
� Considerusingflagwordsandshmem_wait()

� Avoiduseof shmem_swapfor implementinglocks.Useshmem_lock /shmem_unlock
instead.
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12.37 Instrum enting SHMEM

SHMEM has_shmem* names:

shmem_put32(args) User-definedfunction
{

datasent += len;
_shmem_put32(args); Actual shmem_put32 function

}
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Lab: Using the shmemlibrary

1. Write aprogramto distributethework of initializing anarray, A, where
A(i) = i asi = 1 to 1024(youcanreusethecodefrom theMPI module).
Sharethework acrossfour PEs.Haveeachprocessor calculateapartialsumfor A.
Useshmemcallsto passall thepartialsumsto oneprocessor.
Whatis thefinal sum?

How well doesyourprogram“scale”?

2. Try usingashmemcall to do thereduction.
How many processorsnow have thefinal sum?

3. CompileandruntheprogramAltix/SHMEM/mxm4.mpi.[fc]. Thisprogrammustbe
runon four PEs.
Convert the MPI calls to shmemcalls. Run the codeandmake sureyou get the
sameanswers.
How do thetimingscompareto theMPI code?



Module 13

Tuning Parallel Applications

13.1 Module Objective

After completingthemodule,youwill beableto recognizeperformanceproblemsintro-
ducedby parallelprocessing.

329
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13.2 Prescription for Performance

� First, tunesingle-processorperformance

� Cachemanagementis the most important factor in single processor perfor-
manceonSGI Altix Systems(andmostmicroprocessor-basedsystems)

� Hastheprogrambeenproperlyparallelized?

� Is enoughof theprogramparallelized(Amdahl’s law)?
� Is theloadwell-balanced?

� OpenMPprograms

� Cache-friendlyprograms:nodataplacementtuning
� Noncache-friendlyprograms: Is falsesharingaproblem?

� Determineusingprofile.pl , histx , Vtune� Fix by modifyingdatastructures

Notes:

Thefirst stepin tuning a parallel applicationis makingsurethat it hasbeenproperly parallelized. This meansthat
enoughof thecodeneedsto havebeenparallelized to allow theprogramto attain thedesiredspeedup. TheAmdahl’s
law extrapolation shownbelow helpsdetermine if this is a source of performanceproblems. Amdahl’s law states
thatthespeedup on N processors,SN, for a programwith a parellelizable fraction p of its running time, is:

SN " 1#
1 $ p%'& #

p( N %
FromAmdahl’s law you cancalculatethevalue of p to extrapolatethepotential speedupwith highernumbers

of processors. If N andM arethetwo processorcounts for which speedupsareknown, then

p " SN $ SM#
1 $ 1

N % SN $ #
1 $ 1

M % SM
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13.3 Has the Program BeenProperly Parallelized?

� Tuningdataplacement

� Currently, first-touchis theonly page-placementpolicy availableon theAltix
� Initialize datain parallel

� Amdahl’s law: Sequentialcomponentneedsto be small enoughto allow desired
scaling

� Workloadneedsto bebalanced

� Useprofile.pl to measureeachprocess’s load
� Useproperschedulingtypesandalgorithms
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13.4 OpenMP Programs

� Platform-independentperformancecriteria

� Amdahl’s law
� Loadbalance

� Platform-dependentperformancecriteria

� Eliminatecachecoherency contention(sharedmemory)
� Dataplacement(distributedsharedmemory)

� Dataplacementis notaproblemfor

� Single-processorprograms
� Cachefriendly programs
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13.5 Non-Cache-Friendly Programs

If scalingis poor, thefirst thing to checkfor is cachecoherency contention

� Memorycontention

� OneCPUrepeatedlyupdatesacacheline thatotherCPUsusefor input

� Falsesharing

� Two or moreCPUsrepeatedlyupdatethesamecacheline

� Identifiedby highnumberof cacheinvalidations

� Uselipfpm(1) andotherhistx+ toolswith event
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13.6 FalseSharing

integer m, n, i, j
real a(m,n), s(m)

c$omp parallel do private(i,j) shared(s,a)
do i = 1, m

s(i) = 0.0
do j = 1, n

s(i) = s(i) + a(i,j)
enddo

enddo

Notes:

This codecalculatesthe sumsof the rows of a matrix. For simplicity, assume m=4 andthat the codeis run on up
to four processors. What you observe is that the time for the parallel runsis longer thanwhenjust oneprocessor
is used. The reason is that at eachstage of the calculation, all four processorsattempt to concurrently update one
element of thesumarray, S. For aprocessorto updateoneelementof S, it needsto gainexclusiveaccessto thecache
line holding theelementit wantsto update. But becauseS is only four wordsin size,it is likely thatS is contained
entirely in a singlecache line, so eachprocessorneedsexclusive accessto all of S. Thus,only oneprocessorat a
time canupdateanelementof S.

Actually, for a processorto gain exclusive accessto a cacheline, it first needs to invalidate any cached copies
of S that might reside in the other processors. Thenit needs to reada freshcopy of the cache line from memory,
becausetheinvalidationswill have causeddatain someotherprocessor’s cacheto bewritten backto memory.

So, whereasin a sequential version, the elementof S beingupdated canbe kept in a register, in the parallel
version, falsesharing forcesthevalueto continually bereloadedfrom memory, in addition to serializing theupdates.
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13.7 FalseSharing Fixed

integer m, n, i, j
real a(m,n), s(32,m)

c$omp parallel do private(i,j) shared(s,a)
do i = 1, m

s(1,i) = 0.0
do j = 1, n

s(1,i) = s(1,i) + a(i,j)
enddo

enddo

Notes:

If eachelementof S was in a separatecache line, theneachprocessorcould keepa copy of the appropriate line
in its cache, andthe calculations could be doneperfectly in parallel. Oneway to do this is to convert S to a two-
dimensionalarray with thefirst dimension one(L3) cache line in size.Thus,theelementsS(1,1 ) , S(1,2 ) , S(1, 3) ,
andS(1,4 ) areguaranteedto bein separate cache lines.
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13.8 CorrectingCacheCoherency Contention

� Minimize thenumberof variablesthatareaccessedby morethanoneCPU

) Segregatenon-volatile (rarely updated)dataitemsinto cachelines different from
volatile (frequentlyupdated)items

) Isolateunrelatedvolatile itemsinto separatecachelinesto eliminatefalsesharing

) Whenvolatile itemsareupdatedtogether, grouptheminto singlecachelines

* Updateall thedataobjectsin asingleguardedregion

Notes:

Carefully review the design of datacollections that areusedby parallel code. For example, the root andthe first
few branchesof a binary treearelikely to bevisitedby every CPUthat searchesthat tree,andthey will becached
by every CPU.However, elements at higher levels in the treemaybevisited by only a few CPUs.Oneoption is to
pre-buildthetop levelsof thetreesothatthese levelsnever have to beupdatedoncetheprogramstarts. Also, before
you implement abalancedtreealgorithm, consider thattree-balancingcanpropagatemodificationsall thewayto the
root. It might bebetter to cut off balancingat a certain level andnever disturb thelower levelsof the tree. (Similar
argumentsapply to B-treesandother branchingstructures: the“thi ck” partsof thetreearewidely cached,while the
twigs arelessso.)

Otherclassic datastructurescancausememorycontention, andalgorithmic changesareneededto cureit:

+ The two basicoperations on a heap(alsocalleda priority queue) are “get the top item” and“insert a new
item.” Eachoperation ripplesa change from endto endof the heap-array. Thesameoperations on a linked
list areread-only at all nodesexcept for theonenodethat is directly affected.

+ A hashtable canbe implemented compactly, with only a word or two in eachentry. But that creates false
sharing by putting several tableentries (which arelogically unrelatedby definition) into thesamecacheline.
Avoid falsesharing: make eachhashtable entry a full 128bytes,cache-aligned.Take advantageof theextra
spaceto storea list of overflow hits in eachentry. Sucha list canbescannedquickly becausetheentirecache
line is fetchedasoneoperation.
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13.9 Scalability and Data Placement

) Considerdataplacementtuningif yourprogram

* Is properlyparallelized
* Hasnocachecoherency contention
* Shows lessscalingthanexpected

) Dataplacementtuningis programmingwith dataaccesspatternsin mind

Notes:
+ Optimizedprogram’s topology:

Processesmaking up the parallel program should be run on nearby nodesto minimize access costs for data
they share.

+ Optimizedpage placement:
Memoryrequiredfor thedataa processoraccesses(most)should beallocatedfrom its own node.

Accomplishingthesetwo tasks automatically for all programsis virtually impossible. Theoperating systemsimply
doesnot haveenoughinformationto do a perfect job.
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13.10 Tuning Data Placement for OpenMP Libra ry Programs

) Turn to dataplacementtuningaftereliminatingotherpossibilities

* Parallelizedatainitiali zations
* Modify algorithms
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13.11 Programming for the Default First-TouchPolicy

integer i, j, n, niters
parameter (n = 8*1024*1024, niters = 1000)
real a(n), b(n), q

c initialization
do i = 1, n

a(i) = 1.0 - 0.5*i
b(i) = -10.0 + 0.01*(i*i)

enddo
c real work

do it = 1, niters
q = 0.01*it
do i = 1, n
a(i) = a(i) + q*b(i)
enddo

enddo

Notes:

If thereis a single placementof datathat is optimal for your program,you canusethe first-touch policy to cause
eachprocessor’s shareof the data to be allocatedfrom memorylocal to its node. As a simpleexample,consider
parallelizing the above vector operation. This vector operation is “embarrassingly parallel,” so the work can be
dividedamongtheprocessors of a sharedmemorycomputer any way you want. For example,if p is thenumber of
processors, thefirst processorcancarryout thefirst n/p iterations,thesecond processor thenext n/p iterations, and
so on. (This is called a simpleschedule type.) Alternatively, eachthread canperform oneof the first p iterations,
thenoneof thenext p iterations,andsoon. (This is calledan interleaved scheduletype.)

But for cache-based machines,not all divisionsof work produce the sameperformance.The reason for this
is that if a processoraccessesthe element a(i) , the entirecache line containing a(i) is moved into its cache. If
the sameprocessorworks on the restof the elementsin the cacheline, they will not have to be moved into cache,
becausethey arealready there. But if different processorswork on theother elements, thecache line mustbeloaded
into someprocessor’s cache for each element. Evenworse,falsesharing is likely to occur. Thus,theperformanceis
bestfor work allocationsin which oneprocessoris responsible for eachelementof thesamecache line.

This brings up a subtle point involving theparallelization. In programminga typical distributedmemorycom-
puter, you usedatadistribution to parallelize a program. That is, becausea processorcanonly operate on datathat
are storedin its local memory, you break the arrays into piecesand store eachpiecein the memoryof a single
processor. This partitioning of the datathendictateswhat work a processordoes: namely, it doesthe work that
involvesthedatastored locally. Contrast this with a shared memorycomputer. In a sharedmemoryparallelization,
you distribute work (for example, iterations of a loop) to the processors, not data. Because the memoryis shared,
therereally is no notion of datadistribution: all data areequally accessibleby all processors.
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In practice,however, thisdistinction is generally lost,becauseit is usually easyto find acorrespondencebetween
thework andthedata. For example, in thevectoroperation above,theprocessorthatcarriesout iteration i is theonly
onethat touchesthedataelementsa(i) andb(i) , sothesedatahave beeneffectively distributed to thatprocessor.
Thedistinction is furtherblurredby thepresenceof caches,becauseto achievethebestperformance, theprogrammer
needs to account for which cachelinesaretouchedin carrying out aparticular pieceof work. Thus,eventhough the
shared memoryparallelization directivesdistributework, programmersoften think in termsof datadistribution.
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13.12 Programming for the Default First-TouchPolicy (continued)

integer i, j, n, niters
parameter (n = 8*1024*1024, niters = 1000)
real a(n), b(n), q

c initialization
c$omp parallel do private(i) shared(a,b)

do i = 1, n
a(i) = 1.0 - 0.5*i
b(i) = -10.0 + 0.01*(i*i)

enddo
c real work

do it = 1, niters
q = 0.01*it

c$omp parallel do private(i) shared(a,b,q)
do i = 1, n

a(i) = a(i) + q*b(i)
enddo

enddo

Notes:

This is exactly thesamesharedmemoryparallelization that is usedon a bus-basedmachine. Note thatbecausethe
scheduletypeis not specified, it defaults to simple: in otherwords, process0 performsiterations1 to n/p , process1
performsiterationsn/p+1 to 2*n/p , andsoon. Useof thestatic scheduletypeis important. Becausetheinitialization
takesasmallamount of timecomparedwith the“real work,” parallelizi ng it doesnotreducethesequential portion of
this codeby much,sosomeprogrammerswill not bother to parallelize thefirst loop for a traditional sharedmemory
computer. However, if you arerelying on the first-touch policy to ensure a good dataplacement, parallelizing the
initi alization code in thesameway asthe“real work” is critical.

