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Module 1

Overview

1.1 Module Objectives

By the endof this module,you shoud beableto

e Compareandcontrastexamplesof four majorscalablenardwarearchitectures
e Of thesevariousarchitecturesgompareandcontrast

o Scalabilty (interprocessr communicatiorandl/O)

o Operatingsystemarchitectures

o Languagerchitectures

x Easeof useandefficiency

o 1/O techniques

¢ Understangerformanceprofiles

e Understangrogrammingdifficulties
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1.2 Definition of Scalahlity

ScalableComputing

e Computationapower thatcangrow over a large rangeof performancewhile re-
taining compatibility

Scalability deperds on the distance(time) betweennodes

e Lateny: Time to sendfirst byte betweemodes
e Shortlateng = tightly coupledsystem(capabilitysolution)

e Longlateny = looselycoupledsystem(capacitysolution)
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1.3 Scalahlity

Why is low-latency, high-bandwidth, inter processorcommunication important?
e Low lateny enabledine-grainparallelism

e Loweroverhead= smallerseggmentation

o Split loopsinto smallsegmentson multiple processts
x Easierto find smallparallelsggmentshanlarge segments
o Efficientsmallcodesegmentsallow for moreparallelismin the code

x More loopscanbeparallelizedwith areasonablspeedup

x Especiallyimportantfor automaticparallelcodedetectionandgeneration,
for example,with the automaticparallelizationoptionin the Intel® com-
pilers
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1.4 Symmetric Multipr ocesors(SMPSs)

e Easiesparallelprogrammingernvironment

o All processts have equallyfast(symmetriclaccesso memory
¢ Inexpensveto assemble

o Examples:MultiprocessomvorkstationsandPCs
¢ Limited scalabilitydueto thememoryaccess

o Typically 2 to ~100procesers

Processing Processing Processing Processing
Element Element Element Element

Common Memory (DRAM or SRAM)
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1.5 SMP Performance

e Latenq to synchrmizeprocessors

o Lateng to communicatelataamongprocessrs

* Fastest Sharedegister—approximatelylO nanoseconsi(ns)
. For example,CRAY T90™
x Fast Sharedcache-approximately300ns

. Forexample SunUltra Enterprisel0000™ andmary othersenersand
workstations

x Slowest Sharednemorywithout sharedcachel00sor 1,000s0f ns
- For example,multiprocessoPCsandmary workstations
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1.6 SMP Performance(continued)

Memory bandwidth
e Multiple procesersexertheary demand®n memorybandwidth

¢ Bus-lasedsystemsnayhave low multiprocessobandwidth

o ExamplesMost SMP workstationssenersandPCs
o Fastexecutionin cache put slow randomaccesso memory

e Multiport memoriescanhave very high bandwidths

o Example:CRAY T90— 880gigabytes/secon(lsB/s)

o 32CPUs@ 440MHz

o 8wordsperclockperCPU,8 bytesperword = 64 bytes/clock
o 32CPUs* 440MHz* 8 words* 8 bytes/word=0.88TB/s
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1.7 Arrays(Clusters)

e Mostpopular highly scalablearchitecture

o Any networked computercanparticipatein clusters

o Extremeexample: PCson the Internetusedto crackencryptionkeys or find
large prime numbers

e Populartechniqueor scalingbeyond SMPs

e Easyto assemblebut oftenhardto use

(=X o (=¥ a

o W il o Al N A

| W it ] ol 'l

| ¥ bl | o '

Processor
& Memory

Processor
& Memory

Processor
& Memory

High Speed Network (HIPPI, ATM, FDDI, Ethernet)
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1.8 Arrays(Clusters) (continued)
Cluster Issues

e Coarse-gain parallelismonly

o Requireghousands, millions, or billions of instructionsbetweencommunica-
tion cycles

e No sharednemory

o Messageassingequiredio spanmachinegcapability)
o Oftenusedfor multiple serial-jobthroughput (capacity)

e Longlatencies

o Typically 10s,100s,0r 1,000s0f microseconds
o Comparehiswith 10sto 1,000sof nanosecond®r SMPs
*x SMPstypically have 100to 1000timesbetterlateng thanclusters
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1.9 Arrays(Clusters) (continued)
Cluster Issues

e Multiple OSimages

o Hardto coordinatescheduleandadminister
o Schedulingnessage-pasg) jobscanbedifficult

e Distributedl/O

o Hardto accessemoteperipherals
o OftenuseNFS® or DFSfor logically sharediles
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1.10 Arr ays(Clusters) (continued)
Cluster Benefits
e Easyto startsmall,thenscaleup hardware
o Canaddnewer hardwareto olderhardware
¢ Nodescanbeindividual computenodes
o In additionto beingmembersf a cluster
e High reliability

o Partsof clustercanfail while othersremainavailable
*x May loseaccesto someperipherals

e Excellentfor throughmut (multiple single-PEobs)

o A batchschedulers typically usedfor schedulingnultiple jobs

o A systemwith asharedcachefor data(e.g.,a databaseatoredin buffer cache)
may still shav advantage®ver a clusterin somethroughput applicationsif all
jobsaccessamdarge datasets.



Overviav

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

1.11 Masswely Parallel Procesors(MPPSs)

Fast Distrib uted Memory

¢ Distributedmemoriesscalingto terabytes

o Similarto clusterprogrammingprimitives
o Easiernto programthanclusters

x Lateng ~1,000timeslower
*+ Bandwidth10sto 1,000stimesfaster

Processor
& Memoty

1 | Processor
& Memory

Processor
& Memory

| | Processor
& Memory
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1.12 MPPs(continued)
Fast Distrib uted Memory

¢ Fasterbandwidth

o Typically gigabytespersecondf bisectionbandwidth
o Often100sof MB/s processoto processor

e Sometimesingle-sysemimages

o Example:CRAY T3E™
e Scalingto thousandef procesers

o Scalngindependenbnlow lateny andhigh bandwidth
e Sometimegloball/O

o Any processocanperforml/O onary device
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1.13 MPP Features

e Largenumbersof processors

o 3210 9,000+processrs
o TeraFLOP$ of processg power

e Largememories

o Upto terabyteof memory
e Largelocal memorybandwidth

o Sumis hundredsr thousandsf GB/s
¢ Hugel/O bandwidth

o Upto 10sor 100sof GB/s

13
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1.14 Scalable Symmetric Multipr ocessors(S?’MPs)

¢ cCNUMA — CombiningSMPsandMPPs

o Cache-coherefEGMP-like)
o Non-UniformMemoryAccesMPP-like)

e Logically programmabl@asan SMP

o Every processphasfastandcache-cohererggccesso acommonmemory
o SMP codescanrunwithout modification

e MPP-like scalability

o Scalego 1000sof procesers
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1.15 S?’MPs (continued)
ccNUMA - Scalability

e SMP codegendto bewritten for 10sof procesers

o SMP codesaccessnemorywithout regardfor locality
o SMP codesassumenemoryaccesspeedsio notvary
o Thistendsto limit the scalabilityof SMP codes

e S2MPcanbeprogrammeasanMPP

o MPP programmingechniqgueemphasizgoodlocality of reference
o Tendsto improve scalability

e Combination:SMP-like codeandhigh-level directivesfor locality

o New areafor languagedirectves
o Promiseof scalabilitywith easeof programming

15
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1.16 S?MPs (continued)
ccNUMA - Configuration
e OS:Singlesystemimageor multiple images
o Canbeconfiguredasan SMP, MPP or cluster
¢ 1/O: Globaldevice accesgwith singlesysemimage)

o Any processonccessin@ry peripheral
o Veryfastrandomaccesgrom processts to disks

Overviav
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1.17 Scalale Operating Systens

e Singlethreadedkernels

o Low-endUNIX® or PCOS
o Onesygemecall processeatatime OK for uniprocessrsor smallSMPs

o Multithreadedkernels

o High-endUNIX kernels

x Multiple sygem calls executedsimultaneously
x Improvesl/O dramaticallyonlarge SMPs

o Note: OSdesigncanhave dramaticeffectson systemperformance

17
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1.18 Scalale Operating Systens (continued)

Array ed (clustered) operating sysems

e Full OSoneachnodeof thecluster

o Eachnodehasits own sydemimageson disk andin memory
o Add globalschedulingandadministratioriayers
o Add logically globall/O

x Tie togethemwith distributedfilesystemgNFS,DFS, etc.)
« Typically muchslower I/O thanonan SMP or MPP
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1.19 Scalale Operating Systens (continued)
Distrib uted microkernels(Mach and Chorus)

e Smallkernelon eachnode

o Handledocal functionslocally
o Localmemoryandprocessoscheduling

e Asksfor helpfrom systennodesior globalfunctions
o 1/O is usuallya globalfunction

e Singlesystemimage
o Highly scalable

e Examples:

o CRAY T3E usesadistributedChorus™ kernel
o Intel® Paragof® usesadistributedMach™ kernel

19
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1.20 Scalale Application Development

e Fortran
o C& C++
e SMP multitasking(multithreading)

Messagepassing

Single-sidednessag passing

Explicit-distributedlanguages

Implicit-distributedlanguages

Explicit procesontrol—POSIXthreads
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1.21 Scalale Application Development (continued)

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

Parallel Programming Models

Implicit

~

Work Distribution

Explicit <———— Data Exchanges = Implicit

(d'msctaw for
Data Mgkt
Parallel S2MP ";ap'r;‘ll;d
Fortran 90 array (directives for Sections)
= ““}_‘l‘l';,F'TM neee ‘{':,tp';?;‘we;’ | AutoTasking®
; - y
Single-Sided
sage
Passing
MPI-2 Explicit
Message|\- SHmem™ DistrFinuted
Passing Arrays
PVIMT™ F—™
MPI™ 5 SplitC™
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1.22 Scalale Application Development (continued)
Shmemis single-sidedmessageassingported from the CRAY T3D/T3E
e Reador write any word onary processmemoryatary time
o Closeto hardware(1 to 2 ps) lateny on fastMPPsandS?MPs

e Callablefrom Fortran,C, andC++
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1.23 Scalale Application Development (continued)

SMP multitasking (multithr eading)
¢ Implicit work anddatadistribution

e Multiple logical (andphysical)processs sharingasinglesymmetricaddresspace
In memory

o Requiredogically sharednemory

e Scheduldogical process@to tasksasneeded

e Efficiently mix mary applications(serial and parallel) with high processp and
memoryefficiency

e Automaticparallelismwith directivesto assistauto-parallelism

¢ Directivesaddedo languages

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

e Scalabiliy variesdependingntheapplication
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1.24 Scalale Application Development (continued)

SMP multitasking (multithr eading)

A Single Processor 0 Processor 1

UNIX™ ;

Process Thread A's Thread C’s
Context Context

/| —

SMP Memory Thread B's
Context

Common || Thread A’s | | Thread B’s | | Thread C's
Task Memory Memory Memory
Segment | | Segment Segment Segment

Overviav
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1.25 Scalable Application Development (continued)
Messag passing
¢ Most popularparalleldevelopmentstylefor independensoftwarevendorg1SVs)
o Portability is key featurefor ISVs
e Harderto progmamthanSMP parallelism

o Coarsegrainparallelism
o Much moreusercodethanwith SMP directves

e MPI
o De factostandardor messag@asig programming
e PVM

o Workson heterogeneousnultivendor)ervironments
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1.26 Scalale Application Development (continued)

Implicit distrib ution languages

e HPF™™: High Performancéortran™

o Designedo provide SMP-like programmingon physically distributedmemo-
ries

o Programmesuppliesdirectivesto lay out memory

o Programmenprganizeswork into data-paralletonstructs

o Compiler distributesdata, distributeswork, andtakes care of interprocessr
communicationmplicitly

o Tendsto have high overheador communication
o Availableon mostparallelmachines
o HPFisnotanlSO/ANS standard
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1.27 Scalable I/O — Points of View

Parallel 1/0O deviceswith serial I/O code

Single
Processing
Element

Parallel 1/0O codewith serial I/O devices

e Combinethesetechniques

o Parallel 1/0 codewith parallell/O devices
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1.28 Scalale /O - Parallel I/O Programming
Parallel /0O on SMPs

e Globall/O easy

o Any processanaccesary diskdirectly

Processing Processing | | Processing | | Processing
Element Element Element Element

Common Memmrryr (DRAM or SRAM)

Paraﬂew‘ File System

VRS

Overviav
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1.29 Summary

SMPs: Most popular parallel platforms

e Easiesto program

Easygloball/O

Leastexpensve parallelsolution
o Sometimedifficult to scaleapplications

FastesSMP executionenvironment:

o SMP programmingwith languagedirectives
o Messageassinglsofast,andfasterthanon clusters

FastesSMP OS: Multithreadedkernels

29
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1.30 Summary (continued)

Clusters: Popular but Difficult ScalableSystems
e Goodthroughputengineqif accesso shareddatais “cheap”)
¢ Difficult distributed-paallel programming
e Slow, difficult globall/O
e Easyto reconfigure
e Goodresilieny
e Only oneparallelexecutionmodel: Messaggassing

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

MPPs: Most scalableparallel platforms

e Scalabiliy to teraFLOMs alreadydemonstrated

Easierto programthanclustergbetterlateny)

Harderto progmamthanSMPs(incoherentmemory)

Hugedistributedmemorieqterabytes)

Somehave goodgloball/O, othersnot

Most have singlesystemimageOS

Highestperformanceéanguagegetsandputs

Expensve — losingmarket share

31
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1.32 Summary (continued)

S’MPs: SMP-like MPPs
e Theoreticalkcalabilityto teraFLORs

o 100sof GFLOPE (sustainedilemonstratetb date

Logically symmetricmemory(SMP-like)

Physically distributedmemory(MPP-like)

SMP easeof programmingcache-coheremhemory)

Messagepassingscalability

Hugedistributedmemaorieqterabytes)
e Goodgloball/O

e Singlesystemimage



Module 2

Altix Compiling Environment

2.1 Module Obijectives

After completingthe module,youwill beableto

e RecognizaheAltix compilerflow
e Compileprogramswith standardptions
e Createandusestaticanddynamicsharedibraries

e Usesomeobjectfile analyzers

33
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2.2 C/C++ and Fortran Compilers

e Intel® Compilers

o 7.0CompilersshippedNovember2002

o 7.1 Compilersshippedvarch2003

o FortransupprtsOpenMP2.0

o C/C++compatiblewith gccandC99standarqsub®t)

e GNU FortranandC

o Enableeasymigrationfrom 32-bit platformsto Altix
o Includedin thestandard.inux distribution

e ORC(OpenResearclCompiler)FortranandC

o Basedon SGIPro64
o No OpenMPsuppot
o Availableat http://ipf-orc.ourcefoige.net/
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2.3 Compiling a Program

e Compileline:
ecc [ option(s) ] filename.{c|C]|cc|cpp|cxx|i}
efc [ option(s) ] filename {f|for|ftn|f90|fpp}

gceelg++ [ option(s) ] filename.{c|C|cc|cxx|mlilii}
g77 [ option(s) ] filename {f|for|F|fpp}

¢ Filenamerequireshe appropiate extension
%ecc main.c
%efc main.f
%g77 main.f[or]

%g++ main.C
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2.4 Common Compiler Options

-0 <fil e_nanme> | Renamesheoutputfi | e _nane

-g Producesadditionalsymbolinforma-
tion for delugging

-0 or-0{0,1,2,3} Invokesthe optimizerat differentlev-
els

-I< di r _nanme> Look for includefilesin di r _name

-C Compileswithout invoking the linker
(producesa.o file only)
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2.5 Floating-point Underflow

Marny processadonothandledenormalizedrithmetic(for gradualunderflav) in hard-
ware. Whetherenvironmentssupport gradualunderflav is very implementatiordepen-
dent,andmayleadto differencesn numericalresults.

e Thelntel® compilersprovide the-ftz  optionto force flushingdenormalizede-
sultsto zero

Notes:

Frequen gradual underflow arithmeticin a progamdoescau® it to run very slowly, consuning large quantities of
system time, which canbe deteminedwith time . In this casejt is bestto tracethe soure of the undeflows andfix
the code,asgradual undeflow is usudly the souce of reduedaccuacy anyway.
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2.6 StorageClasse and Virtu al Addres®s

A variablecanhave oneof differentstorageclassestheseareusuallystoredin different
areasof the virtual addresspaceof programs.andthe differentstorageclassesause
differencesn behaior (particularlyin somecontexts in parallelprograms).

automatic variablesare local to eachinvocationof a block (e.g., whena functionis
called),andarediscardeduponexit from the block. They arestoredon the stad,
aregion at high virtual addressethatgrows towardslow addressesAs blocksare
enteredandexited in Last-in, First-outfashion,memoryfrom the stackis always
freedatthe“top” of thestack(i.e.,atlow addresses)
Examplesarevariablesdefinedwithin afunction/procedwr bodywithout qualifiers
(bothin C andin Fortran).

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

extemal variablesexist andretaintheir valuesfor the life of the entireprogram. They
arestoredontheheap aregion of spaceatlow addressem virtual spacahatgrows
to largeraddresses
Examplesare variablesdefinedout of the scopeof a block in C, unnamedcom-
monin Fortran,and(obvioudy) C variablesdeclaredr definedwith theexternal
storageclassqualifier.
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2.7 StorageClasse and Virtu al Addr esgs(continued)

dynamic variablesareallocatedduringexecutionof the programthroughexplicit mech-
anismg(e.g.,ALLOCATEN Fortranor malloc() in C). They arestoredontheheap,
and a referenceto their locationis storedin anothervariable (which hasa non-
dynamicstorageclass).
The heapthuscontainsvariablesthat caneithernever be reclaimed be reclaimed
explicitly (e.g.witha free() in C) or implicitly (e.g., unsaed Fortran allocatable
arrays).

volatile variablesarevariablesvhosecontentmaychangeby interventionof something
outsidethescopeof the currentlyexecutingblock of code.As aresult,thecompiler
Is forcedto evaluateexpressonsinvolving volatile variableseachtime they appear
in thecode.
Expressns usingvolatile variablesactasfull memorybarriers;a compileris not
allowed to move memoryreferencesacrosshesewhenoptimizing the code(and
a fortiori cannotdelay storingthe variableinto memoryby keepingits “present”
valuecachedn aregistetr
This propertycan be usedto good effect for implicit synchonisationusing vari-
ablesbetweerthreadsor processes parallelprogramswherethe compilermight
otherwis€‘optimize away” the synchroieation operations.