Due to the correspondenceof iteration numberwith dataelement,the parallelization of the “real work” loop
meansthatelements 1 to n/p of thevectors a andb areaccessedby process0. To minimizememoryaccesstimes,
you would like thesedata elements to be allocatedfrom the memoryof the noderunning process0. Similarly,
elements n/p+1 to 2*n/p areaccessed by process1, andyou would like themallocatedfrom the memoryof the
noderunning it, andsoon. This is accomplishedusingthefirst-touch policy. Theprocessor thatfirst touchesa data
element causes thepageholding thatdataelement to beallocatedfrom its local memory. Thus,if thedatais to be
allocatedsothateachprocessorcanmake local accessesduring the“real work” section of thecode, eachprocessor
mustbetheoneto initialize its shareof thedata. This meansthattheinitialization loop is parallelized thesameway
asthe“real work” loop.

Now considerwhy thesimpleschedule typeis important.Datais placedusingagranularity of onepage, sothey
will only be placedin their optimal location if the sameprocessoriniti alizesall the dataelements in a page. This
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is just like optimizing the parallelization to account for cachelines aswasdiscussedearlier, only now you need to
block thedatainto pagesratherthanlines. Thedefault page sizeis 16 kB, or 4096 dataelements,which is a fairly
largenumber. Becausethesimplescheduletypeblocks togetherasmany elementsaspossible for asingleprocessor
to work on (n/p ), it createsmoreoptimally allocatedpages thanany otherwork distribution.
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13.13 SimpleSchedule Type Is Import ant

Memoryis allocatedin pages( , 16kB)

Notes:

For theexampleabove,n = 8388608. If theprogramis run on 128processors, n/p = 65536, which meansthateach
processor’sshareof eacharrayfills 16pages(65536elements- 4B/element/ 16kB/page). It is unlikely thatanarray
begins exactly on a pageboundary, soyou would expect 15 of a processor’s 16 pages to contain only “its elements”
andonepageto contain someof its elementsandsomeof another processor’s elements. Although for theoptimal
datalayout no pageswould shareelements from multiple processors, this small imperfection will have a negligible
effect on performance.

On the otherhand, if you usean interleaved schedule type, all processorsrepeatedly attempt to concurrently
touch 128consecutive dataelements. Since128consecutive dataelements arealmostalwayson thesamepage, the
resulting dataplacement could be anything from a random distribution of the pagesto onein which all pagesend
up in the memoryof a singleprocessor. This initi al dataplacementwill affect the performance. In general, you
should try to arrange it sothateachprocessor’s shareof adatastructureexceedsthesizeof apage. If you needfiner
granularity thanthis,you mayneedto consider usingthereshapeddirectives.
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13.14 Non-OpenMP Librar y Programs and dplace

) Message-passing: MPI, SHMEM

) pthreads

) fork(2)

) Controldataplacementvia first-touch

) Using fork(2) , eachprocessallocatesits own memory

) Usedplace(1) eitherexplicit or implicit (e.g.,usingMPI_DSM_CPULISTfor MPI
programs)
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13.15 Summary

) First tunesingle-processorperformance

) TuningOpenMPparallelprograms

* Modify codeif necessary to takeadvantageof thefirst-touchpolicy

) Non-OpenMPprograms

* Rely onfirst touch

) Usedplace andcpusetswheneverpossible
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Module 14

PerformanceAnalysis

14.1 Module Objective

After completingthemodule,youwill beableto identify andusetiming toolsto profile
single-CPUcodes.

347
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14.2 Sourcesof PerformanceProblems

) CPU-boundprocesses

* Performingmany “slow” operations
. sqrt , fp divides

* Non-pipelinedoperations
. Switchingbetweenaddsandmults

) Memory-boundprocesses

* Poormemorystrides
* Pagethrashing
* Cachemisses
* Poordataplacement(in NUMA systems)

) I/O boundprocesses

* PerformingsynchronousI/O
* PerformingformattedI/O
* Library andsystemlevel buffering
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14.3 Profiling Tools

) lipfpm , pfmon : First-passdetectionof program-wideperformanceissues

* Whatis theproblem?

) pfmon , profile.p l, histx +: Source-procedureannotationfor focusedexperi-
ments

* Whichprocedureshave theproblems?
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14.4 HardwareCounter Registers— Itanium 2

) Overa100countableevents,countedin four 48-bitperformancecounters

* Eachcounteris separatelyconfigurable

) May beusedfor

* Workloadcharacterization(system-widetuning)
* Overall programperformance
* Profiling (single-applicationperformanceanalysis)
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14.5 Event Categories

Performance-relatedeventsareclassifiedinto tencategories:

) BasicEvents

) InstructionDispersalEvents

) InstructionExecutionEvents

) Stall Events

) BranchEvents

) MemoryHierarchy

) SystemEvents

) TLB Events

) SystemBusEvents

) RegisterStackEngineEvents
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14.6 BasicEvents

) Clockcycles

CPU_CYCLES

) Retiredinstructions

IA64_INST_RETIRED
IA32_INST_RETIRED
IA32_ISA_TRANSITIONS
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14.7 Instr uction Execution Events

) 18events;someof themoreinterestingare:

FP_OPS_RETIRED
FP_FLUSH_TO_ZERO
LOADS_RETIRED
MISALIGNED_LOADS_RETIRED
STORES_RETIRED
MISALIGNED_STORES_RETIRED
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14.8 Stall events

) 9 events;largenumbersof stallsindicatemajorbottlenecks

BACK_END_BUBBLE
BE_EXE_BUBBLE
BE_FLUSH_BUBBLE
BE_L1D_FPU_BUBBLE
BE_LOST_BW_DUE_TO_FE
BE_RSE_BUBBLE
FE_BUBBLE
FE_LOST_BW
IDEAL_BE_LOST_BW_DUE_TO_FE
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14.9 Memory Hierarchy Events

) Eventsrelatedto cacheandprefetchactivity

* 14L1 datacacheeventsdividedinto 5 mutuallyexclusivesets
* 23L2 cacheeventsdividedinto 6 mutuallyexclusivesets
* 5 L3 cacheevents
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14.10 Other Events

) 4 InstructionDispersalevents

) 7 Branchevents

) 6 Systemevents

) 7 TLB events

) 30SystemBusevents

) 8 RegisterStackEngine(RSE)events
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14.11 histx+

Setof toolsfor performanceanalysisandbottleneckidentification

) Threedatacollectionprograms

* lipfpm , samppm, histx

) Threefilters for performancedatapostprocessinganddisplay

* iprep , csrep , dumppm
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14.12 lipfpm: Linux IPF PerformanceMonitor

) Reportscountsof desiredeventsfor entirerunof aprogram

lipfpm [ options] command[ arguments]
) Options

* -e cnt0 [-e cnt1 ...] specificcounts(up to four)
* -i interactiveselectionof events
* -f follow forks
* -h displayahelpmessage
* -k includecountsat kernellevel
* -o path sendoutputto path.command.PID

Notes:

Thesubjectprogramandits argumentsaregiven. lipf pmsetsupthecounter interfaceandforksthesubjectprogram.
lipfp mgathersits informationwith no modificationsto theprogram.It generatesa separate report for eachprocess
of anapplication thatusespthreads,OpenMPor MPI.

The -i option is handy if you want to chooseinteractively from the enormous list of countableevents, but it
precludesusing standardinput redirection for input readby theapplication.

Oneof themostuseful featuresof lipf pm is its ability to accountproperly for applicationsthat fork , pthreaded
applications,andapplicationsthatexec . For example,anapplication called ptpro g forks once,thefork child calls
exec , andall instancescreateanextra thread for computation. Whenwe run:

% lipfpm -f -e LOADS_RETIRED -e STORES_RETI RED -o cnts ptpro g
[...n ormal ptpro g out put... ]
% ls cnts. *
cnts. ptpro g.1619 6 cnts .ptpro g.161 98 cnt s.ptpr og.162 01
cnts. ptpro g.1619 7 cnts .ptpro g.161 99 cnt s.ptpr og.162 02
cnts. ptpro g.1619 7-1 cnts .ptpro g.162 00 cnt s.ptpr og.162 03

we getcountsfor eachthread. (Notethat libpt hread creates anextra helperthread, sothereare9 total.) Sincethe
fork( ) child hasexec () edthesameptprog, andit will have thesamePID, -1 is appendedto thepreviously-used
nameto distinguish it. Subsequentexec () s would resultin further suffixes: -2 , -3 , /0/0/

Thecommand to usefor MPI applicationshastheform

mpir un -np n lipf pm -f [ more_opts] command[ args]

lipfp m doesnot work with statically-li nked programs,and neither does it exhaustively checkthe set of events
requestedfor correctness. The usermustonly supply setsof eventswhich the processoris capable of monitoring
correctly. Performancemonitoring eventsarediscussedin Chapters10 and11 of the IntelR

1
ItaniumR

1
2 Processor

Reference Manualfor Software Development andOptimization.
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14.13 samppm

2 Samplesselectedcountervaluesat a ratetheusermayspecify

samppm [ options] -o path [-r n] command[ arguments]

2 Optionsarethesameasfor lipfpm , exceptfor -i , which is notavailablein samppm

2 -o path is mandatory,

2 -r specifiessamplingratein “ticks” (1 tick 3 0.977ms); default is 10

2 Datais recordedin per-threadbinaryfiles calledpath. command. PID

2 Canbeusedto provide time-varyingperformancemetrics

2 Loadbalanceissuesmaybedeterminedfrom inter-threadcomparisons

2 Readabledatageneratedfrom binaryfiles by dumppm

Notes:

At eachsampletime, samppm readsthe counts andstores themin binary form in the output file alongwith a time
stamp.The dumppm filter is thenusedto convert the binary file to a humanor script readabletabular format. The
notes for lipf pmapply to samppm aswell.
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14.14 dumppm: Dump PM resultsfr om samppm

2 Generatesahuman-or script-readabletabular listing from binaryfiles producedby
samppm

dumppm [-c] [-d] [-h] [-l n1, n2,...] [[<] infile] [[>] outfile]

2 Options:

-c only list events
-d print differencesandrelative times
-h print help
-l print only events n1, n2, 45454 (event0 is time)

2 dumppmcanoperateasafilter:

% cat file.prog.1234 | dumppm -d | more
% dumppm -d < file.prog.1234 | more
% dumppm -l 2,3 file.prog.1234 > results
% dumppm -d file.prog.1234 results

Notes:

The-c flag is usedto quickly tell onewhatis containedin thefile, andshows thecorespondencebetween eventand
output column. For example:

% samppm -e CPU_CYCLES -e LOADS_RETIRED -r 2 -o dat myprog
<nor mal prog ram outp ut here>

% dumppm -c dat.myprog.3214
dumppm: event 1 is: CPU_CYCLES
dumppm: event 2 is: LOADS_RETI RED
%

If we now dropthe -c , theoutput will consistof 3 columns:time of day, sampledCPU_CYCLESvalue,andsampled
LOADS_RETI REDvalue,e.g.:

10424 70662 .01072 1 2059 042 4203 71
10424 70662 .01265 6 3454 206 7117 69
10424 70662 .01459 5 4866 156 10067 22
. . .

If we addthe -d flag, time becomesrelative,anddifferencesbetweencounts areoutput instead:
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0.000 000 20590 42 42037 1
0.001 935 13951 64 29139 8
0.003 874 14119 50 29495 3
. . .

If we wanta differentorderof, andpossibly a different numberof columns, we canusethe -l flag to specify which
of the original columns to output, in which order. For instance,to output the change in CPU_CYCLES followed by
relative time we use-d -l 1,0 :

20590 42 0.00 0000
13951 64 0.00 1935
14119 50 0.00 3874
. . .
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14.15 histx: Histogram Execution

2 Profiling tool, it cansampleeithertheIP (instructionpointer, akaprogramcounter)
or thecall stack

histx [ options] -o path [-s type] command

2 Options:

-b specifybin bitswhenusingip sampling:16,32or 64
(default: 16)

-e specifyeventsource(default: timer@1 )
-f follow fork
-h thismessage(commandnot run)
-k alsocountkerneleventsfor PM source
-l includeline level countsin IP samplingreport
-o sendoutputto file path. command. PID
-s typeof sampling

2 Eventsources:

timer@ n profiling timer events.A sampleis recorded
every n ticks.(Onetick is about0.977ms.)

pm:<event>@n performancemonitorevents. A sampleis
recordedwhenthecounterassociatedwith

<event> increasesby n or more.

2 Typesof sampling:

ip Sampleinstructionpointer
callstack[ N ] Samplethecall stack. N , if given,specifies

themaximumnumberof framesto record.
Thedefault is 5 frames.