Notes:

Theervironmert on mostmachine hasstringentlimits for the sizeof the stackat runtime,andprogramsthattry to
allocatevery large automaic variable spa@ may not run succeasfully andareusudly termingedwith acoredump
becaiseof a SIGBUS (buserror) or SIGSE5V (segmertationviolation) signd if no precaitionsaretaken.

Locationson the stackare condantly reusel, andasaresut autamatic variades, which arenot initialized, will
have unspecifiedvalues thatvary from call to call.

Staticvariable spaceonthehea is initializedto zero.

In the Fortrancompiler, it is possble to force all automaic storageclassvariablesto behae asstatic storage
classvariableswith the-sav e option, something usedoftenfor programsthatassunezerainitializedvariables.
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2.8 Modules

module is a userinterfacethat providesfor the dynamicmodificationof a users ervi-
ronment,i.e., usersdo not have to modify their PATHand otherervironmentvariables
by handto accesshe compilers,loader libraries,andutilities. If enabledmodulescan
be usedon the SGI Altix Seriesto customizethe compiling ervironment. To access
the softwareon the SGI Altix Series,do the following (typically MODULESHOM#ll be
/opt/modules/x.g, wherex.y.zis themodulespackageversion):

e C shellinitialization(in .cshc):

source ${ MODULESHOVE}/ i nit/csh
nodul e | oad intel-conpilers-latest npt-1.7-1rel
nodul e | oad scsl-1.4.1-1

e Bourneshellinitiali zation(in .profile):

${ MODULESHOVE} /i ni t/ sh
nodul e | oad intel-conpilers-latest npt-1.7-1rel
nodul e | oad scsl-1.4.1-1

e Kornshellinitialization (in .profile):

${ MODULESHQOVE} /i ni t/ ksh
nodul e | oad intel-conpilers-latest npt-1.7-1rel
nodul e | oad scsl-1.4.1-1

Notes:

If modulesis not available on your systemijts instalation anduseis highly recommendd. The lated release may
befoundat http://sourcefoige.net/pojects/malules! It is alsoincludedin SGIProRack2.3 andlater.
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2.9 Modules(continued)

¢ To view which modulesareavailableon your system(ary shell):

% nodul e avai |

--------- /sw/com/modulefiles

SCCS ivision.R
admin ivision.Ink
;:abd | mpt-1.7-1rel
-epilc.5l.1 scsl-1.4.1-1
i-ntél-clompilers-latest transcript.4.0

e To loadmodulesnto your ervironment(ary shell):

% nodul e | oad intel-conpilers-latest npt-1.7-1rel
% nodul e | oad scsl-1.4.1-1

e To list whichmodulesarein your ervironment(ary shell):

% modul e |1 st

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

e Seeman nodul e for moreoptions

41
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2.10 Libraries

e Librariesarefilesthatcontainoneor moreobject(.o) files

e Librariesareusedto

o Protectacompary’sinvestmenin softwaredevelopmenty allowing it to ship
only objectcodeto customeranddevelopers

o Simplify local softwaredevelopmentoy “hiding” compilationdetail

e In UNIX, librariesaresometimesalledarchives
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2.11 Static Versus Dynamic Libraries

e Staticlibrary

o Callsto library componentaresatisfiedat link time by copying text from the
library into the executable

e Dynamiclibrary

o As theprogramstarts.all neededibrariesarelinkedinto the program
o Whenloadedinto memory thelibrary canbeaccessetly multiple programs

o Dynamiclibrariesareformedby creatinga DynamicallySharedObject(DSO)
file
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2.12 Creating Static Librari es

e Usethearchvercommandar(l)
ar options  [posObject] libName [objectl...objectN]

e Commonarchver options

-d | Deletesspecifiedobject

-m | Movesspecifiedobjectto theendof thearchve

-q | Appendsspecifiedobjectto theendof thearchve

-r | Replacesanearlierversionof the objectin thearchve
-t | Liststhetableof contentsf thearchve

-X | Extractsafile from thearchve
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2.13 ExamplesUsingar(1)

e Createalibrary with threeobjectfiles:

%ar -q libutil.a objectl.o object2.0 object3.0

e List thecontentf thearchve:
%ar -t libutil.a
objectl.o

object2.0
object3.0

o Add afile to thearchve:

%ar -q libutil.a object4.o

e Replaceanobjectwith anewer version:

%ar -r libutil.a object4.o0

e Deleteanobjectfrom thearchve:

%ar -d libutil.a object4.o

45
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2.14 Using Static Libraries

e To useastaticlibrary, includethelibrary onthe compileline:

%gcc -0 nyprog nyprog.c funcl.o libutil.a

e If thelibrary is namedib<name>.aandit is notin a standardibrary directory use
the-L< di r > and-I< nanme> options:

%gcc -0 nyprog nyprog.c funcl.o -L./libs -lutil

o In the abore example,if botha dynamicandstaticlibrariesexist in the same
directory thedynamiclibrary is choserfirst

¢ To usethe staticversionof standardibraries,usethe full pathnameof thelibrary
orthe-static  option:

%gcc nyprog.c /usr/lib/libma
or

%gcc nyprog.c -static -Im
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2.15 Creating Dynamic Librarie s

e To createa dynamiclibrary with a seriesof objectfiles:

%l d -shared objectl.o object2.0 -0 |ibops. so

e To createa DSOfrom anexisting staticlibrary:

%l d -shared --whol e-archive libutil.a -o libutil.so

a7
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2.16 UsingDynamic Librar ies

e To useadynamiclibrary, includethelibrary onthe compilerline:

%gcc -0 nyprog nyprog.c funcl.o |ibops.so
%gcc -0 nyprog nyprog.c funcl.o -L./libs -1ops
%gcc nyprog.c -l m

e Whenusing-I< st ri ng>and,within adirectory bothlib<string>.a andlib<string>.so
exist, theDSOlibrary is used

e If yourdynamiclibrary is notin the standardlirectoriestherun-timelinkerld.so
cannoffind it unlessyou

o Usethe-rpath  <di r ect or y> optionduringlinking:

%gcc -o myprog nyprog.c -W,-rpath -W,./libs -L./libs
-| ops

or

o Setthe LD_LIBRARY_PATH ervironmentvariable beforerunningthe exe-
cutable:

%set env LD LI BRARY PATH ./1ibs
%y pr og
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2.17 C/C++ Librar ies
Classlibraries includedwith the Intel compiler
e libguide.a, libguide.so
o for suppat of OpenMP-basegdrogram
e libsvml.a
o shortvectormathlibrary
e libirc.a
o Intel® supportfor PGO(profile-guidedoptimization)andCPUdispatch
e libimf.a, libimf.so
o Intel® mathlibrary
e libcprts.a, libcprts.so
o DinkumwareC++ library
e libunwind.a, libunwind.so
o Unwinderlibrary
e libcxa.a, libcxa.so

o Intel® runtimesuppot for C++features
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2.18 Getting Information About Object Filesand Libraries

Command | Purpose

file Liststhegeneralpropertiesof thefile

size Lists the sizeof eachsectionof the objectfile

readelf Lists the contentsf anELF objectfile

ldd Lists sharedibrary dependencies

nm Lists thesymboltableinformation

dis Disassemblethe sourcecode

strip Remawesthesymboltableandrelocationbitsfrom
anobjectfile

c+Hilt Demanglenamedor C++
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2.19 Listing File Propertiesand File Size

e Usefile (1) for informationaboutobjectfiles andexecutables

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

$ size main
text data
3254 788

$ size -A main

main

section

Jinterp

.note.AB I-tag

.hash

.dynsym

.dynstr

.gnu.ver sion

.gnu.ver sion_r

relady n

relalA  _64.pltoff

Jinit

plt

text

fini

rodata

.opd

JA_64.u nwind_info

JA_64.u nwind

.data

.ctors

dtors

.got

.dynamic

.Sdata

JA _64.p ltoff

.shss

bss

.comment

.debug_p ubnames

.debug_i nfo

.debug_a bbrev

.debug_| ine

Total

bss

size
24
32
144
408
244
34
64
96
192
272
448
1024
112

48
56
48

16
16
128
464
32
128

12
232
37
4741
252

9384

e size (1) reportsthesizeof aprogram

e Reportedsizeis the minimumspaceaequired

dec hex filename
4122 101a main

addr

461168 6018427388 360
461168 6018427388 384
461168 6018427388 416
461168 6018427388 560
461168 6018427388 968
461168 6018427389 212
461168 6018427389 248
461168 6018427389 312
461168 6018427389 408
461168 6018427389 600
461168 6018427389 888
461168 6018427390 336
461168 6018427391 360
461168 6018427391 472
461168 6018427391 488
461168 6018427391 536
461168 6018427391 592
691752 9027641085 592
691752 9027641085 600
691752 9027641085 616
691752 9027641085 632
691752 9027641085 760
691752 9027641086 224
691752 9027641086 256
691752 9027641086 384
691752 9027641086 392
0

O O O o
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2.21 Getting Information About ELF Files

e Usereadelf (1) to inspectsectionsof an ELF (Executableand Linking Format)
file:

readelf  [options] flenamel [filename2...]

e YoucanprinttheELF headersectionheadersDSOlibrary list, library information,
andsoon, by specifyingdifferentoptions(seemanpage)

e List dynamicsharedibrary list usingreadelf orldd :
%readelf -d main

Dynamic segment at offse t Oxf4 O contai ns 24 entri es:

Tag Type NaméValue
0x00 00000 000000 001 (NEEDED) Share d libr ary: [libut il.so |
(0x00 00000 000000 001 (NEEDED) Share d libr ary: [libc. s0.6. 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
%1 dd main

lib utl,s o => Jlibu til.s o (0x2 00000000004 8000)
lib cs0.6 .1 => flib/ libc. s0.6.1 (0x2 000000 000204 000)
fli bAd-l inux- ia64.s 0.2 => [lib /ld-l inux-i a64.so .2 (0x20 00000 000000 000)
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2.22 Listing Global Symbol Table Information

e Usenm(1) to list globalsymba tableinformationfor objectfiles andarchves

% nm exanpl e. o

U func5
0000000000000000 G global_initialized
0000000000000050 C global uninitialized_array
0000000000000000 T main

U sqrt

Abbreviation | Description

Uninitialized datasectionsymba (bsg
Commonsymbol(uninitialized)

Initialized datasectionsymbol
Smallobjectinitialized datasectionsymbol
Undefinedsymbol

Text (code)sectionsymbol

= C® O 0w
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2.23 Usingnm(1) To Find Unresdved Symbds

e Whencompilinga program,you may getanerrorfrom the linker thata symbolis
unresolhed (it cannoffind wherethe symbolis defined):

%cc nyprog.c -lny lib
|d:

Unresolved:

Missing_Symbol

¢ If you do not know whereMissing_Symbol is defined,you cansearchavailable
objectfiles andlibrariesfor thesymbad

o For example,usea combinationof nmandgrep to searchfor this symbolin
local objectfiles, libraries,andDSOs:

%foreach i (*.0 *.a *.so0)

?nm $i | grep Mssing _Synbol | grep ' T
? echo $i

? echo

? end
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2.24 DisasemblingObject Files

e To disassemle your objectfiles or executablesnto IPF assemblyanguage

o Seehow theoptimizeris rearranging/our sourcecode
o Hand-tundn assembly

e To disassemle anobjectfile, useobjdump (1):
% objdump -d filenamel [filename2...]

o Usethe-S optionto mix sourcejf possiblewith theassemblycode
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2.25 Stripping Executablesof Symbd Table Information

e Usestrip (1) to remove all symboltableinformation,therebydecreasinghe size
of your executables:

%strip [options] filenanel [fil enane2...]
%ecc -g -o main main.o libutil.a -Im

%ls -1 main
-IWXT-X--- 1 gerardo  sdiv 259839 Apr 15 10:45 main*
%strip main
%ls -1 main
-TWXF-X--- 1 gerardo  sdiv 211912 Apr 15 10:45 main*

¢ Strippedexecutablexannotbe deluggedsymbdically, andnm(1) givesanerror

e Strippingalsoprovidesameasuref intellectual propertyprotectiorwhendistribut-
ing binarycode
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2.26 Name Mangling and c++filt

e C++ useof polymorphisn andoverloadingrequirescompilergeneratiorof unique
functionnamedor differentinstantiationsallednamemangling

e Youcanusethec++ilt  tool to helpdemanglehesenamedor the programmer

e For example,pipetheresultsof nmthroughc++ilt
% nm nmyc++prog | /usr/lib/c++/c++filt
e nmalsohasa-C optionthatprovidesdemangling

% nm - C myc++prog
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Lab: Usingthe SGI Altix Compiler Environment

Objectives
e Compileaprogramusingthe SGIcompilers
¢ Createanduseanarchwe library
e CreateanduseaDSO

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

Creating and Using an Ar chive Library

In this exercise,you compilethe programmain , which is madeup of a seriesof object
files (for example,main.q objectl.g object2.9.

1. Copy the Altix/SGI_programming_evironmentdirectoryto your homedirectory
2. Changeo the SGI_programming_efronment/labs/{f,c}srcdirectory

3. Createthe objectfiles main.o,objectl.0,0bject2.0,0bject3.0,0bject4.0,0bject5.0
without linking theminto anexecutable.
(ThereareC andFORTRAN objectsavailable).List the commandyou used:

4. Link the objectfiles. List thecommandyou used:

5. Runmain andnoteits output.

Creating and Using an Ar chive Library

In thisexercise youcreateanarchwe library from theobject?.dfilesusedn theprevious
exercise.

1. Createan archve called libutil.a by appendingthe file objectl.oto it. List the
commandyou used:

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

3. List thecontentof thearchve. List thecommandyou used:

4. Relinkthe mainprogramusingthearchve. Runmain to verify thatit works.
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Creatingand Usinga DSO

1. Make libutil.aaDSO (call it libutil.so). List thecommandyou used:

2. Relinkmain usingthe DSO.

3. Rerunmain to verify thatit works.

Getting Information From Object Files

In this exercise you getinformationaboutobjectfiles.

1. Whatkind of file is libutil.so? Which commandlid you useto determinehis?

2. Compilethe programexample{c,f}. Which symbolis undefined?

3. Write acommando searchthelocal directoryfor all objectfiles, archwve libraries,
andDSOsthatmay containthe symbol. Which command(sylid you use?

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

3.1 Module Objective

After completingthis module,you shouldbe able to identify major hardware compo-
nentsof the SGI Altix systems

63
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3.2 SGI Altix 3000

Altix 3300
o 4-12Intel® itaniun® 2 procesers

o 900MHz with 1.5MB tertiary cacheg“McKinley”)
o 1.3MHz with 3 MB tertiary cacheg*Madison”)

e Fully modulardesign

e Up to 96 GB of sharednemory

Altix 3700
o 16-64Intel® Itaniun® 2 procesersin asinglenode

e Choiceof procesers

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

e Fully modulardesign

e Upto 512GB of sharednemory

Altix 3700Supercluster
e 1-8nodes
e Eachnodeupto 64 Intel® Itanium® 2 procesers(upto 512processrs)

e Memory, upto 4 TB, is globally addresableacrossodes
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3.3 Scalalde CacheCoherent Shared Memory

1 Easy to Program
1 Easy to Scale

Scalable Shared
Memory Systems

Shared-memory Massively Parallel
Systems Systems

0 Easy to Program 1 Hard to Program
O Hard to Scale Hardware [ Easy to Scale Hardware

Notes:

Although a bus-basedsharedmemorymachire offers a familiar multitasking, multiuser ervironmentandrelatve
easein pardlel programming,the finite bandwidh of the bus canbecomea bottlened andlimit scalaility. Dis-
tributed memorymessaggassg machirescurethe scahbility problemby eliminatingthe bus, but thrownoutwith
the bus is the sharel memorymodelandthe easeof progranmingit allows. Ideally, you want one machinethat
combiresthe bestof bothappoache; this is whatthe scalalle shaed memoryof the SGI Altix systemsprovide.

The SGI Altix usesphysially distributed memory; thereis no longer a commonbus that coud becomea
bottleneck Memorybardwidth grows asprocessosandmemoryareaddeal to thesysem,but the SGIAltix hardware
treas the memoryasa unified, global addessspace; thusit is shaed memoryjust asin a bus-basedsystem.The
progammingeaseis preseved, but the performanceis scabble. Theimprovemer in scalaility is easiy obseved
in practice.
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3.4 Shared Memory Without a Bus

Notes:

To undestandhow the NUMA(l ex scalalte shaed memorymultiprocesso ($MP) architectureworks, we first look
at how the building blocks of an SGI Origin 2000sysemareconrected

The above representSGI Origin 2000 systemsrangng from 2 to 16 processors. We statt by consdering the
two-processo sysemin the uppe left corner. This is a single SGI Origin 2000 node It corsistsof one or two
processorsmemory anda device calledthe huh The hubis the pieceof hardware that carriesout the dutiesthata
bus perfomsin a bus-basedsysten; namey, it managseachprocesor’s acces to memoryandl/O. This apgdies
to accesseshatarelocal to the nodecortaining the processoy aswell asto those thatmustbe satigied remotelyin
multinode sysems.