Notes:

For long running programswhereany particular instruction bundle could be sampled morethat 65535 times, the
counts attributedto a function maynot beaccurate.The -b flag canbeusedin suchcases to switchto accumulators
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that canhandle counts of up to 232-1 or even 264-1 beforeoverflowing. However, theserequire the useof more
memoryperthread.

hist x producesa separateoutput file for eachthread in a program. It alsohandlesprogramsthat exec , and,
similarly to lipfpm andsamppm, in cases wheretheexec ’d programnameis thesameastheoriginal, will produce
multiple reports in files namedpath. prog. PID- exec_instance.

Theprogramto beanalyzedmustnot becompiled with the -p compiler flag.
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14.16 histx: IP Sampling

% histx -o out prog
% sort -r out.prog.* | head

586: *Total for thread 18458*
454: libm.so.6.1:*Total*
279: libm.so.6.1:cos
118: a.out:*Total*
109: libm.so.6.1:asin

66: a.out:f1 [prog.c:19]
45: libm.so.6.1:acos
32: a.out:f2 [prog.c:29]
21: libm.so.6.1:sin
20: a.out:_init

Notes:

Thedefault typeof sampling is IP sampling, andthedefault eventsourceis a timer eventat a rateof ~1 kHz. What
we seein eachline of output is

<coun t>: <lib rary>: <func tion> [<fil e>:<li ne>]

<coun t> is the number of eventsthat occurred within the body of <func tion> containedin <libr ary> , starting
at <line> within <file >. In the caseof the main executable,<libra ry> is “a.o ut ”. If line information is not
available,the“[<f ile>: <line> ] ” output will not appear.

Totalsarealsoaccumulatedon a per library, andper thread basis. Note that <lin e> corresponds to the first
sourceline of <func tion> , andnot theline wherethesamplewastaken. Thecount attributedto <func tion> is the
sumof counts in all binsinterior to <func tion> .

If it is desired to seecounts attributable to individual lines, and if the executable contains line information
(producedwith -g compiler flag),onecanaddthe-l flag,e.g.:

% histx -l -o out prog
% sort -r out.prog.* | head

580: *Total for thread 3704 *
399: libm.s o.6.1 :*Tota l*
203: libm.s o.6.1 :cos
167: a.out: *Tota l*

98: libm.s o.6.1 :acos
89: libm.s o.6.1 :asin
82: a.out: f1 [prog .c:19 ]
82: [prog. c:23] (a.ou t)
67: a.out: f2 [prog .c:29 ]
67: [prog. c:33] (a.ou t)
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Now we seeadditional lines in thereport of theform

<coun t>: [<fi le>:<l ine>] (libr ary)

Here,<cou nt> is thenumber of eventsthatoccurredontheinstructionsgeneratedby thecompiler for <lin e> within
<file > containedin <libra ry> . From the report above, we canseethat all 82 eventsrecorded in function f1()
wererecordedon line 23 of prog.c.

Function level counts are computed by summingover all bins interior to a function. Line level counts are
computed by summingover all bins intersectinginstructions for a particular source line. The two aredifferent as
instructions from multiple linescanfall into asingle bin. Notethatcompilers andlinkersareknown to occasionally
generateincorrector invalid line information. This canconfusehist x , or evencausetheapplication to crash.

hist x cando IP sampling at very high rates whenusing performancemonitor register overflows. For example,
to sample theIP every 10,000 CPUcycles (i.e. around100kHz on a 1 GHzprocessorsystem):

% histx -l -o out -e pm:CPU_CYCLES@10000 prog
% sort -r out.prog.* | head

4167 5: *Total for thread 3711 *
2734 2: libm.s o.6.1 :*Tota l*
1338 2: a.out: *Tota l*
1207 2: libm.s o.6.1 :cos

779 6: libm.s o.6.1 :acos
670 9: libm.s o.6.1 :asin
645 6: a.out: f1 [prog .c:19 ]
645 6: [prog. c:23] (a.ou t)
575 3: a.out: f2 [prog .c:29 ]
575 3: [prog. c:33] (a.ou t)

TheIP sampling report is deliberately assimpleaspossible. It is envisionedthatfilters (e.g.,ipre p, seebelow)will
beusedto transformhistx output into something moreintuitive.
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14.17 histx: Call Stacksampling

% histx -o cs -s callstack10 prog
% more out.prog.*
. . .
101 5

libm.so. 6.1:cos
a.out:f1 [prog.c:23 ]
a.out:ma in [prog.c: 70]
libc.so. 6.1:__libc_ start_main [../sysdep s/generic/ libc-start. c:129]
a.out:_s tart

106 5
libm.so. 6.1:asin
a.out:f1 [prog.c:23 ]
a.out:ma in [prog.c: 70]
libc.so. 6.1:__libc_ start_main [../sysdep s/generic/ libc-start. c:129]
a.out:_s tart

. . .

Notes:

While IP sampling cantell uswhich function eventsareoccuring in, it is often important to understandthecontrol
flow that led to thefunction beingcalled. This is done by not sampling just theIP whenaneventoccurs,but rather
thecall stack. To activate call stack sampling, use-s callst ack N whereN is themaximumnumberof framesto
record. (Larger valuesrequire morememory.)

Eachsampledcall stack is reportedin theform:

<coun t> <N>
<libr ary1>: <func tion1> [<fi le1>:< line1 >]
<libr ary2>: <func tion2> [<fi le2>:< line2 >]
. . .
<libr aryN>: <func tionN> [<fi leN>:< lineN >]

Themostsampledcall stacks arethose with thelargest<cou nt> value.
A filter (csr ep) is providedto generate a "butterfly" report from raw callstackreports.
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14.18 iprep: IP Sampling Report

2 Generatesa reportfrom oneor moreraw IP samplingreportsproducedby histx

% iprep ip.prog.* > report.all
% more report.all

Count Excl . % Incl. % Name
----- ----- ------ ---- ---- --- ----- -- ------ ------ ----- ---

1236 2 29.730 29.7 30 libm.s o.6.1: cos
7716 18.557 48.2 86 libm.s o.6.1: acos
6533 15.712 63.9 98 libm.s o.6.1: asin
6338 15.243 79.2 41 a.out: f1 [prog .c:19]
5655 13.600 92.8 40 a.out: f2 [prog .c:29]
1401 3.369 96.2 10 a.out: _init

625 1.503 97.7 13 libm.s o.6.1: sin
. . .

Count Excl . % Incl. % Name
----- ----- ------ ---- ---- --- ----- -- ------ ------ ----- ---

6345 48.989 48.9 89 [prog. c:23] (a.ou t)
5401 41.700 90.6 89 [prog. c:33] (a.ou t)

96 0.741 91.4 30 [elf/e lf.h:8 0] (ld-l inux- ia64.s o.2)
. . .

Notes:

Outputfrom ipre p consistsof oneor two sections.Thefirst section is a listing of summedfunctionscounts,sorted
from largest to smallest,along with their exclusive and inclusive percentages. If line level datais available, the
second section presentsit in a similar format.
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14.19 csrep: Call StackSamplingReport

2 Generatesa “butterfly” report from oneor more raw call stacksamplingreports
producedby histx

% csrep cs.prog.* > butterfly.all
% more butterfly.all

98.1 % lib c.so.6 .1:__ libc_s tart_ main [lib c-sta rt.c:1 29]
97.5 % a.o ut:_st art
48.7 % a.o ut:mai n [pr og.c:9 3]
48.7 % a.o ut:mai n [pr og.c:7 0]
36.8 % a.o ut:f1 [prog .c:23]
34.4 % a.o ut:f2 [prog .c:33]
31.7 % lib m.so.6 .1:co s
17.9 % lib m.so.6 .1:as in
14.8 % lib m.so.6 .1:ac os

. . .
------ ----- ------ ----- ------ ----- ------ ----- ------ ----- ------ ----- ------ ----- -
100.00 % ( 48.7 4%) libc .so.6. 1:__l ibc_st art_m ain [libc -star t.c:12 9]
...... . ( 48.7 4%) a.ou t:main [pro g.c:70 ]

75.43 % ( 36.7 6%) a.ou t:f1 [pr og.c:2 3]
24.57 % ( 11.9 7%) a.ou t:f1 [pr og.c:1 9]

. . .

Notes:

Outputfrom csrep consistsof 2 sections. Thefirst oneis a listing of thefrequency of appearance of eachfunction
found in a callstack.Thesecondsection consistsof a “butterfly” report for eachfunction. Eachhastheform:

------ ----- ------ ----- ------ ----- ------ ----- ------ ----- ------ ----- ------ ----- -
xxx.xx % (yyy.y y%) <cal ler_1 info>
xxx.xx % (yyy.y y%) <cal ler_2 info>
xxx.xx % (yyy.y y%) <cal ler_3 info>
. . .
xxx.xx % (yyy.y y%) <cal ler_M info>

...... . (yyy.y y%) <fun ction info>
xxx.xx % (yyy.y y%) <cal lee_1 info>
xxx.xx % (yyy.y y%) <cal lee_2 info>
xxx.xx % (yyy.y y%) <cal lee_3 info>
. . .
xxx.xx % (yyy.y y%) <cal lee_N info>

This conveysa lot of information. Above thefunction of interest,thereis a line for eachcallerof thefunction. Each
xxx.x x percentageis computed from theformula:

<# calls tacks conta ining calle r_j foll owed by functi on> /
<# calls tacks conta ining funct ion> * 100
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sothesumfor all callers is 100%. Eachyyy.y y percentageis givenby:

<# calls tacks conta ining calle r_j foll owed by functi on> / <tota l # of call stack s> * 100

Below thefunction of interest,thereis a line for eachcalleeof thefunction. Thexxx.x x percentagesarenow given
by theequation:

<# calls tacks conta ining funct ion foll owed by callee _j> /
<# calls tacks conta ining funct ion> * 100

andagainsumto 100%,while theyyy.y y percentages aregivenby

<# calls tacks conta ining funct ion foll owed by callee _j> /
<tota l # of call stack s> * 100

This typeof reportallowsoneto notonly quickly identify thefunctionsof interestin anapplication, but alsoidentify
themustlikely paths through theprogramby which suchfunctionswerecalled.
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14.20 pfmon: PerformanceMonitor

2 Performancemonitoringtool — interfaceto thePMU

2 Two typesof sessions

6 Perprocess
6 System-wide

2 Userand/orkernelactivity maybemonitoredin eithertypeof session

14.21 profile.pl

2 Perlscriptinterfaceto pfmon

2 Usesdplace to bind theapplicationto spoecificprocessors

2 InvokesotherPerlscriptsto generatea readablereport

% profile.pl -c1 ./adi2
profile.pl: Parsing arguments and setting defaults.
profile.pl: Samples/tick defaults to: 9000000 for event CPU_CYCLES.
profile.pl: Program to profile is: ./adi2.
profile.pl: Running the program under pfmon control:
profile.pl: pfmon --system- wide --smpl-outf ile=sample.out --smpl-e ntries=100000

-u -k --short-smp l-periods=900000 0 --smpl-output- format=compact --events=CPU_CYC LES
--cpu-mas k=2 /usr/bin/dpl ace -c1 ./adi2

=========== ================ ================ ================ =============== ================
Time: 16.465 seconds
Checksum: 4.6021112569E+0 7

=========== ================ ================ ================ =============== ================
profile.pl: Program has completed.
profile.pl: Checking the profile results.
profile.pl: cpu 1: 1733 samples.
profile.pl: Merging sample files into a single file. profile.pl: cat sample.out.cp u1 > sample.out
profile.pl: Removing the per-proces sor sample files.
profile.pl: rm -f sample.ou t.cpu1
profile.pl: Creating a program map file.
makemap.pl: Read 45 symbols from ./adi2.
makemap.pl: Read 14099 symbols from /sw/com/scsl/1 .4.1-2/lib/libs cs.so.
makemap.pl: Read 590 symbols from /lib/libm.so.6 .1.
makemap.pl: Read 1121 symbols from /sw/com/intel- compilers/7.1.0 17/compiler70/ia 64/lib/libcxa.so .4.
makemap.pl: Read 2587 symbols from /lib/libc.so.6 .1.
makemap.pl: Read 224 symbols from /lib/ld-linux- ia64.so.2.
makemap.pl: Sorting symbols.
makemap.pl: Wrote 18670 symbols to adi2.map
profile.pl: Running the profile analyzer.
profile.pl: analyze.pl adi2.map sample.out > profile.out
analyze.pl: Read 18671 symbols from adi2.map.
analyze.pl: No System.map file found; kernel analysis will be skipped.
analyze.pl: total observati ons: 1685
analyze.pl: Sorting the user observations
profile.pl: Profile results are in file: profile.ou t.
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14.22 profile.pl (continued)

% cat profile.out
total obse rvatio ns: 1685
user ticks : 1685 100 %
====================================================================

User
Tick s Perce nt Cumulative Routi ne

Perc ent
----- ----- ------ ----- ------ ----- ------ ----- ------ ------ ----- ------ --

118 2 70. 15 70.15 zswee p_
196 11. 63 81.78 yswee p_
172 10. 21 91.99 xswee p_

92 5.46 97.45 drand 64_
32 1.90 99.35 main
10 0.59 99.94 _init

1 0.06 100. 00 _dl_r elocat e_obje ct
====================================================================
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Lab: Using the histx+ and profile.pl tools

Profiling a program

7 Changeto theAltix/Performance_analysis/labs/[f|c]src directory.

7 Typemake mat_dist to build theexecutablemat_dist .

7 Analyzethe performanceof mat_dist with histx andprofile.pl (suchaspc
sampling,idealtime,usertime).

7 Determinewhich line[s] is mosttime-consumingin mat_dist .

7 Canyousuggestany techniquesto make mat_dist run faster?



Module 15

Single-CPUOptimization Techniques

15.1 Module Objectives

After completingthemodule,youwill beableto

7 UnderstandtherelationshipbetweentheSGI Altix systemshardwareandthecom-
pilers

7 Invoke andunderstanddifferentcompileroptimizationoptionsto enhanceperfor-
manceof single-CPUcodes
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15.2 Memory Hierarchy

Notes:

The processorsin SGI Altix systemswill first look in the primary cacheto satisfy a load request. For easeof
understanding, we areassuming a direct mapped cache, andonly two levels of cache. Any requestedaddresscan
reside in theprimary cache in exactly onelocation. All data is moved in andout of cache onecacheline at a time.
In our example,this would be100contiguousbytesof storage.Soif our datais in cache, it will bein oneof the100
possible cache lines. We will usea digit mask(bit mapon theSGI Altix Systems)to determine which cache line to
look at to seeif it containsour data.

Oncewe determinewhich cacheline to look at,we checkthecachetagon that line to seeif it matchestherest
of our address.If it does, this line contains our data, we have a primary cachehit andwe have minimal latency. If
thecache tagdoesnot matchtherestof our address,we have a cachemissandwe will look at thesecondarycache
for our data.

For the easeof understanding let’s assumea machine similar in architectureto the SGI Altix Systems, but we
will usea base10 addressingscheme. We will usedigit masksto locate address quickly in the cache, in the SGI
Altix Systemsthesewould bebit masks.
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Becausethis is a RISCarchitecture,datamustbeloadedinto registersbefore any work canbeperformedon it.
To achievemaximumperformanceonthischipweneedto minimizethelatency of theload. Thelatency to loadfrom
primary cacheis oneor two clock periods(int/float). The latency to load from secondarycacheis 8 clock periods.
Thelatency to loadfrom memoryvariesdependingon thespeed of theprocessorchip andthelocation of thedatain
physical memory. Theselatenciesrangefrom 60–200+clock periods.

Wewill alsouseadirect mapped cachefor oursecondarycache. Eachcacheline hereis 1000bytesof contiguous
memoryandwehave 1000lines of cache. Thedigit maskherewill bedifferent.

Oncewe determine which cacheline our datacould reside in, we check the cache tag on that line to seeif it
matches the restof our address. If it matches, we have a cache hit, andwe will move 100 bytes of datainto the
primarycache.If thetagdoesn’t match,wehave a cachemissandwewill have to go to memoryto find our data.
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15.3 Example Code

DIMENSION /ABC/ A(1000,1000),B(1000,1000),C(1000,1000)
DO I = 1 , 1000

DO J = 1 , 1000
A(I,J) = A(I,J) + B(I,J) * C(I,J)

ENDDO
ENDDO

Notes:

This code would generatea seriesof instruction along these lines:

Load A(1,1 ) into R1
Load B(1,1 ) into R2
Load C(1,1 ) into R3
Multi ply R2 and R3 givin g R4
Add R4 and R1 givin g
R5 Store R5 into A(1, 1)
Incre ment/ Test/J ump

In assembly codeA(1, 1) , B(1,1 ) , andC(1 ,1) would beoffsets from thebaseaddressesof A, B andC. Let’s look at
theseloads.

A C codewith a similar problem:

doubl e a[1 000][1 000], b[1000 ][100 0],c[1 000][ 1000];
int i,j;
. . .
for (j=0 ,j<10 00,j++ )

for (i= 0,i<10 00,i+ +)
a[i, j] += b[i][ j] * c[i] [j];
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15.4 Primary Cache

Notes:

Let’s look at theloadof A(1,1 ) .
We will use2412644650 asthebaseaddressof A.
Although all or pieces of A mayreside in cachefrom datainiti alization, let’s assumeno datafrom A, B or C is in

either cache.
Thefirst place we will look for A(1,1 ) is in primary cache. Weapply theprimary cache maskto theaddressof

A(1,1 ) . This tells usthat if A(1, 1) is in primary cache,it mustbeat line number 46. We comparethecachetagat
line 46 to seeif it matchesthecachetagportion of our address,241264.Hereweassumethetagsdon’t match. This
givesusa primarycache miss.
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15.5 Secondary Cache

Notes:

We will now try secondarycache.
Weapply thesecondarycachemaskto theaddressof A(1 ,1) . This tellsusthat if A(1,1) is in secondarycache,

it mustbeat line number 644. We comparethe cachetake at line 644 to seeif it matchesthe cachetag portion of
our address,2412. Again we assumeit doesnot match.We now have a secondarycache miss.

We now mustloadour datafrom memory.
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15.6 First Data Movement

Notes:

Weareusingavirtual addressingschemefor ourmainmemory. Thismeansthatthevirtual addressweareattempting
to load could be located anywhere in memory. Although the physical memoryis distributed acrossthe nodes, all
processorshave accessto all of memory. Theaddresswearelooking for mayor maynot beon this node.

Physical memoryis allocatedin pages, on our machine 100K bytes of contiguous memory. TheOSmapsand
remapsvirtual addressesto thesephysical blocks. To find the true physical addressof the virtual addresswe are
looking for we usetheon-chip Translation Look-asideBuffer. This tablehasa limited number of entries,64 on our
machine. This meanson our chip we cankeeptrack of 6.4 MB of memory. In the Itanium 2 processors, thereare
two levelsof TLB for dataandinstructions.

If the virtual addresswe arelooking for hasan entry in the TLB, we usethe offset from the beginning of the
pageandreada secondarycacheline from thatoffset in thephysical page. Thelatency heredependson wherethis
pageis in physical memory.
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If the virtual addresswe arelooking for is not in the TLB, this is a pagefault. We mustaskthe OSto update
our TLB with theentrywe arelooking for. TheOSkeeps trackof the location of all pages of memory. If thepage
is loaded in physical memory, theOSupdatesour TLB andreturnscontrol to theprogramto readthedata.This is
a minor page fault. If theOShasmoved thepageto swapspace, thenit mustreloadit into physical memory, then
update our TLB. This is a very expensive eventcalled a majorpagefault.

To find our datain memory, we look for the baseaddressof the page we wish to load in the TLB. The base
addressof thevirtual pagecontainingA(1,1) is 2412600000,assuming a 100-kB pagesize.

We find virtual page 24126mapsto physical page400.2.
We now load1000 bytesof datastarting at 400264000 into secondarycacheline 644,andchangethecachetag

for line 644to 2412.
We arelooking for the650th byte of this cacheline to move into primarycache. Sincewe alwaysmove dataon

cache line boundaries, we will load bytes600–699from secondarycache line 644 into primary cacheline 46. We
thenupdatethecache tagon line 46 of theprimary cacheto 241264.
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15.7 Second Data Movement

Notes:

Let’s skip therestof thefirst pass of theloop andconsider whathappenson thesecond pass. On thesecond passof
theloop, weneedto loadA(1,2 ) . Theaddressof A(1, 2) is 10,000 bytesafter theaddressof A(1,1) or 2412654650.

We look in primarycacheline 46 for cachetag241265,we geta cache miss. We look in secondary cache line
654for cachetag2412, wegeta cache miss.We look in theTLB for 24126,andgo load1000bytesinto secondary
cache line 654starting from 400254000. We changethecache tagon line 654 to 2412,move 100bytes starting at
byte600into primarycache line 46 andchangethecachetagto 241265.

Theloadof A(1,j ) will exhibit similar behavior for thenext four loads. Whenweattempt to loadA(1, 7) from
address2412704650,wewill needto look upthephysical addressfor 24127 in theTLB. Dueto thenatural of virtual
memory, it is possible that24127 mayresidein physical memorybefore24126, for exampleat 400.0.

Thenext nine loadswould comefrom this page.This pattern will repeat,oneTLB lookup for every 10 loads.
Usercode haslessthan64 entries to usein the TLB table,so after approximately 600 loads, we will startgetting
TLB misses. BecausetheTLB is LRU, wewill getminor page faultson every 10th loadfor therestof this code.
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Becauseweareonly usingevery10thline of thesecondarycache,whenweloadA(1,1 00) , address2413644650,
we will begin overwriting everything we have loadedinto secondarycache.

By thetime we returnto loadA(2, 1) , which wasin primary cache line 46 andsecondarycache line 644at the
beginning of thecode, it will no longerbeloadedin eithercache,andwewill needto loadit againfrom memory.
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15.8 Arr ay Mappings

Notes:

If wego back andlook at theother loads in theloop, weseethatB(i, j) andC(i, j) bothmapto thesameprimary
andsecondarycacheline asA(i, j) for all i andj . This mapping causesall loadsof A, B, andC to constantly write
over eachother in cache,this is calledthrashing. To eliminate thrashing, wecanadda padbetweenthedataobjects,
which hastheeffect of mapping thestarting addressesof A, B, andC to differentcachelines. Two secondarycache
linesof padding should beenough to ensure thatwe have completelyused all thedatain thecacheline before it is
overwrittenby a later load.

We know theexactaddressesof B andC becauseof thenature of Fortrancommonblocks. In theC code,with a,
b, andc beingautomatic arrays, their storage allocationmaynot beasbadastheFortranallocation, but then again
it mightbeasbad.Any Fortrandataobjectsnot allocatedin thesamecommonblock wouldhavethesameunknown
behavior. Becausecachethrashing hassuchanadverse affect on performance, we maywant to bemorecertain of
our code’s addressing scheme. Onemethodwould be to allocateall major datastructuresin onelarge block, then
partition thedatablock sothattheindividual dataobjectshave a starting addressthat is offset in cache.
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15.9 2-Way SetAssociativity

Notes:

In our example,we useda direct mapcache. The Itanium 2 processorsin SGI Altix systems usea four-way set
associative primarycache,aneight-way setassociative secondarycache anda 6- or 12-way (dependingon size)set
associative tertiary cache. Thesearemany-to-n mappings. Themappingsarethesameasthedirect mappedcache,
but whenthehardwarelooks to loadanaddress,it mustlook in n places. Onacachemissin L3 cache,thehardware
picks theleast recently used (LRU) cache line for theload of new data.
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15.10 Cache-BasedAr chitectur e

7 Memoryhierarchy:

8 Main memory: 9 130–700nanoseconds
8 L2 DTLB miss : HPW (HardwarePageWalker): 25 or 31 cycle penalty, or

OStrap
8 L1 DTLB miss:4 cycle penaltyif L2 DTLB hit
8 L3 cache:12–17clockcycles
8 L2 cache:5–6clockcycles
8 L1 cache:1 clockcycle
8 Registers:0 cycles

7 Performas many operationsas are possible on a pieceof dataonceit is in the
registers

7 Performasmany operationsasarepossible onapieceof dataonceit is in thecache

7 Usetheconceptsof temporalandspatiallocality

Notes:

A cycle is the reciprocal of the clock frequency; for the SGI Altix systems, it canbe the reciprocal of 900,1000,
1300or 1500MHz, i.e.,1.1111, 1, 0.7692or 0.6666nanoseconds, respectively.
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15.11 CacheDesign Details and Terminology

7 Cacheline: Discreteunit of dataor instructionsthat is transferred,andinto which
cacheandmemoryis segmented

7 Cachehit: Dataor instructionreferenceto acacheline thatis currentlyin thecache

7 Cachemiss: Referenceto a cacheline that is not currentlyin cacheandmustbe
broughtin

7 Write-through:Cachechangeimmediatelyupdatesmemory

7 Write-back:Memoryis not changeduntil absolutelynecessary(cacheline is clean
if notmodified,dirty if modifiedbut notwritten back)

7 Prefetch:Ability to initiate a fetchprior to time datais actuallyneeded

7 Setassociativity: Defineshow memoryis mappedinto cache

8 One-way: Addressin memoryhasonetargetcachelocation(alsocalleddirect-
mappedcache)

8 N-way: Addressin memoryhasN targetcachelocations
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15.12 Librarie s

7 SCSL(Scientific ComputingSoftwareLibrary)

BLAS, LAPACK, FFT andsignal-processingroutines,Sparsesolvers
cc|efc|ecc -o program <objs> -lscs [-lm]
cc|efc|ecc -i8 -o program <objs> -lscs_i8 [-lm]
man intro_[scsl|blas|lapack|fft|solvers]

7 MKL (Intel MathKernelLibrary)

BLAS (-lmkl_itp ), LAPACK (-lmkl_lapack32 , -lmkl_lapack64 )
FFT (-lmkl_itp ), Vectormathlibrary (-lmkl_vml_itp )

7 Standardmathlibraries(-lm and-limf )
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15.13 SomeIntel Compiler Flags

7 Relatively few tuningflagsexposed

7 -O2 is default,whichexposessomesoftwarepipelining

7 -O3 triggersmoreSWP, prefetching,loop reorganization,etc.