ThesmallestSGI Origin 2000systansconsi¢ of asingle node Larger systansarebuilt by conrecting multiple
nodes. A two-nock systam is shavn in the upper middle of theillustration Becaug informationflow in andout
of anodeis contrwlled by the hub, conrecting two nodes meanscomectirg their hubs. In a two-nade systen this
simply meanswiring thetwo hubstogeter. Thebardwidthto loca memaoryin atwo-nodesystam is dowble thatin a
onenodesystem:the hub on eachof thetwo nodescanaccessts local memoryindependently of the other Access
to memoryontheremotenodeis a bit morecostlythanaccesgo local memorybecasetherequest mustbe handed
by both hubs. A hubdetemineswhether amemoryrequesis loca or remotebaseal on the physical addressof the
dataaccessed.

When thereare more thantwo nodesin a sysem, their huls camot simply be wired togeter. In this case,
addtional hardwareis required to control informaton flow betweernthe multiple hubs. The hardvareusel for this
in SGI Origin 2000 systensis calledarouter A routerhassix ports soit may be connectedto up to six hubsor
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othe routess. In a two-node sygem, one may employ a router to comectthe two hubsrather thanwiring them
diredly togeter;thisis shavn adjecentto the othe two-node corfiguration in theillustration. Thesetwo different
configurations behae idertically, but becaiseof the route in the seconl configuration, information flow betwee
thetwo hubstakes a little moretime. The advantagethough, of the configuration with the router is thatit may be
usedasa basicbuilding block from which to congruct larger sysems.

In the upper right correr of theillustration, a four-node(or, equivalently, eight-processoy system is shown. It
is constuctedfrom two of thetwo-nade-with-route building blocks. Here,the connestion betwea the two routers
allows informationto flow and, hence the shaing of memorybetweenary pair of hubs in the systan. Becalsea
route hassix ports it is possble to conrectall four nodesto just onerouter, andthis oneroute corfiguration can
be usedfor smallsysems. Thatis a specal case,andin gengal, the two-rouer implemenationis usedbecaseit
corvenienly scaksto larger systems.

Two suchlarger sygemsareshavn onthelower half of theillustration; theseare12- and16-processosygems,
respetively. From thesediagrams,you canbegin to seehow the route configuations scale eachrouter is con
nectal to two hubs, routes arethenconnetedto eachotha forming a binary n-cube, or hypercubg wheren, the
dimensonality of the routercorfiguration, is the base-2 logarithm of the numberof route's. For the four-processor
systan, n is zero,andfor the eight-processorsystem the routersform alinear corfiguration, andn is one In both
the12-and16-procesorsystans,n is two andtheroutersform a square;for the 12-procesor systemponecorrer of
the squareis missing. Larger sygemsare constuctedby increasingthe dimensonality of the router configuration
andaddirg up to two hubswith eachadditional router. Systemswith any numberof nodesmay be constuctedby
leaving off somecornes of the n-dimensiorl hypeicube.We will seethesedarger corfigurationslater.

The key point hereis that the hardware allows the physicdly distributed memoryof the systen to be sharel,
justasin abus-basd sydem; however, beauseeachhubis conrectedto its own local memory memorybanadvidth
is proportional to the numbe of nodes. As a resut, thereis no inherent limit to the numberof processorsthat
canbe usedeffectively in the sysem. In addition, becawsethe dimensonality of the router configuation grows as
the sygemsgetlarger, the tota router bandwidh also grows with systen size (proportional to 2n, wheren is the
dimensonality of the router corfiguration). Thus,sygemsmay be scaledwithout fear that the router connestions
will becaneabottleneck.

To allow this scahbility, however, one nice characerisic of the bus-basel shaed memorysydemshasbee
sacrficed—namely the accesgime to memoryis no longer uniform: it variesdepending on how far away the
memorybeing accessd is in the sydem. The two processeos in eachnodehave quick accesghrough their hub
to their local memory Accesing remotememorythrough an addtional hub addsan extra incrementof time, as
doeseachrouterthe datamusttravel throudh. But severalfactors combire to smoot out thesenonunform memory
acces (NUMA) times:

e Thehardvarehasbeendesgnedsothattheincremettal codsto acessremotememoryarenot large.

e Theprooessos opelate on datathat areresident in their cacles. If programsusethe cacheseffectively, the
acces time to memory whethe it is local or remote is unimpotant becase the vastmajority of memory
accesesaresatidied from the cacles.

e Through opeiating sysem supprt or programmingeffort, the memoryaccesesof most programscan be
madeto comeprimarily from local memory Thus,in the sameway thatthe cachescanmalke locad memory
acces timesunimpotant,remotememoryaccesscosts canbereduwedto aninsignificantamount

e Theprocessos canprefetchdatathatarenot cacte resdent. Otherwork canbe carried out while thesedata
move from locd or remotememoryinto the cacle; thusthe accesstime canbe hidden.

The architectureof NUMAfl ex-basedsygems,then, provides shar@l memoryhardware without the limitations of
traditional bus-base desigs.
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3.5 CacheCoherernce
¢ Traditional(snoojy) cachecoherencaschemeslo notscale
o Mustbroadcasall memoryrequests

e Directorysolvesthis problem

Cache| |Cache Cache

Interconnection Network

Main

Memory Directory

_I_I?LI_IIDE!_I_I_IE_I_I_L

i
Data State Presence Bits

Notes:

EachCPU in an SGI Altix 3000 systen hasa private third-level cacte memoryof 1.5 MB to 6 MB. To achiewe
goodperformancethe CPU alwaysfetchesandstoresdatain its cache. Whenthe CPUrefersto memaorythatis not
presat in the cachethereis adelay while a copy of thedatais fetchad from memoryinto thecache The CPU’suse
of cache memory andits importanceto good perfamancejs covered in alater sectian.

Thepoint is thattherecanbeasmary independer copies of amemorylocation asthere areCPUsin the systan.
If every CPUrefersto thesamememoryaddress,every CPUs cadhewill have acopy of thataddress. (This couldbe
the casewith certain kemel datastrucures,for example.) But whatif one CPUthenmaodifiesthatlocation? All the
othe cachel copiesof thelocation have bemmeinvalid. The other CPUsmustbe preventedfrom using whatis now
“stale data’ Thisis theissueof cachecoherence—how to ensue thatall cache reflectthetrue stateof memory

Cachecohaenceis nottherespamsibility of software(except for kernd device drivers, which musttake explicit
stepso keepl/O bufferscoheaent). For performanceto be acceptablewhile maintaning theimageof asinde sharel
memory cacte coha@encemustbe managedn hardvare. Cachecoheenceis also not the resporsibility of the
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CPU.Cachemanagemaenis perfamedby auxliary circuits that are part of the hub chip thatis at the heartof the
NUMAfl ex interconrect.

The cachecoherece solution in the SGI ccNUMA sydemsis fundamentally different from that usedin the
earlier Pover Challenge and mary current bus-basedsystens. Bus-bagd systemscan use a “snogpy” scheme
in which eachCPU obseves every memoryacces that moveson the bus. Whena CPU obsenesanotrer CPU
modifying memory the first CPU canautanatically invalidateanddiscad its now-stak copy of the chargeddata.
The ccNUMA systemshave no certral bus, andthereis no way for a CPUin onenodeto know whena CPUin a
differentnodemodifiesits own memoryor memoryin yet athird node SGIOrigin andAltix sysemscould mimic
whatis donein bus-basedsygems;thatis, all memoryaccessscoud be broadastto all nodes sothat stalecacte
linescouldbeinvalidatd. But sinceall nodeswould needto broadcasttheir memoryacceses this cohaengy traffic
would grow asthe squareof the number of nodes As morenodesareaddedto thesysem,all theavailableinternode
bandvidth would eventually beconsumedby thistraffic. As aresut, thesysten would suffer from limitationssimilar
to bus-basedcompuers: it would not be scalalte. Soto permitthe systean to scaleto large numbes of procesors,
ccNUMA sysemsusewhatis calleda directory-basedcachecohereny schame.

Memoryis organzed by cacelines of 128 bytes. As shovn above, asseiatedwith the databits in eachcacte
line is an extra setof bits, the stake presece bits—one bit per node (in large systans one statepreseme bit may
representmorethanonenode but the principle is the same),anda singe number the numberof a nodethat owns
the line exclusvely. Wheneer a noderequestsa cacte line, its hub initiatesthe memoryfetch of the whole line
from the nodethat containsthatline. Whenthe cacheline is not ownedexclusively, theline is fetched andthe stake
presacebit for the calling node is set. As mary bits canbe setastherearenodes in the system.

Whena CPU wantsto modify a cacheline, it mustgain exclusive ownerslhip. To do so, the hub retrievesthe
statepresacebits for the tamget line andserds aninvalidation eventto eachnode thathasmadea copy of theline.
Typically, invalidaions neal to be sentto only asmallnumberof othe nodes;thus the coheengy traffic only grows
proportionally to the numker of nodes,andthereis sufficient bandwidh to allow the systen to scak. Both CPUson
eachnodesert aninvalidation requestdiscad their cacked copy of theline. The numker of the updatingnoce is set
in the directory datafor thatline asthe exclusve owner Whena CPUno longer neals a cache line (for example,
whenit wantsto reuse the cacte spacefor other data),the hub givesup exclusive access,if it hasit, andclearsits
statepresncebit.

Whena CPUwantsto readacacteline andtheline is exclusively owned,thehubrequestsacopy of theline from
the owning node. This retrievesthe lates copy without waiting for it to be written backto memory Therearealso
protocolsby which CPUscanexchargeexclusive cortrol of aline whenbotharetrying to updateit andprotocolsthat
allow kernd softwareto invalidate all cached copies of arange of addesses Thedirectory-basedcachecoheencg
mechaism usesalot of dedcatedcircuitry in thehubto ensurethatmary CPUscanusethe samememory without
racecondtions, at high bandvidth. Aslong asmemoryreads far excead memorywrites (the normalsituetion), there
is no perfomancecostfor maintaning coheaence. However, whentwo or more CPUs alternately andrepeatedly
updde the samecade line, perfoomancesuffers,becase every time either CPU refers to that memory a copy of
the cacte line mustbe obtainedfrom the other CPU. This perfaomanceproblem is gerericaly referredto ascacte
coheaeng/ contention, of which therearetwo variatons:

e Memory contention, in which two (or more) CPUstry to updde the samevariabkes.

e Falsesharng, in which the CPUsupdate distinct varigblesthat only coinddentdly occupy the samecacte
line.

Memory contention occus becawse of the designof the algarithm; correding it geneally involvesan algolithmic
charge. Falseshaing is contentionthatarises by coinddence notdesiqn; it canusudly be correctedby modifying
datastructures

Part of performancetuning of pardlel progransis recogquizing cachecoheracy contention andeliminating it.
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3.6 Altix 3000Architectur e

e ModulararchitectureNo backplane®r midplanes

e Built from “Bricks”

o C-brick: 4 Intel® Itaniun® 2 processrs,2 to 32 GB memory
M-brick: CPU-les<C-brick,upto 32 GB of memory

Ix- Brick: Basicl/O andSystemdisk

Px-Brick: PCI-X expansiormodule

D-Brick2: JBOD storagearray

o

o

(0]

o

Notes:

The SGI Altix 3000 is basedon thethe architectureof thethird gereration MIPS-processr-basedSGI Origin 3000

ccNUMA system.Thefirst geneationwasthe StanfordDASH projed, andthe secoml gereratian is the SGI Origin

200Q It incorporaes high-density nodes (4 processos per node and more, higher-bandwidth ports per crossbar
ASIC (initially in the hubs,laterin therouten. Higherdensty andlower latercy throughtheroutershelp make the
worst-aselateng of the Altix 3000 muchflatterthan the worst-caelatercy in previousor compeing systens.
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3.7 Altix 3000Limits
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Category Minimum Maximum
Numberof Processors 4 512(8 64-CPUclusteredhodes)
C-brick Memory Capacity 2GB 32GB
SystemMain MemoryCapacity] 2 GB 4TB
(1 C-brick) (128 C-bricks)
Numberof I/O Channels 2 256

Notes:

An SGI Altix 3000 C-brick hastwo nodes with two processos each. Two Inte® Itanium® 2 processors,eat

71

with 1.5to 6 Mbytesof privatetertiary cacle, arecomectedthroughthe 6.4 GB/s front-side bus (FSB)to a SHub
ASIC. This SHUbASIC actsasa crosbarbetweenthe processorslocal SDRAM memory the network interface,
andthel/O interface.Within a C-Brick, thetwo SHubsareconrectedintemally by a 6.4 GB/schanrel. An externd
3.2/6.4GB/s port on eachof the SHubsis comecteal to the SHubin anotter C-Brick (in the SGI Altix 3000 or
to one of the route planes. The route planes are constuctedout of 8-ported routers, eachport operding at 3.2
GB/sin NUMAIink3, in afat-treetopdogy. The modulaity of the DSM appoachcombines the advartagesof low
entry-level costwith global scdability in processos, memory andl/O.

The SGI Altix 3000 seriesuses a PCI-X-based/O subgstemasits primary /O protocol.
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3.8 The C-Brick

TheAltix 3000C-brick contains:
o 41ntel® itanium® 2 processors

o 900MHz with 1.5MB L3 cacheor 1 GHz with 3 MB L3 cache(*McKinley”)
o 1.3GHzwith 3 MB L3 cacheor 1.5GHz with 6 MB L3 cache(*Madison”)

e 2 SHUbASICs

e 2MB to 32GB (32memoryDIMM slots)

e 43 cachegoneperproceser)

e Two internal3.2 GB/s(eachdirection)NUMAIink channelgoneperSHub)

e Two NUMAIink 3 channel1.6 GB/sin eachdirection;oneperSHub)

e Two Xtown21/O channelg1.2GB/sin eachdirection,eachchannelpneperSHub)

e OnelL1 controllerandLCD display

e OneUSB portfor systemcontrollersuppat

e Oneserialconsoleport (DB9 connector)
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Notes:

The node elecronics, L1 controller, and power regulators are contained on a half-panelpower boad. The two
SHubs,four processors and four processo power podsare housed on a secoml half-panelprinted circuit boaid
(PCB).This secand PCBalsoprovidesconnetionsfor the four memorydaudhter cards

The Altix 3000 series systemsuse commodiy off-the-shelf memoryDIMMs. The DIMM cardis a JEDEC
standard 184-pn card

The C-brick hasthefollowing restridions:

All processos within the C-brick mustbethe samefrequency; however, C-bricks within a parition or sysgem
canhave differentprocesso speeds

All processorrevisionsmustbethe samewithin a processomocde.
Theprocessorrevisions of CPUsbetwee processornodes candiffer by not morethanl.

All memoryDIMMs within amemorybankmustbethe samespeedcapady, andusethe samechiptechmol-
ogy.

Differert logica bankswithin a C-brick canhave differentDIMM capadties andchip tecmologes.

Memory DIMMs mustbeaddedin grouys of eight DIMMSs.
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3.9 ThelX-Brick

TheAltix 30001X-brick contains:

e Two SCSildisk drives. Thesecustomeiremovable,sled-mouted SCSldisk drives
areusedto hous the operatingsystemandotherapplicationsoftware.

e DVD-ROM device

e 12PCI-Xslots

e SCSI68-pinVHDCI connector

e Two DB-9 RS-232serialportconnectors

e Onel0/100/100BaseTEthernetRJ45connector

e RTI andRTO connectiongRealTime syncl/O)

e Two Xtown2 1200MB/s or 800 MB/s (eachdirection)ports

e Threehot-swappmblefans
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Bus 8 skt 2

SGl Altix Architecture

_| Ethernet port

SCSI port
RTI ports

I Bus 8 skt 1 |
PIC
ASIC Fort F
I Bus & skt 2 |
Port D (X100 Bus & skt 1
I i Crosstown2 X0 port |
Fort D (1) Bus 4 skt2
E?lféiq I Bus 4 skt 1 |
PIC Fort F
__|PortB ASIC BT
10y
Port G (X107 Bus 3 skt 1
I I Crosstown2 X10 port |
Fort D (100 Bus 2 slot 2
FlIC I Bus 2 skt |
AS|C FortF
I Bus 1 skt2 |
Bus 1 skt
CO-ROM =
| I_ 1203 PO card =
[ scsi disk drives 2) - 7]

Setial ports
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DVD-ROM

Front View

Power
switch

Power
connector

Dnet
connectors:

XIO 10 .
Rear View

Xl0 11

Serial Connectors

Notes:

The IX-brick providesthe boot1/O functionsfor all SGI Altix 3000 seriessysems. It provides12 PCI-X slots that
supprtupto 12 PClor PCI-X cards The 12 slots areconfigured assix 2-slot buses.

Various typesof PCI-X or PCl cardscanbe usedin the IX-brick, suchasSCSI,Fibre Channel ATM, Gigabit
Etherne, etc. PCl cardscanbeinstalledin 11 of the 12 PCl slots. OnePCI-X slat (the leftmostslot) is resevedfor
anlO9 PCl card. This cardis requred for the basel/O functions

ThreePIC (PClinterfacechip) ASICs arekey comporentsof the IX-brick archiectue. TheseASICssupport
two 1200-or 800-MB/sXtown2 XIO portsandsix PCI-X buses (seeblock diagran above). Eachbus hastwo card
slotsin which you caninstdl PClcards (Slot1 of bus1, however, seatghe 109 card)

Also important to the IX-brick archtecture is the IO9 PCl card This card contains logic that controls the
DVD-ROM andinternal SCSldisk drives andit providesthe following connetors

e Externd VHDCI SCSlport conrector

e Intemal SCSlport comectorthatcomectsto two SCSldisks
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GigabitEtherné RJ45comector

Two RT interrupt steregjack comectas (one input comnectorlabeked RTI, andoneoutput conrectorlabeled
RTO).