7 -ip[o] : intra-file/inter-file interproceduraloptimization

7 -prof_gen/-prof_use : feedbacktraining;usefulif youhaveagoodtrainingset

7 -fno-alias, -fno-fnalias : to indicatetheuseof pointerswith noaliasingin C

7 -ftz : flushunderflows to zero,avoid kerneltraps(enabledby default at -O3 )
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15.14 Other Useful Flags

7 Generateanoptimizationreport: -opt_report

7 Generateassemblylisting: -S

7 EnableOpenMPsupport:-openmp

7 Automaticparallelization:-parallel

7 Verbosecompilerdriveroutput: -v

7 For Fortran:

8 -safe_cray_ptr : noaliasingfor Craypointers
8 -auto : all local variablesareautomatic(-auto_scalar is default); required

for threadsafety
8 -stack_temps : allocatearrayson the stack,if possible; cansometimeshelp

OpenMPperformance;usewith careandwatchfor stacksizeproblems
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15.15 Let the Compiler Do the Work

7 Ideally, acompilershoulddoall thework automatically

8 Cannotoptimizefor bothin-cacheandout-of-cachedata

7 Optimizations

8 Softwarepipelining
8 Inter-procedural analysis
8 Loopnestoptimizations

Notes:

In reality, these optionsarenot independent of oneanother. Someloop nestoptimizations canenhancesoftware
pipelining, andinterproceduralanalysiscangive theloop nestoptimizer informationenabling it to do its job better.
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15.16 SoftwarePipelining

7 Vectorizableloopswell-suitedto SoftwarePipelining(SWP)

7 SWPmaybeslower for loopswith only a few iterations

7 SWPcannotbedoneif:

8 Therearefunctioncallsin loop: use-ip or -ipo to fosterinlining
8 Loopcontainscomplicatedconditionalsor branching

7 SWPimpededby:

8 Recurrencesbetweeniterations:useIVDEP directive
8 Loopbodytoo large: solvedby loopfission
8 Registeroverflow: solvedby loopfission

7 SWPalgorithmsareheuristic:

8 Schedulesarenotunique
8 Findingaschedulecanbecomputationallyintensive

7 Use-O2 or -O3 to enableSWP(moreSWPis attemptedat -O3 )

Notes:

TheIntel Itanium 2 processors have a superscalararchitecturecapable of executing 6 instructionspercycle. Execu-
tion units maybefilled by combinationsof thefollowing:

; Up to 6 instructionspercycle into 6 ALU, 2 Integer and1 ISHIFT units

; Up to 2 loads and2 storesor 4 loads,in thedatacache unit

; Up to 6 instructionspercycle into 6 multimediaunits

; Up to 1 instruction percycle into 2 parallel shift, 1 parallel multiply or 1 popcnt units

; Up to 2 instructionspercycle into 2 FPmultiply-add or 2 FPother operationsunits

; Up to 3 instructionspercycle into 3 branch units

In addition,all instructionsarepipelinedandhaveassociated pipeline latenciesranging from oneto dozensof cycles.
It is thejob of thecompiler, through softwarepipelining, to determine how to best schedule instructionsto fill up as
many superscalar slotsaspossible.
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15.17 Compiler Dir ectives

Fortran:

cdir$ ivdep noaliasing
cdir$ swp try to software-pipeline
cdir$ noswp disablesoftware-pipelining
cdir$ loop count (NN) hint for SWP
cdir$ distribute point split this largeloop
cdir$ unroll ( n) unroll n times
cdir$ nounroll donotunroll
cdir$ prefetch a prefetcharray a
cdir$ noprefetch c donotprefetcharray c
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15.18 Compiler Dir ectives

C/C++:

#pragma ivdep noaliasing
#pragma swp try to software-pipeline
#pragma noswp disablesoftware-pipelining
#pragma loop count (NN) hint for SWP
#pragma distribute point split this largeloop
#pragma unroll ( n) unroll n times
#pragma nounroll donotunroll
#pragma prefetch a prefetcharray a
#pragma noprefetch c donotprefetcharray c
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15.19 IVDEP Dir ective

Here,compilerflagsarenotenough:

void idaxpy(int n, double a, double *x, double *y, int *index)
{

int i;
for (i=0; i<n; i++) y[index[i]] += a * x[index[i]];

}

Usethe ivdep (ignorevectordependencies)directive

#pragma ivdep
for (i=0; i<n; i++) y[index[i]] += a * x[index[i]];

Without ivdep , theloopwill haveapoorSWPscheduleor noSWPat all

Notes:

Whenthecodecontains user-level indirection (theindex array)whosevalues(memoryaddresses)arenot known to
thecompiler, the restri ct anddis joint flagsdonothelp much.Youmusttell thecompiler thatthereareactually
no dependenciesbetween iterations.
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15.20 IVDEP Varieties

7 Loop-carrieddependencies:

do i = 1, n
a(index(1,i)) = b(i)
a(index(2,i)) = c(i)

enddo

7 -ivdep_parallel tells thecompilerthatthereareno loop-carrieddependencies

for (i=0; i<n; i++)
y[index[i]] += a * x[index[i]];

7 Cray ivdep appliesto IDAXPY, but not here:

for (i=0; i<=n; i++)
a[i] = a[i-1] + 3;

Notes:

The ivdep directive applies to inner loops only. Thedirective alsoappliesonly to “loop-carried” dependencies. If
index (1,i) = index( 1,i+k ) or ind ex(2,i ) = inde x(2,i+ k) for somevalueof k suchthat i+k is in therange1
to n, thenthereis a loop-carried dependency.

If index( 1,i) = index (2,i) for somevalueof i , thenthereis a nonloop-carried dependency.
To determinewhether a loop haslexically backwardsloop-carried dependencies,thefollowing checklist should

beused.If for a givenarrayreferenced within a loop all four answersare“yes”, thenthereis a lexically backwards
loop-carried dependence with respectto thatarray:

; Doestheloop contain two referencesto thesamearray?

; Is oneof thereferencesa store(i.e.,doesit appear to theleft of anassignment)?

; Do index values of thereferencesoverlap in memory?

; Doestheearlier referencehave anearlier index with respectto theloop induction variable?
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15.21 Inter -Procedural Analysis

7 Analyzestheentireprogram

7 Precedesotheroptimizations

7 Performsoptimizationsacrossprocedureboundaries

7 Providesresultsto subsequent optimizationphasessotheir optimizationsbenefit

7 Easyto use,justadd-ip or -ipo to boththecompilestep(cc -ipo -c *.c ... )
andlink step(cc -ipo *.o ... )

7 Compilestepwill finish faster, link stepwill take longer

7 If youchangeonefile, youmustrelink (recompile)
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15.22 Inter -Procedural Optimi zations

7 Functioninlining

7 Inter-proceduralconstantpropagationof parametersandglobalvariables

7 Deadfunctionelimination

7 Deadvariableelimination

7 Automaticcommonblockpadding
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15.23 Inlining

7 Benefits

8 Exposeslargercontext to lateroptimizationphases
8 Eliminatescall overhead
8 Eliminatesaliasesandresolvesotherwiseunknown side-effects

7 Disadvantages

8 Compilationtime increases
8 Createsharderregisterallocationproblem
8 Increasestext size

7 Restrictions

8 No varargs routines
8 No mismatchedparametertypes
8 No static(save ) local variables
8 No recursive routines

Notes:

varar gs routinesarethosewith a variable argumentlist, asin

int prin tf (char *for mat, ...)
{

...
}

The ... insidetheparentheses specifiesthatthefunction takes a variable number of arguments.
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15.24 CacheBasics

7 Stride-1accessesfor block reuse

do i = 1, n do j = 1, m
do j = 1, m do i = 1, n

a(i,j) = b(i,j) <=: a(i,j) = b(i,j)
enddo enddo

enddo enddo

for (j=0; j<m; j++) for (i=0; i<n; i++)
for (i=0; i<n; i++) <>: for (j=0; j<m; j++)

a[i][j] = b[i][j]; a[i][j] = b[i][j];

Notes:

In thefirst loop, arrayb is copied to arraya onerow ata time. BecauseFortranstoresmatricesin column-majorand
C/C++storein row-majororder, a new cacheline mustbebrought in for eachelement of row i ; this appliesto both
a andb. If n is large, thecache lines holding elements at thebeginning of therow maybedisplacedfrom thecache
before thenext row is processed.In the second loop, thedatais copied onecolumn (Fortran) or row (C/C++) at a
time. Thus,all datain thesamecache line is accessedbefore the line canbedisplacedfrom thecache, soeachline
only needsto beloadedonce.
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15.25 CacheBasics (continued)

7 Grouptogetherdatausedat thesametime

d = 0.0 d = 0.0
do i = 1, n do i = 1, n

j=ind(i) j=ind(i)
d=d+sqrt(x(j)*x(j)+ <>: d=d+sqrt(r(1,j)*r(1,j)+

& y(j)*y(j)+ & r(2,j)*r(2,j)+
& z(j)*z(j)) & r(3,j)*r(3,j))

enddo enddo

d=0.0 d=0.0
for (i=0; i<n; i++) { for (i=0; i<n; i++) {

j=ind[i]; j=ind[i];
d+= sqrt(x[j]*x[j]+ <=: d+= sqrt(r[j][1]*r[j][1]+

y[j]*y[j]+ r[j][2]*r[j][2]+
z[j]*z[j]); r[j][3]*r[j][3]);

} }

Notes:

Thefirst loop accessesthreearrays: x , y , andz . Accessfor these elements of thevectors is throughtheindex array
ind , soit is not likely that theaccessesarestride 1. Thus,eachiterationof theloop causesa new line to bebrought
into thecache for eachof thethreevectors.

In the second loop, sincer(1,j) , r(2,j ) , and r(3, j) (r[j ][1] , r[j] [2] , and r[j][ 3] ) arecontiguous in
memory, it is likely that all threewill fall in thesamecache line. Thus,onecache line, rather thanthree, needsto be
brought into thecache.
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15.26 CacheBasics (continued)

7 Avoid arraysizesthataremultiplesof thecachesize

7 Usedummypads

Notes:

Allocation of variableson thestack mayvary from run to run, but thepotential is herethat these variablescould be
allocatedin consecutive memory. Eachvector is 4 MB in size; thus,the low 22 bits of theaddressesof ai , bi , and
c i arethesame,andthevectorsmapto thesamecache line. To remedythis, introducepadsbetween thevectorsto
space their beginning addresses. Ideally, each padding variable should beat least thesizeof a full cacheline. Thus,
eachpadshould be32 elementslong.

Becausethestackallocation is not predictable this solution maynot work if thearraysareautomatic,i.e.,stack-
allocated.

It is saferto allocateonelarge block of datafor all thedataarrays andthepad,thenusepointersto make sure
thestarting addressof thearrays don’t line up on cache boundaries.

In Fortran,a commonblock will guaranteeconsecutive allocation of storage, but the compiler may decideto
automatically insertpadding betweenarraysin a givencommonblock.



402 AAPPL-1.0-L2.4-S-SD-W Single-CPUOptimizationTechniques

15.27 Usethe PerformanceMonitor tools to Identify CacheProb-
lems

7 Example:ADI code

double precision a(256,256,256)
do k = 1, nz

do j = 1, ny
call xsweep(a(1,j,k),1,nx)

enddo
enddo
do k = 1, nz

do i = 1, nx
call ysweep(a(i,1,k),ldx,ny)

enddo
enddo
do j = 1, ny

do i = 1, nx
call zsweep(a(i,j,1),ldx*ldy,nz)

enddo
enddo
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7 Poorcacheperformance

% histx -o out ./adi2
Time: 12.771 seconds
Checksu m: 4.6021 112569E+07

% sort -rn out.adi2.27974
13998: *Total for thread 27974*
13292: a.out:* Total*

9773: a.out:z sweep_
1709: a.out:y sweep_
1594: a.out:x sweep_

706: libscs. so:*Total*
706: libscs. so:drand64 _
164: a.out:m ain

52: a.out:_ init

Notes:

Operationsareperformedalong“pencils” in eachof the three dimensions. The PC sampling output is presented.
This showsthat the vastmajority of time is spentin the routine zsweep. However, an analysis of the source code
would indicatethatxsweep,ysweep,andzsweepshould ideally all take thesameamountof time.