Two RS-232DB-9 serialport cormnectas. (Thesewo connestorsarenotlocatdonthelO9 PClcard insteal,
they arelocated ontheright sideof the IX-brick rearpane)

An optionaldaughterardcanalsobeaddedo thelO9 cardthatadds two RS-232DB-9 serialportconrectors
to thelX-brick.
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3.10 The Power Bay

Front view

Rear view

Notes:

Thepowerbayis a 3U-highendosurethat holdsa maximumof six hot-swappabk distributedpower supgy modules
(DPSs).The power bay monitors, controls, andsuppies AC power to the DPSs.Although the power bay canhold a
maximumof six DPSs,in this sydemthe power bay contans three or five DPSs.The comput racksrequre power
bayswith five DPSsandthe I/O racksrequre powver bayswith threeDPSs.

EachDPSinputs singe-phaseAC voltage andoutputs 950W at48 VDC and42 W at 12 VDC. The outputsof
the DPSsarebusedtogeher For example, whenthe powver bay contansthree DPS5, the DPSsarebused togetterto

provide appioximatdy 2,760W of 48 VDC powerand135W of 12 VDC power.



80 AAPPL-1.0-L2.4-5-SD-W SGIAltix Architecture
3.11 SGI Altix 3300: SystemsUp to 12 Processos

A few NUMAIink cableds all it takesto build an8- or 12-procesorsystenmfrom two or
threeC-Bricks:

Mote: Themunber in parens on the logical drawings ndicate
the [/0 connecton order.

12 Processor

4 Processor 8 Processor W 12
r— — — — — 1 5 C
===l . :
" C
L - | 4 W
r * — e e . c
-SHU'B -SHU'B [ -SHU'B -SHU'B &) 13 ©
1241) j el et " (4] i gy i i : PowerBa}r
oot
Bisection Bandwidths Rear View

NL4 = 3200 MB/s/p NL4 =1600 MB/s/p NL4 =1066 MB/s/p

A completesystemwould requirean|X-Brick, a Powver Bay, anda shortrack. Addi-
tional rackscontainingD-brick2sand TP900storagemodulescanbe addedto the SGI
Altix 3300sener system.
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3.12 The R-Brick

TheR-Brick contains:

e One8-portrouterchip
e OneUSB port (thatconnectgo thelL2 controller)
e Eight NUMAIi nk3 connectors

e Hot-swappabldans

Forts 1,6, 7 &B
are for R brick-to-R brick
connections only

Port 7 > Pttt 8

:

m m
X
o
c
=
11]
=

G H
Part 8 Port 4
Chip
Fort 5 wA)3SB Port 2 wilsB

(] G

USE [ [ 3

cahn

| FPort 4 wAJ2B !_ ,! PoﬂSwIUSE-l

Forts 2, 2, 4, and 5
are for B bricksto-C brick

4 8-

ar
GO H brick-to-R brick
connedions
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Notes:

The R-brick is an eightport crosdar that conneets ary input-link channel to ary of seven possille output-link
chamels. It containsarouter ASIC thatis mourtedon a PCBwith its asso@tedpower circuitry, L1 contoller, and
aUSB huh Thehubfansout USB signalsfrom the L2 contmller to the L1 cortroller inside the R-brick andto the
four nodes(C bricks) thatmaybe connestedto therouter.

The R-brick hasa totd of eight 100-gn link connestors located on its rear parel. Four of thes connet to
C-bricks andcary USB signds aswell aslink signds. The othas areonly for connestion to othe routersanddo
not carry USB signds. Metarautersandrepeat routersuseall eightports to comectto other R-bricks.

When an R-brick-4to-R-brick connection is madethrough ports that carry USB signals, the USB sigrals are
ignored. USB sigmals to the C-bricks are distributed over the network cables. Becausean R-brick can have a
maximumof four C-bricks attadedto it, only four of the R-brick's 100in network conrectorshave USB signals
routed to them. Ports2, 3, 4, and5 carry USB signals. Therefae, a C-brick mustconnest to an R-brick via port 2,
3,4,0r5.

EachR-brick hasa dedcatedUSB comectia to the L2 controller through a 4-pin USB comecta on its rear
pané. Therebre,it is not necesaryfor an R-brick to distribute USB signds to othe R bricks. R-brick-to-R-brick
network conrections are normally madethrough the four port comectos that do not carry USB signds; however,
they arenotrestridedto thesefour ports
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3.13 SystansUp to 16 Processos

Up to four C-brickscanconnectto eachof two R-bricks The remainingportson the
R-bricksconnectto otherroutersin larger sysems,usinga dual-planefat-treeconfigu-
ration.

LE Corroler

X

R R R E R R R R A R R R R R A R L

oo
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3.14 32-processorSystan
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3.15 64-processorSystan

c[&j:.\ (3)/R4A\
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Note: Thenumber in parens on the logical draswings indicate
the [/O connecdon order for a non-partitioned system,
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drawing
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86 AAPPL-1.0-L2.4-5-SD-W SGl Altix Architecture

3.16 128{processorSystem

Altix 3000 128 Processor Quad-Bristle Dual-Plane Fat Tree 014703
(400 MB/s/p Bisection Bandwidth)

L2 controller L2 controller L2 controller L2 controller

ME1A MB2A

REEEMGERNSN TS

/\/\\/\/\/\/\/\/\\

[elellelle] [Elelell] clelelle] [Celcle [lellcls] lelcde] [clclele] klclclc]

ERGERRSEIEEREER

g Rear Wiew
Maxiraurm Nurnber of Hops per Systern
16 Proc, 3 Hops
32 Prac. 4 Hops
64 Proc, 3 Hops
128 Proe, 3 Hops

Cable Color Code Chart

Col Length it A "Hop” is defined as a NUMAlInk connection between two devices. The devices can
oo £ng Quantity be a SHUB ar a router. The maximum number of hops is the total nurmber of
Black 1 Meter 30 NUMAlink connections between a source SHUB and destination SHUB withina

Greefl 2 Meter 24 specified group size,
EBlue | 3 Meter 8 Note: This is laid out with SN1 (NL3) routers.
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3.17 256{processorSystem
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3.18 512{processolSystem
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3.19 SGI Altix 3700Memory Limit sand Bandwidths
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No. of | Maximum | NUMAIInk3 | NUMAIink4 | 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 1TB 20 5
128 256 400 800 2TB 40 5
256 512 400 800 4TB 112 7
512 1024 400 800 8TB 288 10
1024 2048 400 800 16 TB 576 10
Notes:

The SGI Altix 3000SHubs interconnest portsoperae atthe speea of the 4th geneation of the NUMA flex tecmol-
ogy, NUMAIink 4. NUMAIink 4 providesdoule the bandwidh of NUMAIlink 3 while maintainng compaibility
with NUMAIink 3 physical conrections. This increasein bandvidth is achieved by emplgying advanced bidirec-
tiond signding techrology.

As shown in the previous pages’ diagrams,the NUMAflex network for the SGI Altix 3000 is corfiguredin afat
treetopdogy, which enalesthe sygem performanceto sclaewell by providing increasesn bisedion bandvidth as
thesystemincreasesn size. Initial SGIAIltix systensusetheNUMAIlink 3 route brick, sothatwhenthe NUMAIink
4 router brick becomesvailable the bisection bardwidth will be douled, allowing the sysem’s capdilitie sto grow
along with the demand of new geneations of Itanium 2 family processos.

In theabove table maximummemorysizesaregivenassumiig 1 GB DIMMs areused otherpossibilitiesinclude
512MB and2 GB DIMMs. SincememoryDIMMs canbeaddeal to the SGIAltix 3000usingM-bricks,thememory
canbescakdindependetly of the processors Henceit is entirely possbleto build a sygsemwith 16 processos and
4 TB of sharedcacheeoheentmemory

Thephysical addressspacss splitinto amemoryaddressof 36 bits (archtectural limit of 64GBper SHub),and
compuk node addessof 10 bits (1K nodes or 2K processos). While the initial sysemis capalte of coherently
sharhg cachelines amongup to 512 processuos, it is possible to build a single NUMAfl ex network with globally
upgradealle memoryof up to 2,048 processors Communicéions amongthe four 512processorshaing domairs
on the NUMATfl ex network usecoherentl/O semaitics for moving databetweenthe sharirg domairs, while still
utilizing the low-latengy, high-bandvidth charaterisics of NUMAIlink. Futureenhancemeng mayincreaethe size
of thecoherencdimit to thousand of processos.

Previous geneations of NUMATfl ex sysemsusedproprietary memoryDIMMs to provide datastoraye andthe
addtional diredory storagefor tracking cachecoheencewithin the sydem. The Altix 3000 family brealks away
from this limitation and embraes industry-standard DIMM techrology, providing the ecoromic berefits of this
standard techrology without sacrifichg performance The memorysubsytemof Altix 3000 usesPC-styledoublke
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
areindependern andcanoperde simultaneousy to provide upto 12.8GBpersecom of memorybandvidth.

The systemsupports the useof PC2100(DDR 266 MHz), PC2700(DDR 320 MHz), and PC3200(DDR 400
MHz) DIMMs. The aggreyate memorybandwidhs using theseDIMMs are 8.5GB per semnd and 10.2GB per
secaod respectively. Using 256Mb DRAM technology yields a perDIMM capaity of 512MB. This givesead



90 AAPPL-1.0-L2.4-5-SD-W SGl Altix Architecture

nodeabasecapadty of 8GB,4GB perprocessor One-ggabyteDIMM technology will provide acapacity of 32GB
per C-brick or 8GB perprocesor. Differert DIMM sizes may be mixedin a C-brick but mustbe addedin setsof
eight DIMMs at a time. The systemis designhedto accommodte 2GB DIMMs whenthey become commercally
available.

EachSHuUbASIC contans adirectory cachefor the mostrecent cachecohaeng stat information. This allows
for efficient utilization of the memory sulsystemfor performing dataoperations, by minimizing the amountof
memorybandwidh thatis neeadto look up cacheeoheeng stak information. Whenthe systan is boated, it sets
asideapproaimately 3% of the memoryspae to store the cache-colereng directory information (in comparson,
typical memory strucuressetasice 12% of memoryspaceto store errordetedion and correction code$ for the
systan. This diredory spa@ is usel to store directory informaton thatis not being actively usedin the direcory
cacle. Thedirectory informationis storedin pardlel with the cacheline data,but on a different DIMM bus. So
if the directory stak for a memoryreferenceis not currently available in the on-chip directory cache the directory
informationcanbereadfrom memoryat the sametime asthe data (which resideson a differentDIMM bus). This
optimized storag schemeensuesthatthe systemcanachieze maximumadelivereddatabandvidth by minimizing
bus usaye corflicts. While the locd processorbus hasa peakbardwidth of 6.4GB per secoml, the locad memory
subystemhasenaughbandvidth to fully satuatetheloca processordemandsvhile leaving availablebardwidth to

serviceremoteprocessorndl/O memoryrequests.
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3.20 D-Brick2

The optional D-brick2 moduleis a high performance Jarge-scalenon-RAID storage
systemfor the SGI rackmountedystemsEachenclosureontainsa minimumof 2 and
maximumof 16 disk drives, and the componentmodulesthat handlel/O, power and
cooling,andoperationsOptionalRAID storagesystemsarealsoavailable.

Fromt wiew

PScooling LRC 11D LRG 11D Operator's Pallicooling
module module B module A panel module

Rear wview

Notes:

The D-brick hasthefoll owing features:

e Maximum configuration of up to 96 drives(six D-brick2 units)

1x16 (morestorage)and2x 8 (morebandvidth) disk topdogiesin eachbrick

Dual power feedswith dual power supples

Reduna@ntcooling

Non-diguptive compmentreplacement

Enclosue senicesinterface(ESI) for SCSlenclosire serviees(SES)
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3.21 PX-Brick
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Notes:

The4U-highPX-brick provides12 cardslots to support upto 12 PClor PCI-X cards The 12 slots areconfiguedas
six 2-sld buses. ThreePIC (PCl interfacechip) ASICsarekey comporentsof the PX-brick archtecture. The PIC

ASICssupport thefoll owing

e Two 1200- or 800-MB/sXtown2 XIO ports (Youcanselecthe MB/s settihgwith theL1 controller commar
XIO. For moreinformation,seethe SGIL1 andL2 Contrdler SoftwareUsers Guide)

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

SGlsupprtsvarious PClandPCI-X cards Thesecards canbe purchasedfrom SGIor anohermanugcturer. A list
of suported PCl cardscanbe obtanedfrom SGl sales representaives.
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3.22 Intel Itanium 2 Processr

e EPIC(Explicitly ParallelinstructionComputing)architecture

o 128generalinteger)registers;up to 96 rotating

o 128floating-pointregisters;upto 96 rotating

o 64 1-bit predicateregisters;up to 48 rotating

o 8 branchregisters

o 128applicationregisters(e.g.,loop or epilog counters)
o PerformanceéMonitor Unit (PMU)

o AdvancelLoadAddressTable(ALAT)

o 3 predicatednstructionsn asingle128-bitbundle
o 2 bundlesperclockcycle

o 6 integerunits

o 2 loadsand2 storesperclock

o llissueports
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3.23 Intel Itanium 2 Processr (continued)

¢ InstructionLevel Paralleism support

o Speculatior(to hidememorylateny)

o}

Predicationto remove branches)

o

Softwarepipelining

(0]

Branchprediction

(0]

Prefetchinstructionsto hide memorylateng

e Specialinstructiong(popcnt , multimedia,etc.)

¢ |1A32 modefor x86 compatibility

95
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3.24 Intel Itanium 2 Processr (continued)

e Three-level cachememoryhierarcly

o

)

o

16 kB L1 instructioncache(64-bytelines,4-way associatie)
16 kB L1 datacache(64-bytelines,4-way associatie, write-through)
256 kB unifiedL2 cache(128-byte lines,8-way assaiative, write-back)

“McKinley”: 1.5 MB or 3 MB unified L3 cache(128-byte lines, 6/12-way
associatie, 32 GB/s)

“Madison”: 3 MB or 6 MB unified L3 cache(128-byte lines, 6/12-way asso-
ciative, 48 GB/s)

e FrontSideBus: 400MHz, 128-bitwide systembus 6.4 GB/sbandwidth

e 50-bitphysicaladdressing64-bitvirtual addressg

e Maximumpagesizeof 4 GB
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3.25 Itanium 2 Instruction Bundle

¢ linstructioncodedon 41 bits
¢ 3instructionsggroupednto 128-bitbundle
e Bundletypeis specifiedthrough5-bit template

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

Iy

{ .mib Il template  (mem-fp-br)
(p16) Idfd f42=[ r33] II' load fp, post-increment
(p16) adds r40=8,r33

br.ctop.dptk.few .BB13 ;; /I counted loop branch
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3.26 Itanium 2 Branch Optimization

¢ Predicatiorallows removal of (small)branches

cmp.eq pl,p2=r32,r33
add rl=r1,r3

it (0 =] |
k += I (pl)
X =y +a*hb (pl)
} else {
k =m- 3 (p2)
y = *p_fp++ (p2)

fma.d f31=f3,f4,f2

sub r1=3,r4

|dfd

131=[r34],8

I

I

I
I

SGl Altix Architecture

cycle 0
cycle 1
cycle 1

cycle 1
cycle 1
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3.27 Itanium 2 Loop Optimization

e Countedoopsareoptimizedwith hardwaresuppat

o

Loop counter

o}

Epilog counter

o

Predicatiorregistersfor eachinstruction

(0]

Rotationof registers

99
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3.28 Itanium Software Pipelining

LC
{ .mfi
(P16) =
(P24) m
e (P19) = };
- { .mib
Suz *| (P30) o
(P20) m
O m br.ctop;;};
Ll
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3.29 Itanium 2 Data Flow (900MHz/1 GHz)

6.4GB/sec

16Rd / 6Wr

Altix™:
145+ ns
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3.30 Memory Accesd. atencies on the SGI Altix

e Locallateny: 145ns

e SameC-brick, othernode:290ns

e NUMAIi nk 3 Routertraversal:50ns
e 1 mNUMAIink cable:10ns
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3.31 Itanium 2 Translation Lookaside Buffer (TLB)

e Pagesizes:4,8,16,64,256kB; 1,4, 16,64,256MB; 1,4 GB
¢ Addresses50-bit physical,64-bit virtual
2 levelsof TLB for dataandinstructions

L1 DTLB: 32 (4K) entries fully associatie

L2 DTLB: 128entries fully associatie, (upto 64 TRs)

Integer storeandFP accessebBave no penaltyfor L1 TLB miss
L1 DTLB miss— L1D miss; if L2 DTLB hit: +4 cycle penalty
L2 DTLB miss—HardwarePageWalker (HPW)

HPW hit in L2 — 25 cycle penalty

HPW missin L2, hitin L3 — 31 cycle penalty
HPW missin L2 andin L3 — OStrap
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3.32 TLB Miss Cost

Linux® kernelcurrentlysupportaup to 64 kB pageswhatis the performancempact?

e TLB missesarehandledn hardwarein mostcases

e TLB misscostsarelow comparedo memoryaccess:

o Streamingdata,worstcase:20 cycles
o Randomhops 30cycles

e TLB missesshouldrarelybeaproblemon ltanium® 2



Module 4
SGI Altix NUMAtools

4.1 Module Objectives

After completingthis module,you shouldbe ableto

e Understandheissuesof memorylocality andnonuniformmemoryaccess

e Usethedlook anddplace toolsto improve performancenf procesesrunningon
anSGI Altix system
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4.2 It sJust Shared Memory

Physically, it is distributedmemory

e Scalablenetwork replacesusarchitecture

e NUMAtools enhancement® Linux work to minimize NUMA effects
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4.3 Simple Memory AccessPattern

Application SGI 2000 Series System

Audddress Space  Processes
Sy oy o o o 5
5
5

P 5

A

Notes:

Hereis a shaed memoryapgication that we wantto run on four processos. This particular apdication exhibits a
relaively simple memoryacces patiern, namely 90% of eachprocesss cachemissesare from memoryacces to
analmog unshaed secton of memory 5% to a section of memorysharel with anoher process,andthe remairing
5% to a sectbn of memorysharel with a third process. We now corsiderhow the four processesnight be mappea
ontoprocessos of anSGI Origin 2000System.
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4.4 Non-Optimal Placeanent

Application SGI 2000 Series System

Address 3pace Processes

e S //_
| a0
5
]
| a0
0
5
e e
0
5
iy

Neglecting attertion to memorylocality canresut in the situaion shownabove: a couple of processesrunning in
onecorng of themachne,andthe otherprocessesunningin anoppasitecomer. This situaion resulsin thesecom
andthird processesncurring longea-thanoptimal memorylatenciesto the shaed sedion of memory

Actually, this resut is not that bad. Becaug the SGI Origin 2000 hardware hasbeendesighed to keep the
variation in memorylatendesrelatively small,andbecaiseaccessego the shar@ secton of memoryonly accaint
for 5% of two of the processs cachemisses, the non-gotimal placementhasonly a small effect on the performance
of the program.

Notes:
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4.5 Random Placanent

Application SGI 2000 Series System

Address Space FProcesses

W

bl il

"

<

B

g\‘g ) ﬂ.*“ =

Notes:

Therearesituaions, however, in which perfoomancecanbe affected significantly. If absolutely no attertion is paid
to memorylocdity, the processesand memorymight resut in the situaion shovn above: eachprocessrunson a
differentanddistant node, andthe sedionsof memorythey usehave beenallocatedfrom yeta differentsetof distart
nodes. In this case,eventhe accessesto unshaed sectonsof memory—whid accaunt for 90% of eachprocess’s
cacle miss—ae nonlocal, thusincreasingthe costsof acessingmemory In addtion, progg/am perfarmancecan
vary from runto run, dependirg on how closeeachprocessendsup to its most-acessednemory

The standad Linux kemel schediling algarithm tendsto move processesaround on a multiprocesso systan,
with theill effect that datamay have been mappedto physical memoryon one brick, while a processor set of
processescceasingthatdatarun on entirely differentbricks.
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4.6
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Ideal Placement

Application

Address Space Processes

b T T

A K KK

FilF i

]

]
5

Hode A

SGIAltix NUMAtools

SGI 2000 Series System

HMode B

Notes:

J

TheNUMAtool utility dplace is usel to avoid suchsituaionsin Linux. ldeally, the processeandmemoryusedby

this applcation areplacedin the machineasshavn here.
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4.7 DataPlacement Policy

e First-touch

o Default policy

o First processoto toucha pageof memorycausest to be allocatedfrom its
local memory

o Workswell for fully parallelizedorogramsbut serialinitializationscausenon-
local accesseandbottlenecks
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4.8 Running on SpecificCPUs—runon( 1) andcpuset (1)

e Therunon commandexecutesacommandnaCPUor list of CPUSs:

orunon 1 3-5 ./a.out
o find idle CPUsusingtop

o runon restrictsthe processndits childrento runonthesetof listed CPUs,but
doesnot preventthemfrom moving aroundwithin it.

e cpuset(l) allows you to run your programson a restrictedsub®t of process@
andassociatednemory calleda cpumemset

o It requiregthe prior creationof a cpumemseto runthe programin

o cpumemsetmay becreated:

x manuallyby root

x automaticallyby batchschedulersuchasPlatform’s LSF or Altair Engi-
neerings PBSPro

o cpuset -g ny_cpuset -A a.out
o determinesxisting cpumemsetwith cpuset -Q

e As usualreadthemanpages!
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4.9 Running on SpecificCPUs— dpl ace( 1)

e dplace isatoolfor controllingplacemenbf procesesontoCPUs

dplace [-¢ cpu_numbes [-s skip_count [-n pro-
cess _nmg [-x skip_mask
command[ command-ags]

¢ To determinewhich processearecurrentlyrunningthatwereboundby dplace

dplace -q

Notes:

By default, memoryis allocaedto a processon the node thatthe proces is executing on. If aprocessmavesfrom
nodeto nodewhile it running, a highe perentag of memoryreferenceswill beto remotenodes. Remoteaccesses
typically have higher accesstimes. Procesperformancemay suffer.

dpla ce is usedto bind arelated setof procesesto spedfic CPUsor nodes to prevent process migrations. In
somecasesthis will improve performancesince a higher percantageof memoryacceseswill beto theloca node.

Procesesalways execue within a cpumeanset. The cpumemsetspecifiesthe CPUsthat are available for a
processto execue on. By default, processedusualy execue in a cpumemst that cortains all the CPUsin the
systen.

dpla ce invokesa kerrel hook (PAGG—processggrajates)to creat a placementcontainercorsisting of all or
asulsetof the CPUsof thecpumemsetThedpla ce processs placedin this contanerand(by defaut) is bourd to
thefirst CPU of the cpumemstasso@tedwith the container Thendplac e “execs”thecommand

man dplac e gives examplesof dpla ce usagewith various types of proceses,including MPI and OpenMP
applcations.
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4.10 Detamining Data AccessPatterns— dl ook ( 1)

e dlook(1) allows you to displaythe memorymapand CPU usagefor a specified
process

dlook [a] [c] [h] [ [0 outfilg [-s sec$ com-
mand [ command-ays]
diook [-a] [c] [-h] [ [-0 outfild [s sec$ pid

e For eachpagein thevirtual addresspaceof the processdlook(1l) printsthefol-
lowing information;

o The objectthat ownsthe page,suchasafile, SysV sharedmemory a device
driver, etc.

o Thetypeof page suchasrandomaccessnemory(RAM), FETCHORIOSFACE,
etc.

o For RAM pagesthefollowing arealsolisted:
+x memoryattributes(SHARED,DIRTY, etc.)

x nodethatthe pageis locatedon
x physicaladdres®f page,f option-a is specified

e With option-c, dlook(1) also prints the amountof elapsedCPU time that the
procesdasexecutedon eachphysical CPUin the system.

Notes:

Two formsof thedlo ok(1) commandareprovided.In oneform,dloo k printsinformaton abou anexisting process
thatis identified by a processID (PID). To usethis form of the commandyou mustbe the owner of the processor
be running with root privilege. In the othe form, you usedloo k onacommandyou arelaunchng andthusarethe
owner.

Besides the-a and-c options explainedabove, the foll owing optionsareavailable:

e -h  Explicitly list holesin theaddessspace.
° - Shaow libraries.
e -0 Outputfile name.If not spedfied, outpu is writtento stdou t .

e -5 Specifiesa sampleinterval in secands. Informationabaut the proces is dispayedevery secsof CPU
usage by the process.
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4.11 Rewmmmendationsfor Achieving Good Performance

¢ Rememberit’'sjustsharednemory

o CPUmemsetglplace anddlook arethereto helpthemrunwell

Memoryis allocatedanddistributedin pages

Firsttunesingle-procesorperformance

Cachefriendly programswill runwell onthe NUMA architecture

Memory-intensie, cacheunfriendly programs

o If scalingis lessthanexpecteddataplacemenmaybea problem
o Make surethedataareuniformly distributed

¢ Whendevelopingnew codeusefirst-touchandprogramwith it in mind
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Module 5

Virtual Memory Management

5.1 Module Obijectives

After completingthis module,youwill beableto

e Understandhe basicsof virtual memory

117
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5.2 Pages
e A pageis thesmallestunit of systemmemoryallocation
e Pagesareaddedo a processvheneithera

o Validity faultoccurs
o malloc allocationrequesbccurs

e Numberof pagesn aprocesxanbedeterminedrom ps(1) ortop(1)

MAain hMemary

Memaory Fage

Physical Address (Block)
=

Notes:

Virtual memory (VM), or virtual addressing,is usedto divide the sydem’s relatvely small amountof physcal
memoryamongthe potertially larger amoun of logical processesn a program. It doesthis by dividing physcal
memoryinto pages, andthenallocaing pagesto processessthe pagesareneectd.

VM provideseachprocesswith 16-kB pagesandallocatesmoreasthe processnedalsit 16-kB incrementsPages
in mainmemoryareindexedwith a physial addess.This processis shavn in theabove slide.

Thenumkber of pagesa processhasis repotedfrom theBSDform of ps (ps - ) underthecolumnRSS
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5.3 Proces Size

Processizeis measuredh pages

Two sizesassociateavith every process

o Totalsize
o Residensetsize(RSS)

Useps(l) ortop(l) todetermingorocessize

Usefree(l) for sysdemmemoryusage

e Sharednemoryanddynamicallysharedbjects(.so libraries)arecountedseveral
times
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5.4 Proces Memory

e Addressesvithin codesarevirtual
¢ Virtual addressesanmapanywherein physicalmemory

¢ Virtual addresssaremappedo physicalmemoryaddresshroughthe Translation
LookasideBuffer (TLB)

e Thereis alimited numberof TLB entries

Notes:

A processis assgnedphysial memoryonly whenit is usingit. Partsof the addres spacethatarenot beingused

canbeswappedout, or never assgned

Virtual addressesmustbelooked up in the TLB to deteminewherethey arein the physical memory Thereare
alimited numberof TLB entries onthe chip. If anaddresscannd befoundin the TLB, interruptwill occu andthe
OSwill upddetheTLB usinganLRU strateyy.

Virtual addressesare consecutive within physical memoryonly within a page. This allowsthe OS gred free-
domin assigting physical memory This canwork to the advartageof a multiple CPU sharel memoryprogram.
Consedative memoryaddessesvithin a progran canbe spreal outacrosshemachne.
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5.5 Running Out of Physicd Memory
Whenphysicalmemorybecomescarcethe OScan:

e Reclaimmemoryby paging
e Terminateprocesesmanually

e Terminateprocessesautomatically

Notes:

The CPU canonly referencedataand execue codeif the dataor codearein main memory(RAM). Becawsethe
CPU executes multiple processesthere may not be enoudn memoryfor all the processes.If you have very large
programs,they may requre morememorythanis physically presemnin the systen. So, processesrebroughtinto
memoryin pages; if there is not enolgh memory the operding systen freesmemoryby writing pages temporaily

to asecomlarymemoryareathe swap area,on adisk.
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5.6 Pagng

¢ Linux is ademandoaging operatingsydem

¢ Validity fault

o mapspagesnto physicalmemorywhenfirst referenced
o bringspagedackinto memoryif swappedout

e Leastrecentlyusedpagingalgorithm
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5.7 SwapSpace

e Usedfor temporarilysaving partsof programswhenthereis not enoughphysical
memory

e Swapspacanaybe

o Onthesystendrive
o Onanoptiondrive
o A swapfile onafilesystem

¢ To avoid swapping,do notoversubsribe memory

Notes:

Swap spae is disk spaceallocded to be usedas mediun-termmemoryfor the operating sysemkernd. Lack of
swapspaelimits thenumbe andsizeof applicatiors thatmayrun simultareousiy onyour sydemandcaninterfere

with sygemperformance.

Using swap spacecanhelpkill programperformancetop(l) canbeusedto monitorswapspae usage
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Module 6

Linux SystemuUtili ties

6.1 Module Objectives

After completingthis module,youwill beableto

¢ Identify which systemmonitoringtool is mostapplicableto a particularsituation
e Determinehardwarecharacteristicef the SGI Altix Series

e Determinehow heavily varioussydemcomponentarebeingused(CPU,memory
I/O devices)
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6.2 SystemMonitoring Concefs

e Usemonitoringtoolsto betterunderstangour machines limits andusage

¢ Obsenre bothoverall systemperformancendsingle-progranexecutioncharacter
istics
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6.3 Detemmining Hardware Inventory

e hinv(1) displaysthe contentsof the systemhardwareinventory

o Contentgncludebrick configuration proceser type, mainmemorysize,disk
drives,etc.

e hinv [-v] [ clas§ [-b [brick ID]]

o classmay be serial , processor , memory, scsi , otherscsi , ethernet

otherpci , i09
% hi nv
Sorry only root wuser can get scsi info rmati on from /dev /xscs ilpci0 1.01. Oftarg etO/l unO/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 Controlle r Card (Sil icon Graphics, Inc. ) (rev 49). on pci0l .01.0
QLogic 12160 Dual Channel Ultr a3 SCSI (Rev 6) on pci0 1.03. 0
Disk Drive: unit 1 on SCSI contro ller pci0l. 03.0-1
Disk Drive: unit 2 on SCSI contro ller pci0l. 03.0-1
BROADOM Corpo ratio n NetXtreme BCM501 Gigabit Ethern et (rev 21). on pci0l. 04.0
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Linux SystemUtilities

6.4 Detemining Hardware Graph With t opol ogy

% t opol ogy

Machi ne piton .ameri cas.s gi.com has:

12 cpu's

6 memory nodes
cpus
0is
lis
2 is

The
cpu
cpu
cpu
cpu
cpu
The
node
node
node
node
node
node

10
11

node s

0

SO RN SR

5

is
is

IS

is

are:

/dev /hw/mo dule/ 001cl11 /slab /O/nod elcpu bus/0/ a
/dev /hw/imo dule/ 001cll /slab /O/nod e/cpu bus/0/ ¢
/dev /hw/mo dule/ 001cl11 /slab /1/nod elcpu bus/0/ a

/dev/h
/dev/h
are:

/dev/h
/dev/h
/dev/h
/dev/h
/dev/h
/dev/h

The topo logy is
/dev/ hw/module/0
/dev/ hw/module/0

/dev/ hw/module/0
/dev/ hw/module/0

w/module/00
w/module/00

w/module/00
w/module/00
w/module/00
w/module/00
w/module/00
w/module/00

defin ed by:

01c11 /slab/
01c11 /slab/

01c17 /slab/
01c17 /slab/

1c17/ slab/1
1c17/ slab/l

1c11/ slab/0
1c11/ slab/1
1c14/ slab/0
1c14/ slab/1
1c17/ slab/0
1cl7/ slab/1

0/nod e/link
0/nod e/link

1/nod eflink
1/nod e/link

Inode /cpubu s/O/a
/node /cpubu s/0/c

/node
/node
/node
/node
/node
/node

1 is
12 is

1 is
12 is

/dev/
/dev/

/dev/
/dev/

hw/module/0 01c1l/ slab/ 1/node
hw/module/0 01c17/ slab/ 1/node

hw/module/0 01c17/ slab/ 0/node
hw/module/0 01c1l/ slab/ 0/node
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6.5 Detemining Systen Load

e uptime(l) returnsinformationaboutsystemusageanduserload

e Thissystemusageanformationincludes

o Time of day

o Time sincethelastreboot

o Numberof userscurrentlyonthe system

o Averagenumberof processewaiting to runfor thelast1, 5, and15 minutes

Notes:

Userloadrepatedby uptim e maybeinflatedif usersaccessdatafrom slow NFSseners, asprocesseswaiting for
NFSI/O areplacedin the“short wait” quete whichis courted asload, eventhough CPUsareidle.
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6.6 Detemmining Who's Doing What

e W(1) command

¢ Displayswhois onthesystemandwhatthey aredoing

o uptime(l) data

o Durationof usersesgons

o Processousageby user

o Currentlyexecutingusercommand

% w

3:15pm  up 2:17, 3 users, load avera ge: 031, 021, 054
USER TTY FRQM LOGIN@ IDLE JCPU PCPU WHA
gerar do pts/ 0 dhcpl22.mexico .s 12559p m 0.00s 0.16s 0.0ls w
pmc pts/ 1 cf- vpn-sw -corp -6 2:14p m 21:36 014s 012s -csh

n6965 pts/ 3 fsg 1418 2:38p m 36:45 011s 009 -csh
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6.7 Detemmining Active Processs

e ps(l) letsyouseea“snapshot’of theprocesdable

¢ EnvironmentvariablePS PERSONALITYallows ps to behae theway it doesunder
your favorite Unix flavor

e Frequentlyusedoptionsto ps:

-e | Every processunningonthesysem
-I | Longlisting

-f | Full listing

-u | List for a specificuseronly

% ps -

FS UD PID PPID CPRI NI ADDR SZ WCHAN TTY TIME CMD
100 S 22370 4539 4538 0 75 O - 350 ia64_r pts/ O 00:0 0:00 tcsh
000 S 22370 6191 4539 0 75 O 315 ia64 r pts/ O 00:0 0:00 nwscrm6
000 S 22370 6693 6191 0 76 O 178 wait4  pts/ 0 00:0 0:00 time
000 S 22370 6694 6693 0 75 O - 286 schedu pts/ 0 00:0 0:00 mpirun
000 S 22370 6697 6694 0 75 O - 1007567 sche du pts/O  00:0 0:00 nwchem-fb
040 R 22370 6702 6697 99 8 0 - 1778381 - pts/ 0 00:1 7:13 nwchem-b
040 R 22370 6703 6697 99 8 O - 1778353 - pts/ 0 00:1 7:14 nwchem-fb
000 R 22370 6759 4539 0 77 O 493 - pts/ 0 00:0 0:00 ps
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6.8 Monitorin g Running Processe

Linux SystemUtilities

top(1) letsyouseeasortedlist of thetop CPU utilization procesesupdatecat a speci-

fiedintenval

etop [] [d delay [p pid] [q]

[c] [C]

[S]

[s]