ThedifferencebetweenPCsampling andsuchideal time is that,by taking samplesof theprogramcounter po-
sition astheprogramruns, PCsampling includesanaccuratemeasureof thetimeassociatedwith memoryaccesses.
Ideal time simply counts the instructions that accessmemoryand thusmust tally the sameamountof time for a
cache hit asa cachemiss. This meansthat the differencebetweenPCsampling andideal profiling results indicate
which routineshave cacheproblems.
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15.28 Example: ADI Code

7 First, try padding

dimension a(256,256,256) <>: dimension a(257,257,256)

% histx -o out ./adi2
Time: 5.463 seconds
Checksum: 4.6021112569E+07

% sort -rn out.adi2.28114
6506: *Total for thread 28114*
5816: a.out:*Total*
2388: a.out:zsweep_
1613: a.out:ysweep_
1592: a.out:xsweep_

689: libscs.so:*Total*
689: libscs.so:drand64_
147: a.out:main

76: a.out:_init

Notes:

The routine zswee p performscalculations alonga pencil in the z-dimension. This is the index of the a arraythat
variesmostslowly in memory. Thedeclaration for a showsthat thereare256*256 = 65536arrayelements, or 128
kB, between successive elements in thez dimension. Thus,eachelement alongthepencil mapsto oneof two lines
in theprimary cache(becauseof associativity), andto oneof 8 linesin thesecondary cache.

In addition,everyother elementmapsto oneof 6 places in a1.5-MB L3 cache,or oneof 12places in a3 MB L3
cache. Sincetheassociativity of thecachesis limited, therewill becachethrashing, whichyoucanfix by introducing
(internal) padding—increasethesizeof thearrayto (257,257,256).

This fix providessufficient padding with these dimensions,arrayelements alongz-pencil all mapto different
secondarycachelines. Thehistx numbers above showthatzsweepnow takesjust about 50%longer to execute as
xsweepandyzweep (comparedto a factor of 6 longer in theoriginal version).
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15.29 Example: ADI Code(continued)

param eter (nx=25 6, ny=25 6, nz=25 6)
param eter (ldx=2 57, ldy= 257, ldz =256)
real* 8 a(l dx,ldy ,ldz) , temp (ldx, ldz)
. . .
do j = 1, ny

call cop y(a(1, j,1), ldx*ld y,tem p,ldx, nx,nz )
do i = 1, nx

call zswe ep(tem p(i,1 ),ldx, nz)
enddo
call cop y(temp ,ldx, a(1,j, 1),ld x*ldy, nx,nz )

enddo
subro utine copy( from, lf,to, lt,nr ,nc)
real* 8 fro m(lf,n c), to(l t,nc)
do j = 1, nc

do i = 1, nr
to(i ,j) = from( i,j)

enddo
enddo
end
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% histx -o out ./adi2
Time : 5.19 7 sec onds
Checksum: 4.60 21112 569E+0 7

% sort -nr out.adi2.28372
6235: *Tota l for threa d 283 72*
5540: a.out :*Tot al*
1613: a.out :yswe ep_
1593: a.out :xswe ep_
1387: a.out :zswe ep_

726: a.out :copy _
695: libsc s.so: *Total *
694: libsc s.so: drand6 4_
166: a.out :main

55: a.out :_ini t

Notes:

AlthoughTLB missesarenotasbig anissueasthey areonSGIOrigin systems,their effectsmayalsobereduced. In
thecaseof zsweep,wherethelargearray is being traversedin theworstpossible dimension,thiscanbeaccomplished
by copying z pencils to a scratch arraythat is smallenough to avoid TLB misses, carrying out thez sweepson the
scratch array, andthen copying theresults back to thea array.
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15.30 CacheBlocking

7 Example:matrix multiply

do j = 1, n
do i = 1, m

do k = 1, l
c(i,j) = c(i,j) + a(i,k)*b(k,j)

enddo
enddo

enddo

7 Performance(onaSGI Origin 2000with R10000@195MHzprocessors):

m n l lda ldb ldc Seconds MFLOPS
================================================ ======

30 30 30 30 30 30 0.000162 333.9
200 200 200 200 200 200 0.056613 282.6

1000 1000 1000 1000 1000 1000 25.431182 78.6

7 Perfex outputfor 1000? 1000case:

0 Cycles........................ 5460189286 27.858109
23 TLB misses.................... 35017210 12.164907
25 Primary data cache misses..... 200511309 9.217382
26 Secondary data cache misses... 24215965 9.141769

Notes:

Cacheblocking or tiling is the concept of breaking up datastructures that are too big to fit in the cache. The
exampleshows thatwhenthematrices A, B, andC getbigger, theperformanceof thematrix multiply routine drops
significantly. This problem with cache missescanbefixedby blocking thematrices.
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15.31 CacheBlocking (continued)

7 Example:matrix multiply

7 Block matricesinto cache-sizedpieces

Notes:

Here,oneblock of C is updatedby multiplying togethera block of A anda block of B. Theblocks mustbesmall
enough thatonefrom eachmatrix canfit into thecacheat thesametime.
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15.32 Why DoesBlocking Work?

do j = 1, n
do i = 1, m

do k = 1, l
c(i,j) = c(i,j) + a(i,k)*b(k,j)

enddo
enddo

enddo

Eachelementof C is touchedonceA is touchedn times:oncefor eachcolumnof B
B is touchedm times:oncefor eachrow of A

If the matricesare large, eachtouchcancausea readfrom main memory, because
previously readdatawill havebeenflushedfrom thecache.

If the matricesare blocked, and eachblock fits in the cache,the numberof main
memoryaccessesis reducedfrom the numberof rows or columnsto the numberof
blocks.

Notes:

Whenwecount thenumberof lineseachmatrix is touched,weseethat eachC(i, j) is touchedonce;it is readfrom
memory. Thenthe dot product of the row vector A(i,: ) with the columnvectorB(:, j) is added to C(i, j) , and
the result is stored backto memory. But calculating an entire column of C requires reading all the rows of A, so A
is touchedn times,oncefor eachcolumnof C, or equivalently, eachcolumn of B. Similarly, every columnvector
B(:,j ) mustbereread for eachdotproductwith arow of A, soB is touchedm times.If A andB don’t fit in thecache,
thereis likely to belittle reuse betweentouches,sothese accesseswill require streaming datain from memory.

Whenthe matricesareblocked, a block of C is calculatedby taking the dot product of a block-row of A with
a block-column of B. Thedot product consistsof a seriesof submatrix multiplies. If threeblocks—onefrom each
matrix—fit in cache simultaneously, the elements of thoseblocks only needto be reading from memoryoncefor
eachsubmatrixmultiply. Thus,A will now only needto betouchedoncefor eachblock-columnof C, andB will only
needto betouchedoncefor eachblock-row of A. This reducesmemorytraffic by thesizeof theblocks.
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15.33 CacheBlocking: 1000x1000Matrix Multiply

For example,65columnsfit in onesetof a1-MB cache:

7 Blockedperformance

block
m n l lda ldb ldc order mbs nbs lbs Seconds MFLOPS

================================================ ===============
1000 1000 1000 1000 1000 1000 ijk 65 65 65 6.837563 292.5
1000 1000 1000 1000 1000 1000 ijk 130 130 130 7.144015 280.0
1000 1000 1000 1000 1000 1000 ijk 195 195 195 7.323006 273.1

7 Perfex outputfor 65 ? 65blocks:

0 Cycles................................. 1406325962 7.175132
21 Graduated floating point instructions.. 1017594402 5.191808
25 Primary data cache misses.............. 82420215 3.788806
26 Secondary data cache misses............ 1082906 0.408808
23 TLB misses............................. 208588 0.072463

7 LoopNestOptimizer:

% f77 -n32 -mips4 -Ofast=ip27 -OPT:IEEE_arithmetic=3 matmul.f
m n l lda ldb ldc Seconds MFLOPS

===============================================
1000 1000 1000 1000 1000 1000 7.199939 277.8

Notes:

Thebigger theblocks, thegreater thereduction in memorytraffic, but they mustbeableto fit into cache simultane-
ously. Furthermore,theblockscannot conflict with themselves;in otherwords,differentelementsof thesameblock
cannot mapto thesamecache line. Conflictscanbereducedor eliminatedby proper padding of theleading dimen-
sion of the matrices, careful alignment of the matrices in memorywith respect to oneanother, and, if necessary,
further limiting of theblock size(s).

Thelarger theblocks,thegreater thenumber of TLB entriesthatwill berequired to maptheir data.If theblocks
aretoo big, the TLB cachewill thrash. For large matrices, this meansthat the width of a block will be limited by
thenumber of availableTLB entries.Thesubmatrix multiplies canbecarried out sothatthedata accessesgo down
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thecolumns of two of the threesubmatricesandacrossthe rows of only onesubmatrix. Thus,thenumber of TLB
entriesonly limits thewidth of oneof thesubmatrices.

For block sizesthat limit cache reuse (1000@ 1000), the performanceof the blocked algorithm matchesthe
performanceof theunblocked algorithm on a sizethatfits entirely in thesecondarycache (200@ 200).
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15.34 Loop NestOptimizations(LNO)

7 Improvescacheand instructionschedulingby performinghigh-level transforma-
tionson loops

8 Loop interchange
8 Padding
8 Loop fusion
8 Cacheblocking
8 Prefetching
8 + others

7 Improvesperformanceof numericalprograms

7 Default behavior is designedto bebeneficialfor mostprograms

8 Canbefine-tuned
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15.35 How to Run LNO

7 Runat -O3

7 Example:Matrix multiplication with wrongindex order:

line 3: do j = 1, n
line 4: do k = 1, n
line 5: do i = 1, n
line 6: c( i, j)= c( i, j)+ a( k, i)* b( k, j)
. . .
% efc -O3 -opt_report mtm.f
LOOP INTERCHANGEin mm_ at line 4
LOOP INTERCHANGEin mm_ at line 5
Block, Unroll, Jam Report:
Loop at line 3 unrolled and jammed by 4
Loop at line 4 unrolled and jammed by 4
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15.36 Loop Inter change

for (i=0; i<n; i++) {
for (j=0; j<n; j++) {

a[j][i] = 0.0;
}

}

7 Interchangecanminimizecachemisses

for (j=0; j<n; j++) {
for (i=0; i<n; i++) {

a[j][i] = 0.0;
}

}

7 LNO at -O3 caninterchangeloopsautomatically
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15.37 Loop Inter change(continued)

7 Needto considermorethancaches

for (j=0; j<m; j++) {
for (i=1; i<n; i++) {

a[j][i]+ = a[j][i-1];
}

}

Nicecachebehavior, but thereis a recurrence

7 Whatelsecangowrong?

for (i=0; i<n; i++) {
for (j=0; j<m; j++) {

a[j][i] = 0.0;
}

}

7 Whatif n=2 andm=100?

8 Entirenestfits in cache
8 Loop interchangeincreasesloopoverhead

Notes:

Whenn=2 andm=100, the entire arrayfits in cache, andwith the original loop order, the codeachievesfull cache
reuse. Interchanging the loops, however, putsthe shorter i loop inside. Softwarepipelining that loop incurs sub-
stantial overhead.Sothecompiler hasmadethewrongchoicein this case.
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15.38 Loop Inter changeand Outer Loop Unrolling

for (j=0; j<m; j++) {
for (i=0; i<n; i++) {

a[j][i]+ = a[j][i-1];
}

}

7 Unrolling j -loopmitigatesrecurrenceandpreservesgoodcachebehavior

Notes:

Loop interchangeandouter loop unrolling canbecombined to solve someperformanceproblemsthatneithertech-
nique cansolve on its own. Interchanging the above loop improves performance,but the recurrenceon i limits
software pipelining performance.But if the j loop is unrolled after interchange, the recurrencewill be mitigated,
becausetherewill beseveralindependent streamsof work thatcanbeusedto fill up theprocessor’s functionalunits.

for (j=0 ; j<m; j++ {
for (i= 0; i<n; i++ ) {

a[j+ 0][i]+ = a[j+0 ][i-1] ;
.
.
.