] [n iter] [b]

e top hasmary interactve commandsandit is possble to setup aconfiguratiorfile,

~/.toprc

7:56am up 7:55,

Mem: 255353824K av,

Swap: 9438176K av,

PID USER
4832 obustos
4790 obus tos
5288 gera rdo
1 root
2 root

PRI

25
25
15
15
0K

5 user s,
378478 4K used,

O O O O o

load avera ge:
25156 9040K free,

221,

OK used, 9438176K free
SIZE RSS SHARE STAT %CPU%MEM TIME COMMKND

323M  99M
323M  99M
4832 2864
2912 1344

0 0

320M R
320M R
4064 R
208 S
0 SW

99.9
99.8
1.2
0.0
0.0

3.97,

0.0
0.0
0.0
0.0
0.0

5.06
0K shrd , 432K buff
1933 792K cach ed

73:2 9 1502 .exe

76:4 1 1502 .exe

0:00 top

1:51 init

0:00 migr ation _CPUO
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6.9 Monitorin g systemresouiceusage— gt op

e gtop isagraphicaltool to monitorsystenresourcaisage

o Processetbasedntop display),memory filesystems

W T CGNOME System Maonitor

File

Wiew  Settings

Mindowes

Help

133

=/3%

Q&

Processes (all) |Memnry Usage (resident) |Fi|esystems (free] |

cou [ I c1|

1) [ i [~ I
e

FID U=ser Fri| Size |Resident|Stat| CPU MEH | Time % Cmd
4790 obustos 25 331552 101472 R Q9.9 0.0 14:33h FfusrsSlocal/Gaussians
4332 obustos 25 331552 101472 R 99,9 0.0 14:01h SusrSlocal/Gaussians
134 root 17 a o sl n.o 0.0 1:0%h kupdated
1 root 1z 2912 1344 5 oo 0.0 19:4im init

5306 gerardo 16 19168 11872 B 55.3 o.n0 1:3%m gtop

394 root 15 1] o s 0.0 0.0 1:2%m qlfc_rsplz

400 root 15 1 o s o.o o.o 1:27m gqlfc_rspld

370 root 15 a o s 0.0 0.0 1:26m qlfc_rspd

406 root 15 1 o s o.o o.o 1:23m gqlfc_rsple

376 root 15 a o s 0.0 0.0 1:23m qlfc_rspé

391 root 15 1 =] o.o o.o 1:23m qlfc_rspll

382 root 15 a o s 0.0 0.0 1:21m qlfc_rspd
2436 oot 15 3Te0 2048 5 n.o 0.0 1:21m in.telnetd: dhop243-
361 root 15 0 o 5l 0.0 0.0 1:0%m glfc_rspl
2473 root 15 000 3200 5 n.o 0.0 1:05m in.rlogind

1016 root 15 0 o 5l 0.0 0.0 l:04m rpciod

203 root 15 a o sl n.o 0.0 1:01m IDE_1_0_Intr_LHt

201 root 15 a o sl n.o 0.0 53.18s gl_intr
4331 obustos 15 331552 101472 5 o.ao 0.0 31.17= FfusrSlocal/Gaussians
2609 root 15 3Te0 2048 5 n.o 0.0 30.59s in.telnetd: dhop243-
3224 root 15 &0nn 3200 5 n.o 0.0 28.85s in.rlogind

1038 ntp 15 4928 4768 5 n.o 0.0 23.31=s ntpd

135 root 15 1 o s o.o 0.0 128.53= pagebuid

1733 root 25 =L 3=1 3872 5 o.ao 0.0 12.65= FusrsSshareSpocpsbingg
2438 obustos 15 G255 4016 5 n.o 0.0 11.22s —tesh

1598 root 15 3664 1856 5 n.o 0.0 10.41=s crond
2611 obustos 15 &240 3984 5 L] 0.0 2.22= —tosh
5254 root 15 3Te0 2048 5 n.o 0.0 4,735 in.telnetd: dhopliZ.
294 root 15 3232 1584 5 L] 0.0 4.42= =suslogd

1065 root 15 36336 1952 5 n.o 0.0 4.41= wpbind
2473 zacharow 15 E203 3984 5 0.0 0.0 3.79=s —tosh

1541 root 15 10304 4240 5 n.o 0.0 3.065 Susrssbindamd
3226 zacharow 15 =] 3TE0 5 0.0 0.0 2.77s —tosh
4330 obustos 15 331552 101472 5 o.ao o.n0 1.92= FfusrsSlocal/Gaussians
299 root 15 4000 2384 5 oo 0.0 1.83= klogd

360 root 15 1] (L= 0.0 0.0 1.80=s alfc doal

|

keuenue.engr.sgi

CPU:  3.14% user,

0. 08 =swstem

Sz 04am, up S:03

loadawg: 2.08, 2.36, 3.73
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6.10 Monitori ng Memory Use— gt op

e Memorychartshavs how memoryis usedby the variousprocessepresent

W (T GNOME System Monitor == .1
File Miew Setfings Windows  Help

Q&

Processes (alll hemory Usage (resident) |Filesystems (free)

Fezident Sizes of Proce

L L I

(ghas )
pme
i il

+
*
*
*
+
*
*
*
+
*
*
*
+
+
*
*
+
+
*
*
*
+
*
*
*
*
*
*
*
*
+
+
*
*

Sum of Reszident Sizes: !

F‘euenue.engr‘.sgi CPU:  3.13% user, 0.03¥% swustem | S:01am, up 200 loadawg: 2.04, 2.59, 4.08




Linux SystemUtiliti es AAPPL-1.0-L2.4-S-SD-W 135
Lab: Controlling Processos and Processs

1. Determinehow mary procesersyou have onyour system.
Whatis their speed?

2. List theactive processesnyour system.
How mary arerunning?

3. Pickoneprocessanddetermindts PID, PPID, procesriority, andniceness.
Which processeareusingmostof the CPUtime?
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Module 7

Debuggers

7.1 Module Objectives

After completingthis module,youwill beableto
e SetDeluggerbreakpointsandwatchpoints
e View

o Call stacks
Variables

o

o

Processoregisters

o

Memorylocations

(0]

Userdefinedexpressions

o

Arraysandstructures

e Follow systemcallsandinterrupts

137
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7.2 Available debuggers

e idb : Thelntel® delugger— availableif you have licensedor the Intel® compil-
ers

o Fully symbolicdelugger
o Supportdehuggingof Fortran,C andC++ programs

e gdb: TheGNU projectdelugger

o Supportdeluggingof C, C++,andModula-2
o Supportd-ortran95 deluggingwhengdbf95 patchis installed
o Thepatchcanbefoundat http://souceforge.net/pojects/gdbfo5/

e ddd: A graphicalinterfaceto gdb andotherdeluggers

o Simplecommandine optionallows selectingdeluggerto use
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7.3 Debugger Syntax

Thebasiccommand-linesyntaxto startthe variousdehuggerds asfollows:
e gdb [ exec_file[ core_fild process i
e idb [-pid process idl [-gdb] [ exec_file[ core_fie]]
e ddd [--debugger namé [exec file core fie| processid]|

e [-pid] process_idetsyou delug arunningprocesswith the specifiedprocessd
(aslong astheredoesnot exist a file whosenameis proces _id if gdb or ddd are
used)

e exec_filespecifieghe executablefile (optional)

¢ You canspecifya corefile (with its executable)o help determineandlocalizethe
causeof sggmentationviolations or other abnormalterminationconditions;if an
executablecorefile exists,it is usedby default



140 AAPPL-1.0-L2.4-5-SD-W Detuggers
7.4 gdb

e Helpis available

o gdb’sown help command
o info gdb attheshellcommandorompt
o http://soucesredhat.com/gdb/onlineds/gdb_toc.html

e Delugginggcc -optimizedcode(-g -O[1|2]3] ) worksfine
e Somechallengesvith ecc atlevels2 and3

o Cant print valuesof registervariables
e Assemblylevel deluggingworks

o gdb understandsotatingregisters:usefu for steppinghroughsoftware-pipelined
loops
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7.5 idb

¢ Intel delugger, partof Intel compilerinstallation
e SupportC, C++, Fortran77,Fortran90

e dbx- (default)andgdb-likeinterfaces

e Deluggingof optimizedcodelimited

e Goodfor gettingFortranstacktraces

e SupportanultithreadedapplicationgpthreadsandOpenMP)
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7.6 DataDisplay Debugger — ddd

e Frontend GUI to gdb andotherdeluggers written by Dorotheal itkehausand
AndreasZeller

e Homepageat http://wwwgnu.ag/softwae/ddd/

e Featuresaninteractve graphicaldatadisplay wheredatastructuresaredisplayed
asgraphs

e Worksbestwith gdb, but canwork with idb in dobx mode

o ddd --debugger 1db --dbx ./a.out
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7.7 Main Window

e By default displaysthe Menu Bar, Tool Bar, SourceWindow, DeluggerConsole
andStatuslLine

e The DataWindow, wheninvoked, appearsabove the SourceWindow, andan op-
tional MachineCodeWindow appeardelov the SourceWindow

o [ DDD: fscratch/gerardo/altiz/DEBUG/adi2 debug.c =-/a%
File Edit Miew Program Commands  Status  Source  Data Help |
(| data :@@@@?@M&k{i{g:@:
Lookup Find=> EBreak LWatch Print  Displ=y Plot Styot - Botale Set UFdisDr
21
mainl
double datalldx] [dy] [1dz];
int i, j, k, istep;
clock_t £,t2;
double checksum;
forfk=0; k<nus b+l £
for{j=0;j<ny;j+3 £
for(i=0;i<nz;i+) {
ifi k=101 §
datalk] [§1[i]=0.0:%
else o
idatalk] [J1[i]= 2.0;:%
3
3
t = clock();
for(istep=0;istep<maxsteps;istep++) 1
e
do k =1, nz
do 3 =1, ny |
call wsweepidatafl,3,ki,1,nxd
enddo
enddo
o
forfk=0;k<nz; k++d £
for(j=0;j<ny; j++1 £
]
GHU DDD 3.3.1 (iaGd—redhat—1inuxs—gnul, by Dorothea Litkehaus and andreas Zeller. A
Copyright @ 1995-1999 Technische Universitat Braunschweig, Germany.
Copyright @ 1399-2001 Uniwversitat Passau, Germany.
{gdb?
]
A Welcome to DDD 3.3.1 "Blue Gnu" (iaBd-redhat-linus<-gnu) 'F
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7.8 Command Tool/Program Menu

¢ A free-standingvindow displayedwhenddd starts

Detuggers

e Canberespogionedwith Alt-8 or selectingvView—Command Tool on the Main

Window

e Canbeconfiguredo appeamlasacommandadool barabove thesourcevindow (Edit

— Preferences— Source — Tool Buttons Location)

e Thetool provideseasyaccess$o mary frequently-usddelugger commands

e Thesamefunctionsareaccessiblérom the ProgramMenuandthekeyboardshort-

cutslistedin it

¢ (28%
Run
Interru ot
atep | Stepi
Mext | Mexti
Lintil | Finish
Cont | Kil
Up | Down
Unda | Fedo
Edit | Make

Rur... F2

Run Again F3

Run in Execution Window

Step Fa

Step Instruction Shift+F 35
et FB

Mext Instruction Shift+F 6
Until F7
Finish Fa
Continue F3
Continue Without Signal  Shift+F3
Kill F4
Interrupt Esi

Abort
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7.9 Execuion Window

e By defaultthe programbeingdeluggedwill runin the DelbuggerConole

e SelectingView— Execution Window will openanxterm window andenablethe
Run in Execution Window itemin the Program menu

¢ Alternately enablingRun in Execution Window in the Program menuwill cause
an ExecutionWindow to be openedvhenyou click on Run in the Commandrool
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7.10 Tod Bar

TheTool Bar hastwo parts:

e Theagumentfield, labeled(), whereary item maybeentered

e Thetool icons,which representunctionsthatcanbe appliedto theitemin the ar-
gumentfield; only thosefunctionsthatmake sensdor theagumentwill beenabled

0:| vy ;D @ @ 7 e A G o B om

Lookup Find=: Break Watch  Print Displai* Plot Hider Botate Set Undisp
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7.11 Debugger Console
¢ A command-linenterfaceto thedehuggeris atthe bottomof the mainwindow

o You canusetheunderlyingdeluggeis commanddere

¢ Youcantypein deluggercommandsnsteadof usingthe GUI

A
Program received signal SIGSEGCY, Segmentation fault.
woweep Cy=0x60000ffffeffc120, is=16384, n=128) at adi2.debug.c:GE
fgdb) graph display wv J

gdb? v
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7.12 File Menu

TheFile menugroupsfile-relatedoperations
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7.13 Edit Menu

e TheEdit menuallows settingpreferenceanddehuggerconfigurationparameters,
besideghe usualeditingfunctions
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7.14 View and Command Menus

e TheView menuallows displayingthe optionalstandalon@vindows andshawing or
hiding the mainview windows

e The Command menuhelpsperformoperationselatedto ddd commands

Command Tool... Alt+a Command History...
Execution Window... Alt+39 Previous Up
r GDE Console Alt+1 e Crowkir
roS0urCE Window Alt+ Find Backward Cirl+B
Data Window Alt+3 Find Forward Ctri+F

Machine Code Window  &lt+4 guit =earch Esc

Complete Tab

Apply Return
Clear Line Ctrl+
Clear Window shift+Ctrl+U

Define Command...
Edit Buttons...
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7.15 Status Menu

The Statusmenuhasoptionsfor examiningandmodifying the programstate:call stack,
machineregistercontentsthreadsandsignals,aswell asmoving up anddown the call
stack.

Backirace..
Registers. .

Thraads...

aignals. .

Up Cirl+Up

Dot Ctrl+ Do
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7.16 Setting/Clearing Breakpoints

e Thereareseveralwaysto setbreakpoints:

o Left-click onthewhitespacedo theleft of thesourcdine whereyouwantto set
a breakpointsothatit appearsn the ArgumentField, thenusethe Stop icon
ontheTool Bar (which shouldbelabeled‘Break’)

o Triple left-click onthewhitespaceo theleft of thesourcdine whereyouwant
to seta breakpoint

o Rightclick-and-hold,choosdrom theresultingpop-upmenu
o Typetheappropriatdoreak commandn the DeluggerConole

e To clearabreakpoint:

o Left click onthestopsignnext to theline with thebreakpointo make it appear
in the ArgumentField, thenusethe Stop icon on the Tool Bar (which should

now belabeled*Clear”)
o Rightclick-and-hold,choosdrom theresultingpop-upmenu
o Typetheappropriatelelete commandn the DeluggerConole
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7.17 Examining Variables

e Therearethreewaysof shaving thevalueof avariable:

o Pointto it with the cursor: The answerwill appearin the StatusLine at the
bottommargin of the mainwindow

o Printit onthedehluggerconsolewith theprint) command
o Displayit graphicallywith thedisplay() =~ command

e Printingor displayingcanbe achieved by

o Left-clicking onthedataitem, which placest onthe ArgumentField, andthen
selectingthe appropriateool

o Usingtheright mousebuttonto click-and-holdon the dataitem, andselecting
from theresultingpop-upmenu
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7.18 Backtrace Window

Thecall stackis shavn in the Backtracenvindow, displayedirom Status—Backtrace

Backirace

#1  0x200000000023<f10 in __libc_start_main
#0 main () at adiZ.debug.c:87
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Lab: Setting Break Points (C, C++, Fortran)

Objectives

e Startup aprogramin theddd

Usethe Deluggerto seta breakpoint

Stepinto andstepover functioncalls

Exercisethe variouswaysto examinevariables

Usethe Backtracenindow
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7.19 Edit - Compile- Debug Loop

Editing, compiling,anddeluggingaretightly integratedin ddd:

1. EDIT
Clicking on Edit in the CommandTool opensa window with your favorite X-
Windows editor if the erwvironmentvariableXEDITORIs defined,or elsean xterm
with eitherthe editor given by the environmentvariableEDITOR, or vi . The pro-
grambeingdisplayedn the SourceWindow will beloadedinto the editorwindow.

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. Notethatidb does
not supportthe make commandhowever, ashell make target commandmay be
typedin the DeluggerConsole.

3. DEBUG
Continuedeluggingyour code.
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7.20 Traps

Trapsareusedto inspectdataat pointsduringexecutionof the program
Therearetwo typesof traps:

e Breakpoint

o Haltsthe processoyou canexaminedatamanually

o You canaddconditionsto controlin detail whetherthe programstopsat the
breakpoint

e Watchpoint

o Stopsthe programwhenthevalueof anexpressiorchanges
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7.21 Setting and Clearing Breakpoints

You cansetbreakpointsn thefollowing ways:

¢ Triple click onaline with theleft mousebutton (to set)
¢ Click andholdtheright mousebutton,selectfrom the pop-upmenu
e Usethe Stop signicon onthe ControlPanel

e Usethe Con®le panelcommandgbreak /clear )

Detuggers
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7.22 Breakpoints - What Can You Examine?

e Variablegvalue,type,addresss)
¢ Valueof expressions

e Call Stack

e Datastructureggraphically)

e Arrays

e Machinecode

e Memory/raisters
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7.23 Breakpoint Properties

e Onceabreakpoinis set,right click-and-holdonthe Stop signiconatthebreakpoint
andselectPropertiesrom the pop-upmenu,or with thebreakpoinin the Argument
Field, usethe Stop Tool menuto selectBreakpointProperties

e A pop-upwindow appearsvhereyou canseta conditionfor stopping,a countfor
the numberof timesto ignore the breakpointbefore stopping or delugger com-
mandsio executewhenarriving atthe breakpoint.

Breakpaint 2 8 o @ B

Lookup Erzble Disable Tewp Delete

Condition f
lgnore Count —

!
Commands Record | Erd | Edit = |

Apply Close | Help |
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7.24 \Watchpoints

¢ A frequentpointermistake in C or C++ is overwriting dataout of range
e Typically, theoverwrittenaddressangeis known, but the pointeris not
e Watchpointsvatchover amemorylocationfor overwriting

e You cansetwatchpointdy left-clicking on the variableif it is visible or typing it
in the ArgumentField andthenclicking on the Watch button

e Differenttypesof watchpointanay be selectedrom the menuassociateavith the
Watch button

e Onceawatchpoints set,watchpointpropertiesmay be modifiedin the Watchpoin
Propertiesvindow

Watchpaint 5 ® T W oo e B

Lookup  Print  Enmble Disable  Temp  Delete

Condition f
lgnore Count —

!
Commands Record | Erd | Edit > |

Apply Close | Help |
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7.25 Signds
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e Status — Signalspopsup a panelshaving a list of all signalsandhow gdb has

beentold to handleeachone.

o Stop: Stoptheprogramwhenthesignalhappens(SettingStopalsosetsPrint.)
o Print: Print a messag whenthe signalhappens (UnsettingPrint alsounsets

Stop.)

o Pass:If set,allow the programto seethe signalandhandleit, if it hasinstalled
ahandleyor bekilled, if no handlemasbeeninstalled.