a[j+ 3][i]+ = a[j+3 ][i-1] ;
}

}
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15.39 Example: Matrix Multiplica tion

for (i = 0; i < M; i++)
for (j = 0; j < N; j++)

for (k = 0; k < K; k++)
C[i*ldc+j] -= A[i*K+k] * B[j*ldb+k];

7 Both A andB arraysaccessedwith unit stridein innermostloop, shouldgetgood
performance

7 Compilewith -O3 -fno-alias

7 Time for M = 10000, N = 200, K = 200case:19.1sec,402MFLOPS
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15.40 Matrix Multiplicatio n: Hand-Unrolled Loops

for (i = 0; i < M- 3; i+= 4) {
for (j = 0; j < N- 3; j+= 4) {

t00 = 0; t10 = 0; t20 = 0; t30 = 0;
t01 = 0; t11 = 0; t21 = 0; t31 = 0;
t02 = 0; t12 = 0; t22 = 0; t32 = 0;
t03 = 0; t13 = 0; t23 = 0; t33 = 0;
for (k = 0; k < K; k++) {

t00 += A[(i+0)*K+k] * B[(j+0)*ldb+k];
t10 += A[(i+1)*K+k] * B[(j+0)*ldb+k];
t20 += A[(i+2)*K+k] * B[(j+0)*ldb+k];
t30 += A[(i+3)*K+k] * B[(j+0)*ldb+k];

. . .}
C[(i+0)*ldc+j+0] -= t00; C[(i+1)*ldc+j+0] -= t10;
C[(i+2)*ldc+j+0] -= t20; C[(i+3)*ldc+j+0] -= t30;

. . .}
}

7 Compilewith -O3 -fno-alias

7 Time = 4.4sec,1820MFLOPS
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15.41 Matrix Multiplicatio n: Fortran Version

do j = 1, n-3, 4
do i = 1, m-3, 4

t00 = 0.0
t10 = 0.0
t20 = 0.0
t30 = 0.0
. . .

do k = 1, p
t00 = t00 + A(k,j) * B(k,i)
t10 = t10 + A(k,j+1) * B(k,i)
t20 = t20 + A(k,j+2) * B(k,i)
t30 = t30 + A(k,j+3) * B(k,i)
. . .

end do
c(i,j) = c(i,j) - t00
c(i,j+1) = c(i,j+1) - t10
c(i,j+2) = c(i,j+2) - t20
c(i,j+3) = c(i,j+3) - t30

end do
end do

7 CompileO3

7 Time = 4.0sec,2000MFLOPS
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15.42 Stretching the Pipeline

7 Compiler assumesloadswill be satisfiedfrom lowest level cachewith minimal
latency (e. g., 6 cyclesfor floatingpoint)

8 Achievablewith goodprefetching
8 Goodprefetchingnotalwayspossible

7 Canusepfmon to examinestall andlatency events

8 e. g., BE_EXE_BUBBLE.FRALL, DATA_EAR_CACHE_LAT8

7 Cantry stretchingthepipelineusingundocumented, unsupportedflag

8 -mP3OPT_ecg_mm_fp_ld_latency= ##
8 Time for previousexamplewith 20-cycle latency is 2.56sec,3123MFLOPS

7 Or usepreviously tunedcode(ageneralruleof thumb)

8 UsingSCSLDGEMM, exampletime is 2.2sec,3670MFLOPS
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15.43 Loop Fusion

7 LNO automaticallyfusesloops

8 In general,mayneedto peeliterations:

do i = 1, n
a(i) = 0.0

enddo
do i = 2, n-1

c(i) = 0.5 * (b(i+1) + b(i-1))
enddo

A
LNO doesthisautomatically

a(1) = 0.0
do i = 2, n-1

a(i) = 0.0
c(i) = 0.5 * (b(i+1) + b(i-1))

enddo
a(n) = 0.0

Notes:

Thefirst andlast iterationsof thefirst loop arepeeledoff so thatyou endup with two loopsthat run over thesame
iterations;these two loops maythentrivially befused.
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15.44 Loop Fission

7 Fissionrelievesregisterpressure:

for (j=0; j<n; j++) { for (j=0; j<n; j++) {
... ...
s = ... se[j] = ...
... ...
... = s <>: }
... for (j=0; j<n; j++) {

} ...
... = se[j]
...

}

Notes:

Although loop fusion generally improvescache performance,it hasonepotential drawback: it makesthe body of
theloop larger. Largeloop bodiesplacegreater demandon registers makingsoftwarepipelining moredifficult.
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15.45 Prefetching

for (i=0; i<n; i++) { /* assume b is double */
a += b[i];

}
Everysecondarymisswill stall themachinecompletely
for (i=0; i<n; i++) {

prefetch b[i+16];
a += b[i];

}

Toleratesmuchof themisslatency, but doublesthenumberof loads

Notes:

The Itanium 2 processorinstruction setcontains prefetch instructions that canmove datafrom main memoryinto
cache in advance of their use. This movementallows someor all of the latency required to access the datato be
hiddenbehind other work. Oneoptimization theLNO performsis to insert prefetch instructions into a program. In
the modifiedcodeabove, prefe tch is not a C statement; it indicatesthat a prefetch instruction for the dataat the
specified address is issuedat that point in the program. If b[] is a double array, the addressb[i+ 16] is onefull
cache line (128 bytes)ahead of theaddressthatis being readin thecurrent iteration. With this pref etch instruction
inserted into the loop, eachcache line is prefetched 16 iterations before it needsto beused. Now eachiteration of
the loop takes two cycles since it is load bound, andthe prefetchedinstruction andthe loadof b[i ] eachtake one
cycle.

Thus, cache lines will be prefetched32 cycles in advance of the use. A cachemiss to local memorytakes
approximately 60 to 100cycles,sohalf to a third of this latency will beoverlappedwith work on thepreviouscache
line. As written, theabove loop issuesa prefe tch instructionfor every load. For out-of-cache data, this is not bad,
becauseyou still have to wait for half thelatency of thecachemiss.But if this sameloop wererun on in-cachedata,
theperformancewould behalf of what it couldbe.
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15.46 Prefetching (continued)

for (i=0; i<n; i++) {
if ((i % 16) == 0) prefetch b[i+16];
a += b[i];

}
Conditionalis worsethanextra prefetches
for (i=0; i<n; i+=4) {

prefetch b[i+32];
a += b[i+0];
a += b[i+1];
a += b[i+2];
a += b[i+3];

}
Improvement:

7 Prefetchestwo cachelinesahead
7 Fewer redundantprefetches

But not idealunlessunrolledby 16

Notes:

With the unrolled loop, you reduce the numberof prefetchesby a factor of four. In fact, unrolling the loop by 16
eliminatesall redundantprefetches. LNO automatically insertsprefetched instructionsandusesunrolling to limit the
numberof redundant prefetch instructions it generates.Generally, LNO will not unroll theloop enoughto eliminate
the redundancies completely since the extra unrolling, look too much loop fusion, canhave a negative affect on
software pipelining. So,in prefetching, asin all its other optimizations, theLNO tries to achieve a delicatebalance.

Insteadof prefetchingjustonecache line, LNO prefetchestwo or morelinesaheadsothatmost,if notall, of the
memorylatency is overlapped.
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15.47 PseudoPrefetching

7 Prefetchingfrom secondaryinto primarycache

7 No instructionoverhead,but increasedregisterpressure
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15.48 PrefetchExample1: CFD Solver

DO 33 IP= 1, NCELL
IE=LQ(6,IP); IW=LQ(5,IP); IN=LQ(4,IP)
IS=LQ(3,IP); IT=LQ(2,IP); IB=LQ(1,IP)
WSP=WS(IP)
IF(IB.GT.0 .AND. IB.LT.IP) WSP=WSP+DBLE(AC(1,IP))*WS(IB)
IF(IT.GT.0 .AND. IT.LT.IP) WSP=WSP+DBLE(AC(2,IP))*WS(IT)
IF(IS.GT.0 .AND. IS.LT.IP) WSP=WSP+DBLE(AC(3,IP))*WS(IS)
IF(IN.GT.0 .AND. IN.LT.IP) WSP=WSP+DBLE(AC(4,IP))*WS(IN)
IF(IW.GT.0 .AND. IW.LT.IP) WSP=WSP+DBLE(AC(5,IP))*WS(IW)
IF(IE.GT.0 .AND. IE.LT.IP) WSP=WSP+DBLE(AC(6,IP))*WS(IE)
IF(LARBE) THEN

. . .
ELSE ! LARBE = .FALSE.

. . . more if-then for WSPcomputation
ENDIF
WS2(IP)= WSP* DBLE(D(IP))

33 CONTINUE

7 Compiledwith -O3 , time is 9.25seconds
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15.49 PrefetchExample1 (continued)

7 Split into two loops

IF(LARBE) THEN
DO 33 IP= 1, NCELL

IE= LQ(6,IP); IW=LQ(5,IP); IN=LQ(4,IP)
. . .
IF(IE.GT.0 .AND. IE.LT.IP) WSP=WSP+DBLE(AC(6,IP))*WS(IE)
. . . more if-then for WSPcomputation
WS2(IP)=WSP*DBLE(D(IP))

33 CONTINUE
ELSE ! LARBE = .FALSE.

DO 34 IP= 1, NCELL
IE=LQ(6,IP); IW=LQ(5,IP); IN=LQ(4,IP)
. . .
IF(IE.GT.0 .AND. IE.LT.IP) WSP=WSP+DBLE(AC(6,IP))*WS(IE)
WS2(IP)=WSP*DBLE(D(IP))

34 CONTINUE
ENDIF

7 Compiledwith -O3 , time is 7.85seconds
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15.50 PrefetchExample1 (continued)

7 Add a prefetch directive

DO 33 IP= 1, NCELL ! NCELL = 156000 -> 10.5 MB
cdir$ prefetch LQ, AC

IE=LQ(6,IP); IW=LQ(5,IP); IN=LQ(4,IP)
IS=LQ(3,IP); IT=LQ(2,IP); IB=LQ(1,IP)
WSP=WS(IP)
IF(IB.GT.0 .AND. IB.LT.IP) WSP=WSP+DBLE(AC(1,IP))*WS(IB)
IF(IT.GT.0 .AND. IT.LT.IP) WSP=WSP+DBLE(AC(2,IP))*WS(IT)
IF(IS.GT.0 .AND. IS.LT.IP) WSP=WSP+DBLE(AC(3,IP))*WS(IS)
IF(IN.GT.0 .AND. IN.LT.IP) WSP=WSP+DBLE(AC(4,IP))*WS(IN)
IF(IW.GT.0 .AND. IW.LT.IP) WSP=WSP+DBLE(AC(5,IP))*WS(IW)
IF(IE.GT.0 .AND. IE.LT.IP) WSP=WSP+DBLE(AC(6,IP))*WS(IE)
WS2(IP)=WSP*DBLE(D(IP))

33 CONTINUE

7 Compiledwith -O3 , time is still 7.85seconds
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15.51 PrefetchExample1 (concluded)

7 Insertexplicit prefetch calls

DO 33 IP= 1, NCELL ! NCELL = 156000 -> 10.5 MB
call lfetch_nta(LQ(1,IP+14))
call lfetch_nta(AC(1,IP+14))
IE=LQ(6,IP); IW=LQ(5,IP); IN=LQ(4,IP)
IS=LQ(3,IP); IT=LQ(2,IP); IB=LQ(1,IP)
WSP=WS(IP)
IF(IB.GT.0 .AND. IB.LT.IP) WSP=WSP+DBLE(AC(1,IP))*WS(IB)
IF(IT.GT.0 .AND. IT.LT.IP) WSP=WSP+DBLE(AC(2,IP))*WS(IT)
IF(IS.GT.0 .AND. IS.LT.IP) WSP=WSP+DBLE(AC(3,IP))*WS(IS)
IF(IN.GT.0 .AND. IN.LT.IP) WSP=WSP+DBLE(AC(4,IP))*WS(IN)
IF(IW.GT.0 .AND. IW.LT.IP) WSP=WSP+DBLE(AC(5,IP))*WS(IW)
IF(IE.GT.0 .AND. IE.LT.IP) WSP=WSP+DBLE(AC(6,IP))*WS(IE)
WS2(IP)=WSP*DBLE(D(IP))

33 CONTINUE

7 Compiledwith -O3 , time is now 4.55seconds



430 AAPPL-1.0-L2.4-S-SD-W Single-CPUOptimizationTechniques

15.52 PrefetchExample2: Radix-3 FFT kernel

do 101 k = 1, l1
tr2 = cc(1,2,k) + cc(1,3,k)
cr2 = cc(1,1,k) + taur * tr2 ! 5 loads
ch(1,k,1) = cc(1,1,k) + tr2 ! 6 stores
ti2 = cc(2,2,k) + cc(2,3,k) ! 12 fp inst
ci2 = cc(2,1,k) + taur * ti2
ch(2,k,1) = cc(2,1,k) + ti2
cr3 = taui * (cc(1,2,k) - cc(1,3,k))
ci3 = taui * (cc(2,2,k) - cc(2,3,k))
ch(1,k,2) = cr2 - ci3
ch(1,k,3) = cr2 + ci3
ch(2,k,2) = ci2 + cr3
ch(2,k,3) = ci2 - cr3

101 continue

7 Compiledwith -O3 , it runsin 13cycles/iteration

7 Adding cdir$ noprefetch , theloop runsin 10cycles/iteration

7 Compilingwith -O3 -mP3OPT_ecg_mm_fp_ld_latency=13 andno directive, the
loopalsorunsin 10cycles/iteration

7 Compilingwith boththedirectiveandtheoptions,thelooprunsin 7cycles/iteration
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15.53 What Can You Do?

7 Avoid equivalences

7 Avoid goto ’s

7 Keepcommonsconsistent

7 Do nothandunroll

8 Unlessyoudonotwantthecompilerto unroll

7 Do notviolatetheFortranstandard

8 For example,don’t doout-of-boundsindexing
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15.54 Intel Compiler Summary

Intel ecc /efc compilersareEPIC-andItaniumR
B

2 processor-aware:

7 Just-in- time scheduling

7 Goodloopunrollingandpipelining

7 Implicit andexplicit prefetching

7 Efficient useof predication

7 Hardwareinstructionintrinsics

7 Few tuningknobs

7 SGI is workingwith Intel to improvequalityandperformance
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Lab: CPU Tuning ( Fortran and C )

7 Usethe lipfpm , pfmon , histx andprofile.pl utilities (variousoptions)to time
thecode:Altix/Single_CPU_tuning/labs/[f|c]src/matmult.[fc]

8 Recordthetime andtheoutputfrom theverify routine.

7 Usetheoptimizationtechniquesfrom this moduleto improve therun time.

This might take a little time becauseyouwill betrying a varietyof techniques.Go
throughthenotesandtry differentmethods,someof whicharesuggestedbelow:

8 Try changingtheorderof theloops.
8 Try unrolling theinnerloop.
8 Try unrollinganouterloop.
8 Try usinga library routine(man intro_scsl ).
8 Usecompileroptionsto automaticallyperformsomeof the above optimiza-

tions.
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Module 16

SGI Altix SystemsI/O Usageand Performance

16.1 Module Objectives

After completingthis module,youwill beableto

7 Find I/O bottlenecks

7 TuneI/O bottlenecks

435
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16.2 I/O Terminology

7 Buffer

8 Hold datatemporarilyto deliverat ratedifferentfrom receivedrate
8 Managedby theapplicationor I/O libraries

7 Cache

8 Faststorageareawith maximumbandwidthto theprogram
8 Usedfor reuseof dataandinstructions

7 Typesof cacheonanSGI Altix system

8 Hardware
C Primary(L1)C Directorymemoryfor CC-NUMAC Secondary(L2)C Tertiary(L3)C Disk

8 Software
C Kernelfilesystembuffer cacheC CacheFS
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16.3 Disk Characteristics

7 Disk controllerinterface

7 Rotationalspeedin rpm

7 Sector, track,cylindergeometry

7 Disk storagecapacity

7 Seektime

7 Latency

7 Crossover

7 Bandwidth
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16.4 Finding I/O-In tensiveCode

7 time (shellbuiltin), /usr/bin/time show

8 real time is muchgreaterthanuser+sys time
8 sys time maybefairly large

7 Profiling shows

8 PC samplingand user time callstackprofiling may show time spentin I/O
routines

8 Warning:Muchof I/O time is spentsleeping,soit will not show up in profiles

7 gtop/sar shows

8 CPUwaitingon I/O, andCPUspendingtime in systemcalls
8 TerminalI/O may be shown astime spentin graphics,if I/O is in a graphics

window
8 Watchfor buffer reads/writes
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16.5 Special Profiling Considerations

7 Most of thetime spentin I/O is notCPUtime

7 Writesto I/O arenot completelysynchronousby default

7 Processsleepsonly while transferis beingsetup, thencontinues

7 Youcanseebuffer activity usingsar

7 Explicit synchronousI/O (file openedwith O_SYNC)

7 Processsleepsuntil I/O is complete

7 YoucanseeCPUwait on I/O usingsar

7 Youcanseebuffer activity usingsar

7 Somewritesto I/O arecompletelyasynchronous

7 Processneversleeps
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16.6 I/O Tuning Techniques

7 UsefastI/O calls

7 Do I/O in page-sizedchunks

7 Align dataonpageboundaries
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16.7 Multipr ocessorI/O

7 Onefile

7 All processorsopen,readandwrite

7 Globalfile positionchanges,non-deterministicfor sequentialreadsandwrites

7 UseDirectAccessFiles

7 RecordnumberbasedonPEnumber

7 Recordsizemustbemultiple of physicaldatablock
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16.8 UseFast I/O Calls

7 UnformattedI/O is many timesfasterthanformattedI/O

7 Systemcalls for I/O are more efficient than languagecalls for large contiguous
chunksof data

7 Useread() andwrite() ratherthanfread() andfwrite() for datachunks8 kB
or bigger
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16.9 PageAlignment

7 Filesystemis automaticallypagealigned

7 Align arraymemoryto pagesif copying datato disk

7 Usegetpagesize() to find propersizefor alignment



444 AAPPL-1.0-L2.4-S-SD-W SGI Altix SystemsI/O UsageandPerfromance

16.10 SystemLevel I/O Techniques

I/O Type Description Purpose

UNIX read /write NormalUNIX I/O methods This is thestandardway thatprocesses
obtain datafrom thefilesystem

Memorymappedfiles Map contentsof file directly into Bypass read( ) operationsandaccess
processaddressspace memory disk files asthoughit wasregular

Asynchronous Allow processto continuewithout KeepI/O operationsfrom delayingprocess
(POSIX1003.4) waiting for operationsto complete execution
Direct Copy datadirectly from process Avoid delayof copying datato kernel and

spaceto disk having thebuffer flushedto disk at a latertime
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Lab: I/O Tuning

Objective

Comparedifferentmethodsof I/O transfer
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Module 17

Thinking Parallel

17.1 Module Objectives

By theendof this module,youshould beableto

D Understandtheeffectsof parallelizationonfunctionalityandperformanceof appli-
cations

D Choosesuitableparallelizationapproachesto aproblem

447



448 AAPPL-1.0-L2.4-S-SD-W Thinking Parallel

17.2 Think ing Parallel

D Placementof data

D Choiceof algorithm

D Numberof processors

D Sizeof data

D Coordinationof processors
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17.3 Time to Solution

TSOLUTION E TCOMPUTE F TCOMMUNICATION

TCOMPUTE E TOPS F TDATA ACCESS

TCOMMUNICATION E TWORKDISTRIBUTION F TDATA DISTRIBUTION F TSYNC
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17.4 Compute Time

TCOMPUTE G TOPS H TDATA ACCESS

TOPS G TSERIAL H TPARALLEL I P
TOPSdecreasesasthenumberof processorsP increases(with limit TSERIAL)
TDATA ACCESScanvarygreatlydependingonplacementof data
On theSGI Altix systemsdatamayresidein

D Registers

D PrimaryD-cache

D Secondarycache

D Tertiarycache

D LocalDRAM

D RemoteDRAM

TDATA ACCESS G TLOCAL I P H TREMOTE

If datais local,dataaccesstime decreasesasP increases.
If datais remote,accessaddsanew termto TCOMPUTE
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17.5 Parallel Overhead

TCOMMUNICATION G TWORKDISTRIBUTION H TDATA DISTRIBUTION H TSYNC

D Dependsonspeedof supportinghardware

D May beexplicit or implicit dependingonprogrammingmodel

D May increasewith thenumberof processors, P

D TWORKDISTRIBUTION

J Coarsedistribution
K LessoverheadK Potentiallylessparallelbenefit

J Fine-graindistribution
K HigheroverheadK Higherparallelpotential

D TDATA DISTRIBUTION

J May overlapTCOMPUTE
J Costof redistributioncouldbeoffsetby a reducedTDATA ACCESS

D TSYNC

J Processorsgo idle
J Requiredfor correctanswers
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17.6 Limi ts on Parallel Processing Performance

D Summarizedin Amdahl’s Law:

SP G 1L
1 M fp N H fp

P

D SP: Maximum,theoretical,idealwall-clock speeduponP processors

D fp: fractionof thesingle-processorrunningtime thatis parallelizable

D L
1 M fp N : fractionof thesingle-processorrunningtime thatis serial

D P: Numberof processors
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17.7 Limi ts on Parallel Processing Performance(continued)
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17.8 EffectiveParallel Programs

l immO ∞
L
1 M fp N G 0

l immO ∞SP G P

D m: Problemsize

D L
1 M pN : Serialfractionin acode

D P: Numberof processors

D This meansyou “reduce” the serialfraction asyou increasethe problemsize(for
example,moregrid points)

D Observation: Thisseemsto bevalid for a largenumberof importantproblems
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17.9 Parallel Algorit hms

You may be able to get an increasein the parallel fraction of the codeby choosinga
parallel,or amorehighly scalableparallelalgorithm.

D Algorithm selectioncriteria:

J Numberof calculationsrequired
J Memoryrequired
J Easeof understanding/coding/maintaining

D Additional criteria:

J Percentageof parallelcalculations
J Communicationsrequired
J Scalability Granularity



456 AAPPL-1.0-L2.4-S-SD-W Thinking Parallel

17.10 Choosingan Algorith m

Considerthisstraightforwardmethodof finding themaximumvaluein anarrayof num-
bers:

IMAX = 1
MAX = A(1)
DO I = 2, N

IF (A(I).GT. MAX) THEN
MAX = A(I)
IMAX = I

ENDIF
ENDDO

D Thenumberof comparisonsgrows with N (O
L
N N )

D Memoryrequiredgrowswith N (O
L
N N )

D Eachiterationof theloop requirestheresultsof thepreviouspass
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17.11 Choosingan Algorith m (continued)

Consideraslightly morecomplex algorithm:

D Numberof calculationsis P O
L
N I PN

D Sizeof memoryis O
L
N N

At any stageof this algorithm,blocksof N I P calculationsareindependentandcanbe
donein parallel
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17.12 Choosingan Algorith m (continued)

Becauseof the natureof this problem,you could run the first (simpler) algorithm in
eachprocessor on a portionof thedataset,creatingP (numberof processors)potential
maximums.

D Usingthefirst algorithmto thenfind thetruemaximumacrossall processorswould
require:

J O
L
N I PN H O

L
PN calculationsin O

L
N I PN H O

L
PN time

J O
L
PN messagesin O

L
PN time

D Usingthesecondalgorithmwould require:

J O
L
N I PN H O

L
PN calculationsin O

L
N I PN H O

L
log2PN time

J O
L
PN messagesin O

L
log2PN time
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17.13 Data Scoping

To runthei loopin parallel,whicharraysshouldbescopedasshared,whichonesshould
beprivate?

do i = 1 , n
do j = 1 , m

X (j) = A (j,i) * B (j,i+1)
enddo
do j = 1 , mm

C (j,i) = X (j) + C (j,i) + ...
enddo

enddo
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17.14 CalculationsVersusCommunications

In thecodesegmentbelow, shouldyoudeclareX, Y, andZ asprivateor shared?

X = sin (alpha)** 2
Y = cos (alpha)** 2
Z = tan (alpha)** 2
do i = 1 , n

A (i) = B (i) * X ...
C (i) = D (i) * Y ...
E (i) = F (i) * Z ...

enddo
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17.15 Dependency Analysis

To run thek loop in parallel,whicharraysshouldbeshared?

do k = 1 , kmax
do j = 1 , jmax

X (j,k) = X (j,k) + H (j)
enddo
do j = 1 , jmax

H (j) = H (j) + 1.0
enddo

enddo
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17.16 Global Updates

Whatis thebestway to obtaintheglobalsum?

S = 0.0
do i = 1 , n

S = S + A (i) * B (i)
enddo
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17.17 Finding Parallelism

Which loop(s) shouldberun in parallel?

do k = ks , ke
do j = js , je

do i = is , ie
A (i,j,k) = A(i,j+jd,k+kd)+ ...

enddo
enddo

enddo
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17.18 Selecting a Loop
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17.19 Choosinga Different Loop
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17.20 Reordering Loops
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17.21 Parallelization Approaches

D Defineyourperformancegoals

D Identify parallelregions

D Scopedata

D Distributedataeffectively

D Balancetheload

D Gettheright answers

D Synchronizeprocesses

D Controlcritical updates

D Minimize overhead

D Hot spots

D Communications

D ReTHINK theproblem

D Think BIG

D Think
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