GOEB Sighal Handling

&l Signals

Hangup - - oo ..
Interrupt - - - oo oo __
Emulationtrap - - - _________

Arithimetic exception

killed

Bius errar

Segmentation fault

J7 Stop I Print |7 Pass ml ﬂ
J7 Stop I Print |7 Pass ﬂl ﬂ
I stop I7 Print _{ Pass Send| 7|
7 Stop I7 Print I7 Pass ml j
7 Stop I Print |7 Pass ﬂl j
I Stop I7 Print I Pass Send| 7|
J7 Stop I Print |7 Pass ﬂl ﬂ
J7 Stop I Print 7 Pass ﬂl ﬂ
7 Stop I7 Print I7 Pass ml j
7 Stop I Print |7 Pass ﬂl j
J7 Stop I Print 7 Pass ml ﬂ
J7 Stop I Print |7 Pass ﬂl ﬂ

L L

Fesat |

Close |

Help |
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7.26 Data Display

e TheDataDisplayprovidesagraphicarepresentationf variablesarrays structures
andlinkedlists

e TheDataDisplayopensautomaticallywhenanitemis selectedor display

o Left click ontheitem, click onthe Display button
o Rightclick-and-hold selectDisplay from the popupmenu
o Doubleclick onthevariable

e Therearemary displayandformattingoptions
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7.27 Machine CodeWindow

e Source — Display Machine Code opensup anadditionalwindow, usuallybelow
the SourcewWindow, thatcontainghe machinecodefor the currentfunction

e Breakpointanalsobesetandclearedn thiswindow

e If sourcecodeis notavailable,only the machinecodewindow is updated

o DDD: fscratch/gerardo/altix /DEBUG fesre/ it debug.c =%
File Edit “iew Program Commands  Status Source  Data ﬂelpl

- - - - - . - - - -
0:|fft.dehug.c:29§ 9 g @ 2 oa U E G e

Lookup  Fifides  Clear  W&Tch Erifitys UisplEss POt Showl - Botate 581 UHdisn

Run| Interrupt| Step| Stepi| Mext| Nexti| Until| Finish| Cant| Kil| Up| Down| Undo| Reco| Edit] Make|

P printf ("Transf[0][0] = (%f,%f)wn' A
transf[0][0].re, tranSF[D] [0].im);
& printf ("Transf[0][M/2+1] = (%F, %) hn'
transf [0] [HSP]. re, transf[lil] [H5P].qmJ;
printf ("Transf[N/2+1][H/241] = (%f %0 )’
transf [HSP] [HSP].re, transF[HSF'] [HSP].dmJ;
zdffE2d {1 ml.mil L1, ,-’[{dnuh]e]m1*[dnub1e}m1} transf,SIZE,
orig,SIZE.thlzd,work,isys);
printt ("Retransf[0] [0] = %Ffwn", origl0] [0]D;
printf ("Retransf[0] [M-1] = %Ff\n", oriq[0] [SIZE-11);
prinEf}["HetranSF[N—1] [(H=11 = %fwn", orig[SIZE-1] [SIZE-11D;
exit(0];

Dymp of assembler code from 0x4000000000001011 o Dx4DDDDDDDDDDD1111

] P ] —

0:x4000000000001011 <main+1217:: may r15=25904;;
0x4000000000001012 <main+l218:: add r15=r13, r3?.,
0:4000000000001020 <main+1232:: [WII] maoy r1d=r13
Ox4000000000001021 <main+1233:: mov r16=17712;;
0x4000000000001022 <main+]234:: add r1d4=r37,.r16;;
0x4000000000001030 <main+]248:: [ M1 ] moy r15=r14;;
0x4000000000001031 <main+1249:: adds r15=272,r14
0:x4000000000001032 <main+1250:: moy r16=25904; ;
0:x4000000000001040 <main+l264:: [MMI] add r16=r16,r37;;

Breakpoint 9 at 0x4000000000001011: file fft.debug.c, Tine 29.

Cgdbl Tist fft.debug.c:23

Line 29 of "fft.debug.c" starts at address 0x4000000000001011 <main+1217> and
Enggjat Ox4000000000001012 <main+1 218>,

q

_,T‘-..I.

A
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7.28 Register Window
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TheRegisterView letsyouview processoregisters

e Thewindow popsup selectingStatus — Registers

Registers

r126
r127
f0
F1
f2
f3
f4
f5
fE
£7
fa
f3
£10

=0
00

L I Y s

0

0

o

{raw 0x0000000000000000000000000C
{raw 0x0000000000000000000000000C
{raw 0x0000000000000000000000000C
traw 0x0000000000000000000000000C
traw 0x0000000000000000000000000C
fraw 0x0000000000000000000000000C

0.70710678118654746 (raw 0x000000000000fFfehs
—0.70710678118654746 (raw 0x000000000002Fffet

—1

{raw 0x000000000002fFfFE00000000C

0.19509032201612833 Craw 0x000000000000FFFccy
0.98078528040323043 Craw 0x000000000000FFFeft

=

I~

| =

~ Imteger registers

A Al registers

Close |
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Lab: Using Browseas and Views (C/C++/Fortran)

Objective
Usethe Display Window, MachineCodeWindow, andRegisterWindow



Module 8

Data Decomposition

8.1 Module Obijectives

By the endof this module,you shoud beableto

e Understandvhy datadecompositions importantin parallelcomputing

¢ Identify implicit andexplicit datadecomposion constructs

167
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8.2 Parallelism

To usemultiple processa, you mustfind tasksthatcanbe performedat the sametime.
Therearetwo basicmethodof definingthesetasks:

e Functionalparallelism

o Differentprocesersperformdifferentfunctions
o NaturalapproacHor programmersrainedin modularprogramming
o Disadwantagesnclude:

x Definingfunctionsasthe numberof processos grow
+ Definingfunctionsthatusebalancecamountsof CPUtime
x May requirealot of synchrmizationanddatamovement

e Dataparallelism

o Differentprocesersperformthe samefunctionon differentpartsof the data
o Takesadwantageof thelarge cumulatve memory
o Requireghatthe problemdomainbe decomposed
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8.3 DataParallelism

Requireghreebasicsteps:

1. Breakingupthedata
2. Mappingthedatato the process®

3. Dividing thework amongsthe processa

The programmemay needto manually performthesestepsor usetools that will do
someor all of thesesteps.Thefirst two stepsarecalleddatadecompositiorand,if done
correctly make thethird stepeasy
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8.4 Data Decompbsition

¢ Choo® adatadecompositiorio minimize datatransfer

¢ Choo® adatadecompositiorio balancetheload
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8.5 Data Decomppsitionin Data Parallelism

e Data (for example,arrays)is decomposedavhenthereis enoughparallelwork in
codesegmentsthatreferencat

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

o Explicit (manual)decompositions doneby the progammerwith no compiler
help

x Messaggassg (MPI, PVM) anddatapassingshmem)codesequireex-
plicit datadecomposion

o Implicit (compilerdirective based)decomposion is carriedout by the com-
piler

x MP directivesfind parallelismin implicitly decomposedata
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8.6 Explicit Data Decamposition Example

Considemanuallydecomposin@narray Thearrayto be modeleds A(4000,8000).
Usingfour PEs:

e Decomposinghefirst dimension:

o EachPEdimensionslocal arrayA(1000,80@)
o Map eachPE’slocal areainto theglobalarray
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8.7 Explicit Data Decanposition Example (continued)

You maynow needto know where
e GlobaldataelementA (2000,4000)mapsin local space
o GlobalpositionA(2000,40@) is nov A(1000,4000pn PE1
e ElementA (2000,4000)s nearesnteighborsarein local space:

o Neighborsare:

*x North A(999,40@) on PE#1
* SouthA(1,4000)on PE#2

x EastA(1000,4@1) on PE#1
* WestA(1000,399) on PE#1

X | Global
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8.8 Explicit Data Decanposition Example (continued)

Decomposinghe seconddimension:

e EachPEallocatesalocal arrayA (4000,200)
e GlobalpositionA(2000,4000)s now A(2000,2@0)onPE 1
e Neighborsare:

o North A(1999,20000n PE #1

o SouthA(2001,2000pn PE#1

o EastA(2000,1)on PE#2
o WestA(2000,1999pn PE#1
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8.9 Explicit Data Decanposition Example (continued)

e Decomposingn bothdimensions:
¢ GlobalpositionA(2000,4000)s now A(2000,4®0) on PEO
e Neighborsare:

o North A(1999,40000n PE#0

o SouthA(1,4000)on PE#1

o EastA(2000,1)on PE#2
o WestA(2000,3999pn PE#0

ll"" L Glibal
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8.10 Implicit Data Deconposition Example

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

DataDecompositn

e Implicit datadecompotion requiresno “resizing” of the data—indicesremain

global

o Example:breakingup REAL A(4000,8®0) acrosghefirst dimensionamong

four processs

. : AP ,8000)
A(1000 sum:-)

1001,8000
2000,8000

3000,8000

i hhﬁ 3l
A [
NG
o) T

A
A
L AEEUN 8000
A
A
A

3001,8000
4000,8000
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8.11 Implicit Data Deconposition Example (continued)

Decomposinghe seconddimension:

6\&\ :5\0 é\&.\ é\

SIS S

::l\ @'\Q\ @'\&\ @‘\Q\

%’*ﬁﬁ*’ vsﬁ"vsﬁ"’ ﬁ“’ﬁvs@“’
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8.12 Implicit Data Deconposition Example (continued)

Decomposingn bothdimensions:

® olle ©

Al1,1) A(1,4000) || A(1,3001) A(1,8000)
PE O PE 2

A[2000,1) A(2000,4000) || A(2000,3001) A({2000,8000)

® olle @

e o
A(2001,1) A({2001,4000) || A(2001,4001) A(2001,8000)
PE 1 PE 3
A(4000,1) A(4000,4000) || A(4000,4001) A(4000 8000)
[ ] & & [ ]
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8.13 Implicit Versus Explicit Data Deconposition

¢ Implicit decompositioradwvantages:

o No dataresizing
o All communication/synchronizatiohsndledoy the compilerimplicitly
o Sourcecodeeasierto develop/port/read

o Sourcecodeis portableto othersystemsawith the correspoding programming
modelsupport(e.g.,OpenMP)

e Explicit decompositioradwvantages:

o All communication/synchrarationcallsinsertedoy theprogrammecfull con-
trol/knowledgeof programflow)

o Sourcecodeis portableto othersysgems(MPI, PVM)
o Codeperformanceanbebetterthanimplicitly parallelizedcodes
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8.14 Implicit Versus Explicit Data Deconposition (continued)

¢ Implicit decompositiodisadwantages:

o Datacommunicatiorhiddenfrom user

o Compilertechnologynot matureenoughto deliver top performanceconsis-
tently (yet)

e Explicit decompositiordisadwantages:

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

* 4

* 1

Create ghost or halo cells that
replicate remote data locally. These
cells help isolate data movement
from computation and reduce
communication time.

AT
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8.16 Tods

Sometoolsallow theprogrammeto view theprocesgrid asacartesiarplane,using(X,
Y) coordinate®r columnor row operations.

e MPI

o MPI_CART_CREATE defineghe sizeandshapeof the procesgrid
o MPI_CART_COORDSreturnsthe coordinate®f a process
o MPI_CART_SHIFT returnsa neighbors rank (processiumber)

e BLACS
o BLACS_GRIDINIT allowstheuserto definethe sizeandshapeof theprocess
grid
o BLACS_ GRIDINFO returnsthecalling process grid coordinates
o Matricesaresentandrecevedby grid coordinates
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8.17 ProcessorGrids

PE #

Cartesian

Coordinates
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10
(2,2)
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11
(3,2)

(2,1)

(3,1)

(2,0)

(3,0)
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Module 9
Open MP

9.1 Module Obijectives

After completingthis module,youwill beableto

Explainthe originsof OpenMP

RecognizéDpenMPconstructanddirectves

Understandncrementaparallelism

Write a parallelcodeusingOpenMP

185
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9.2 Motivation for OpenMP

e 1997:No standardor sharednemoryparallelism

o EachSMPvendorhadproprietaryAPI
o Portability only throughMPI, PVM

e Parallelapplicationavailability

o ISVshave big investmenin existing code
o Messageassingoortsarelaborintensve

e OpenMPallows a partial port—incrementaparallelism

Notes:

The SMP archtecture works well with avariety of styles of paralkel processig. Becausell processorshave acces
to all of memory adding processos to assi$ a procesor thatis alrealy executing a codeis fairly straightforward.
Additional processos canbe addedto the computtiondly intensearea of the code andreleasedwhenthis kernd
of work is completel. This ability allows the programmerto execut large portions of the codein a singleCPUand
modify only thecomputdionalkemels,yetstill gainsignificantperformancewhenmultiple processorsareavailable.

Thisis known asincrementalparalelism.
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9.3 What Is OpenMP?

SharednemorymultiprocessingAPI
o Standardizesxisting practice

Portableandstandard

o SGI,CompagKuckandAssoc. DOE, IBM, Sun,HP, Intel®, andsoon
o BothUNIX andNT®

First FortranOpenMPimplementationreleasedy SGI Octoberl997

First C/C++OpenMPimplementationreleasedy SGI November1998
TheIntel® compilersthatrunonthe SGI Altix systemsupportOpenMP

Notes:

A variety of APIs have beenavailable on SMP machnesfor mary yeas. All APIs perform roughly the same
functions, but they usedifferent syntax and different execution models Not all vendbrs suppated all constucts,
suchas ATOMIC upddes. Thesemodelsvaried greaty on whenandwherethey usedimplied synchronizdion.
Thesedifferenceskept parallel codesfrom being portable.
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9.4 Parallel Programming Execution Model

OpenMPusesa fork andjoin executionmodel

Executionbeginsin asinglemasterthread

Parallelregionsareexecutedoy ateam

Executionreturnsto a singlethreadatthe endof a parallelregion

OpenMPprovidesconstructgor

o Dataparallelism—Loogdevel
o Functionalparallelism
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9.5 OpenMP Overview

Scalablefine andcoarsgyrainparallelism

Emphasin performance

Exploit strengthof sharednemory

Directive-basedpluslibrary callsandenvironmentvariables)

Notes:

Usingdirectivesallows a codeto be compiledto run on a singe processoror by using a compile option, compiled
to run on multiple processors It also allows execution of the codeto easily move betwee sinde threaded and

multithreadel regions.
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9.6 Directive Sentinels

Fortran
e I$OMP
e CSOMP
e *$OMP

C/C++

e #ipragma omp directive
{ structured block }

Notes:

Thesesentirelsarerecaynized by the compiler whenthe OpenMPoption is turned on. A variety of directivesfollow
the sertinel to control the parallel exection of the code.In fixedform Fortran,the sentnels mustappea in column
one,andcontinuaion direcivesmusthave theform C$OMP+where+ is ary non-blankor nonzerocharater. In free
form, I$OMP canappearin ary columnaslong asit is proceededonly by white space.Directivesarecontinuedby
using anampesand(&) asthelastnon-dank charaterof theline. Continuationlines startwith !$OMP or I$SOMP& as
thefirst non-blank characters
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9.7 Conditional Compilation

OpenMPallows certainstatement$o be conditionallycompiled

Fortran
e I$ Fixedor freeform
e CS$Fixedform

¢ Whencompiledwith the OpenMPoptionthesesentinelsarereplacedn the code
with two spaces.

I$ record = ( loopcnt - 1) *
I$  + myid
C/C++

e Usethemacro OPENMP
e CanNOT beusedwith #define or #undef

Notes:

Oneof the gods of OpenMPis for a codeto be compiled andrun on a single-processoror multiprocesor systen.
Using sentnelsthatappea to a non-OpenMPcompiler asa commentworkswell in mostcases Mary times,some
addtional codenedls to be added to the serid code to make it work propely in a multiprocesing ervironment
examples include calcuktions basa on processornumbe or callsto OpenMPlibraries. Thesecalaulations would
bewastedonasinge-processosygem,andthelibrary callswould beundefined.Usethesesentnelsto condtionally
compile the code. Whenthe OpenMPflag is on, these sentirels arereplacedwith two spacs; the restof the line
mustbe proper Fortransyntax. Theline canincludeline numbes andexecutdle staements.
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9.8 Parallel Regions
Fortran

I$ omp parallel

I$ omp end parallel

C/C++

#pragma omp parallel
{ structured block }

e Be carefulof “throws”

Notes:

OpenMPcodesexecuteasa singe thread (masteruntil anomp para llel  directive is encountered All threadsthat
join the group atthis directive will executeall the code until anomp end par allel  directive is encounteaed. If no
further omp diredivesarein this region, thenthis is redurdantcode—paralel, but redundar. The masterprocess
will coninue beyond the paralel region only afterall threadsin theteamhave finished.

The numberof threalsin the teamis implemenation dependent The numberof threalsis consantwithin a
paralel region, but the numbermaybe chargedby the useror the sysembetweerpardlel regions.

If athreadin ateamenmuntas anaherpardlel region, it creagsa new teamto execue the paralel region and
it becanesthe masterfor the new team.By defaut, thisteamhasonly oneplaye, the master

A “throw” execukd inside a pardlel region mustbe caugh by the samethread and must cortinue execttion
inside the dynamicextentof the samestruduredblock.
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9.9 Parallel Regions(continued)

Optional clauses

Thefollowing optionalclausesnaybeaddedo theomp parallel  directve:

private  ( list )
shared ( list )

default  ( private | shared | none )
firstprivate ( list )
reduction  ( ( operator | intrinsic ) oo list )
e operatormustnot beoverloaded
if ( scalar_logical expression )
copyin ( list )
Notes:

Part of the andysis required to execue a region of code in paralkl is to scope the dataitems. By default, all data
itemsareshared , unlessthe defaut is changdby the defaut clause.

Eachthread will have its own storaye for ary variable in the privat e list. The value of the variable is un-
defineduponentry to and exit from the region. This behavior canbe overriddenby declaing the variablein the
first priva te list. This variable will bepriv ate , but initialized to the value of the samevariablein the master
threa.

Thevariablesontheshared list have only onestorage location which all processesnayaccesif andwhenthey
referencethesevariables.

For variades listed in the reduct ion clause a spedal priv ate variale is creded andinitialized for eadh
thread. At the endof the region, the operdor or intrinsic is usedto redue the partial answerdrom eachthreadto
onefinal answeywhichis storedin the original variale. Possibé operdions andintrinsicsinclude+, - , *, ANDand
OR(both logicd andbitwise), MAXandMIN. OpenMP1.0 only supportsscala reduction variables,but OpenMP2.0
will support arraysasredudion variales.

Whentheif clauseisincludedtheregionwill beexecutealin paralelonly if thescalar _logi cal _expr essio n
is true. Onerea®n aregion may be conditionally executal in pardlel is thattheamour of work variesfrom runto
run, or evenwithin arun.

Thecopy in clause apgies to namedCOMMONIocks thathave beendeclaedthre adpri vate . All variadesor
whole commonblocksin thelist will beinitialized from the maste thread

Thethr eadpri vate is aspeial declaation. It immediatey follows the declaation of a variable that shoul
be privateto threadswhenin a paralkl region, but whosevalue shauld be retaired betwee paralel region invoca-
tions (pri vate variadesareautamatic: they are creded eachtime the pardlel region is enteredand conceptually
destoyed eachtime the paralkel region is exited).
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9.10 Work Sharing: DO/ FOR

I$ omp parallel #pragma omp parallel

{ ..

I$ omp do #pragma omp for
doi =1, n for (1=0;i<n;i++)
a(i) =0 a[i]=0.0
enddo }

I$ omp end parallel

Notes:

The DO is the naturd way to operde on arrays in Fortran 77, but Fortran 90/95 introducesarray opeiations and
FORALL, work congructsthatonly impl y loops While the autgoaralklizer will try to autoparalldize sud con
struds, it may not do so in the manneronewould wantto (e.g.,if the lastarrayindex only hasa limited range).
OpenMP2.0introduces aworksh are diredive thatyou canplaceto indicatethatyou wantthecompilerto distribute
the unitsof work in suchFortran95 congructs
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9.11 Work Sharing: DO/FOR (continued)

DO/FOR clauses

Thefollowing clausesanbeaddedo the DO/FORconstruct:

lastprivate ( list )
schedule ( type [ , chunk ] )
"type" is
static
dynamic
guided
runtime
ordered

Thereis anoptionalEND DOdirective, with anoptionalclause:

nowait

Notes:

195

Thelastpr ivate clause will causevariadeson thelist to be updatd by the threal that executes the lastiteration

of theloop. Within theloop, eachthreadwill have apriva te copy of thes variales.

Iterationsof a loop areassgnedto threals basedon the schedu le clause. The clauseis not required, but the

standird doesnot spedfy adefault.
sche dule can be

e (stat ic, chunksi ze)

chunksi ze numbe of iterationsof the loop to be assigiedto eachthreadin aroundrobin fashon, basel
on thread number If chunksi ze is not spedfied, eachthread getsexactly one churk; the churk sizein
this caseis compued by dividing the numbe of iteraions by the numberof thread and arny remairder is

distributed amongthethread in amanne deteminedby theimplemenation

e (dyna mic, chunksi ze)

chunksi ze numberof iterationsof theloop will be assigiedto threadsasthey becomeavailable for work.

e (guid ed, chunksi ze)

the numberof iterationsassigred to threadsdecreasesaswork is complketed. chunksi ze is the minimum

numberof iteraions assiged.

e (runt ime)
schedling will bedeteminedby the ernvironmental variade OMP_SHEDUE.
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Theorder ed claus allowstheloop to contdn aregion of codewhich will be execuedin the sameiteration orde
asit would executeon asinge processor

Thenowai t clauseon the END DOdirective will allow athreadto coninue executirg whenall the iterationsof
thedoloop have beenassigied,but not yet compleed. Thisis particularly important if onewantsto freethe CPUs
occpiedby threadsthatareidle while theremainirg iteraionscomplde; withoutthenowai t clausetheidle threads
will busy-spinwaiting for all iterationsto complde, regardlessof ervironmentsetings.

Thenowait clausegoesonthefor pragman C/C++.
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9.12 Loop scheduling types

e If schedulasstatic  with nochunksize specifiedeachthreadggetsonechunk

Threads

3

2 B (251 - 500)

1 B (501 - 750)

0 B (751 - 1000)

I$ omp parallel #pragma omp parallel

{ ..

I$ omp do #pragma omp for
doi =1, 1000 for (i=0;i<1000;i ++)
' code block B / *code bl ock B*/
enddo }

I$ omp end parallel
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9.13 Loop scheduling types(continued)

e static  with achunksi ze distributeswork cyclically in blocksof chunksi ze
iterations

Threads
3

e dynamic dynamicallyallocatesvork in blocksof chunksi ze iterations

Threads
3
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9.14 Loop scheduling types(continued)

e guided is dynamicschedulinghatstartswith large chunksandendswith smaller
chunks;chunksi ze is theminimumnumberof iterationsassigned

Threads
3

e runtime indicatesthatthe schedulingypeandchunksizeareto be setatruntime
by the environmentvariableOMP_SCHEDULE
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9.15 Work Sharing: Sectiins

I$ omp parallel #pragma omp parallel
{ ..

I$ omp sections #pragma omp sections

I$ omp section { ..
#pragma omp section

I$ omp section { structured block }
#pragma omp section

I$ omp end sections {structured block }
}

I$ omp end parallel }

Notes:

Anothe methodof using multiple processorsis to have themexectute differentregions of code,which is knownas
fundional parallelism Eachsecton of codeis execuedby athreal. Threads will synchrorize attheend sect ions
diredive unles it hasanowai t clause.Thesect ions directive hasdatascopng clausessimilarto thedo diredive.



OpenMP AAPPL-1.0-L2.4-S-SD-W 201

9.16 Work Sharing: Single

I$ omp parallel #pragma omp parallel
{ ..
I$ omp single #pragma single

{structured block }
I$ omp end single  [nowait] }

I$ omp end parallel

Notes:

Thefirst threadto arrive atthesing le directive executes the codeblock. All othe threads skip this block andwait
for therestof theteamto reachtheend sin gle diredive. Thewaiting canbe overriddenwith anowait clauseon
theend sing le directive.
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9.17 Work Sharing: Master

I$ omp parallel #pragma omp parallel
{ ..
I$ omp master #pragma master

{structured block }
I$ omp end master

I$ omp end parallel

Notes:

Themaster diredive forces a block of codeto be executed only by the masterof the team. The restof the team
skips this block of codeandcortinuesprocessir.
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9.18 Work Sharing: Shorthand

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

I$ omp end parallel  do
I$ 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

¢ Worksharingconstructsnay be outsidelexical scopeof parallelregion

I$ omp parallel subroutine  foo (...
call foo (... I$ omp do
do i=1,n
I$ omp end parallel
enddo
end

Notes:

If foo is called from outsice a pardlel region, the DOloop is execuied by a teamof one,the master foo cannd be

legally calledfrom within awork shaing DOloop.

If foo alsoincludeda parallel directive, a secor teamwould be creaedto execut this paralel region, with the
encaintering thread asthe master Usually this teamwill have only one member This behaviormay be charged
by setting the OMP SET_NESTEDervironmenal variableto TRUE Although this condtion mustbe supprtedby all
OpenMPimplemeratiors, theresuting teammay still have only onemember

Notethatwhencalling functions or suboutinesfrom within a paralel region, variablesdechredin thefunction
or sulroutine cannd explicitly bespecified asshaedor private, asthey areoutdde thelexical scqpe of the OpenMP
diredives. Thestoragye classdetermirestheir status

e automadic variables are createl on the private stackof eachthread (which is usudly small!) andarethus
privateto threals

o staticandexternd variades(onthe heap areshaed,i.e., they referto the sameobjed in all thread

e dynamic variades can,of course,be allocaedindependetly in all threads, but caremustbetaken to ensue
the programdoes not leak memoryby avoiding to free someof the objeds allocated
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9.20 Data ScopingClauses

I$omp
I$omp

I$omp
I$Somp

common /mycommon/ f1, f2
threadprivate (/mycommon/)
real a(n), b(n), sum
parallel shared(a) private(b)

end parallel
parallel default(private) shared(b)

ISomp end parallel

e firstprivate, lastprivate
e reduction
e default  (shared|private)

e threadprivate

Notes:

reduction(+:sum)
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The thread priva te direcive mustbe in the declaation secton and mustfollow the declaratin of the named
COMM®blocks it references. Eachthreal will have a storage block for the namedCOMKNblock uponentryinto a
paralel region. Theblock is uninitialized unless the COMENblock nameor variadeswithin the block arereferenced
in the copyi n clause. TheseCOMKNDblocks are private to the threal, but commonwithin the thread. The values
within these namedCOMMs arenot presrved acros paralel regions, unless dynamic threads aredisabled andthe
numberof threalsacrcssall paralkel regionsis the same.

In C/C++thread priva te is uselto give aprivatecopy of afile-scope variale to eachthreal.



206 AAPPL-1.0-L2.4-5-SD-W OpenMP
9.21 Syndironization

e Barriers
I$omp barrier #pragma omp barrier
e Critical sections

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

e Lock library routines

omp_set_lock(var)
omp_unset_lock(var)

Notes:

All threadsin ateamwill wait for ead otheratthebar rier  directve.

Thread wait at the beginning of a critical region until no other teammembersarein theregion. Thecrit ical
diredive hasanoptional name.All unnanedecritical regions mapto the samename.

In C/C++the#pra gma omp barri er mustbein astrucuredblock; it is nota statemen

if ( x!= 0

#pra gma omp barri er
is anillegal strudure.
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9.22 Syndronization (continued)

e Atomic
I$omp atomic #pragma omp atomic
count = count + 1 count += 1;

e Flush
ISomp flush  [(list}] #pragma omp flush  [(list)]

¢ Maintainmemoryconsisteng
¢ Restore/reloathread-visiblevariableso/from memory
¢ Usefulfor customsynchponizationbetweerthreads

Notes:
In C/C++the binary operdor for the atomicupdae mustbe oneof thefollowing: +, * - [ & 7 | <£,
>>, andmustnot be overloaded.

In Fortrantheopemtorcanbe:+, * -, /, .AND., .OR., .EQV. or .NEQV., orthelvaluecanbeinvolved

in oneof thefollowing intrinsics: MAX, MIN, IAND, IOR, IXOR.

Thereareimplicit flusheqwith nolist) atabarrier, atentryandexit of acritical region, attheexit of worksharing
congructs(unless nowait is specfied),andat the exit of a paralel region. Volatile storageclassvariablesneednot
beflushed sinceby definition they cau® the neessaryflushesto be carried out.

Consderingthe different synchrorization mechaisms, the more “heavyweight” mecharmsmslike bariers are
the mostexpensve, but they do offer the advantagéhatthey arelesslikely to yield correctnes problems;syndro-
nizaton using synctronizationvarialdes or locks canbe muchfaster but it is moredifficult to ensue thatproblems
suchasdeadbcksnever occu.
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9.23 Syndironization: DO/FOR ordered

I$omp do ordered #pragma omp for ordered
doi = .. for (...)
{ ..
I$omp ordered #pragma omp ordered
print *,i,result(i) { structured bl ock }
I$Somp end ordered
}
enddo
ISomp end do

Notes:

The output from the PRINT statanentwill be the samewhenrun in paralkl or serid. This diredive could be very
expersive.

The DO/FORdiredive mustcontdn the orderal claus, the loop canonly contain one orderedclaus, andthe
clause canonly be executal oncewith a giveniteration of theloop.
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9.24 Interoperability

OpenMPdirectiveswork with

e Automaticparallelization(-parallel )
e MPI
e SHMEM

OntheIntel® compilersrunningin SGI Altix systemOpenMPdirectivesareenabled
with -openmp flag.
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9.25 Run-Time Library Routines

A sampleof the OpenMplibrary routines:

OMP_GET_NUM_THREADS
OMP_GET_THREAD NUM
OMP_IN_PARALLEL
OMP_SET _NUM_THREADS
OMP_SET DYNAMIC
OMP_SET NESTED

e In C/C++use

#include  <omp.h>

Notes:

Thesdlibrary routinescanbe usedto queryor override the ervironmenal variadesthatcontmol paralel execuion.
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9.26 OpenMP Environment Variables

Thefollowing variablesaredefinedby the standard:

OMP_SCHEDULKdefault static )
OMP_NUM_THREAD@® efault: numberof procesersin system)
OMP_DYNAMIQdefault: .FALSE. )
OMP_NESTEDdefault: .FALSE. )

Thefollowing environmentvariablesareintel® compilerspecific:

KMP_LIBRARY (serial , turnaround  or throughput )
KMP_STACKSIZE (default4 MB)

Seethelntel® FortranCompilerUsers Guidefor detalils.

Notes:

Theseenvironmenal varigbleshelp control the behaviorof the pardlel code.
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9.27 OpenMP on the SGI Altix 3000

e Supportedy thelntel® compilers but notby GNU compilers
e For moreinformationon OpenMPseewww.openmp.qy

e For moreinformationon OpenMPsuppot in thelntel® compilers,seethelntel®
C++ CompilerUsers Guide, the Intel® Fortran CompilerUsers Guide,andthe
KAP/Pro ToolsetReferenceManualVersion4.0

e Thelatestintel® compilerUserGuidesand ReferenceManualscanbe found on
http://developenntel.com/
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Lab: Multipr ocessiig onthe SGI Altix systems

Changeo the Altix/OpenMP/labdirectory

1. Runthecodemat_dist.f  to getasingleprocessr timing.
2. Add OpenMPdirectvesto the sourcecodeandrecompile.

3. Runthecodein 2, 4, and8 processorsUsetime to determinechangesn elapsed
timesfor thevariousruns.
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Module 10

Compiling for Shared-Memory Parallelism

10.1 Module Objectives

¢ Introducefeaturedor compilingfor shared-memorparallelism
¢ Introducemethodsof breakingdatadependencies
¢ Introduceparallelizationperformanceassues

e Usethecompilersto parallelizeserialcode
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10.2 Compiling for Shared-Memory Parallelism

e Thelntel® C/C++,andFortrancompilerscangeneratearallelcode

o Enabledby using-openmp or -parallel optionswhencompiling

o Interpretdirectivesfor parallelization

o Introducegarallelisminto codewithout jeopardizingserialexecution
¢ Directivesareignoredwhen-openmp is notspecified
e Generatiorof parallelcodefor loopsis attemptedvhen-parallel Is used

e When both -openmp and-parallel are usedno automaticparallelizationis at-
temptedn routinesthatalreadyhave OpenMPdirectves

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

e Loopswith potentialfor parallelism

o Loopswithoutdatadependencies
o Loopswith datadependenciesecaus®f

x Temporaryvariables

*x Reductions

*x Nestedoops

x Functioncallsor subroutines

e Loopswithout potentialfor parallelism

o Prematuresxit
o Toofew iterations
o Programmingeffort to avoid datadependencieis too great
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10.4 Parallelizing Loops Without Data Dependencies

e SimpleC loop:

for (i =0, i < max; i++) {

all = bli] + cfi;

}
e SimpleFortranloop:

doi =1, max

a@i) = Db@) + c()

enddo

¢ Variabletypesthatarenot specifieddefault to shared
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10.5 Parallelizing Loops Without Data Dependencies(continued)

e SimpleC loop canbetransformednto

#pragma omp parallel for \
shared(a, b, c, max) private (i)
for (i =0, I < max; i++) {
alif = bl + cfi;
}

e Loopindex mustbe private
e SimpleFortranloop canbetransfomedinto

cSomp parallel  do
comp& shared(a, b, ¢, max), lastprivate(i)
doi =1, max
a(i) = b@) + c(i)
enddo
e Loopindex mustbe private  or lastprivate
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10.6 Parallelizing Loops With Temporary Variables

e Temporaryariablescancreatedatadependencies they areshared variables

for (i =0 i <n; i++) |
tmp = al;
ali] = biiJ;
bl = tmp;

}

e Uselastprivate if variablecanbetreatedasprivate , butis to beusedafterloop

o By default,index variablesassumedo be private

cSomp parallel  do lastprivate(i, X)
cSomp& shared(a, b, n)
doi =1 n
x =af) + b()
enddo

print(*) , X
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10.7 Parallelizing Loops With Temporary Variables(continued)

e Makevariablesprivate wheneer possble

#pragma omp parallel for \
shared(a, b, n) private (i, tmp)
for (i =0, i <n; i+ |
tmp = afi];
all] = bii;
bli] tmp;
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10.8 Parallelizin g Reductions

e Generatingsinglevaluefrom theelement®f anarrayis referredto asareduction

o Thereis a datadependencéecausdhe samememorylocationis written to
over multiple loop iterations

e Usethereduction clausen thecorrespadingdirective or pragma
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10.9 Parallelizing NestedLoops

e Nestedoopsprovide optionsasto whichloopto parallelize

¢ Reordertheloopsto

o Putthe mostamountof work in eachiteration
o Remwe datadependence

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

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

alll = afili]  + blilk];

Reorderingheloopsremovesthe datadependencéparalleliz-
ing the“i ” loop):
for (i=0; i<n; i++)
for (j=0; j<n; j++)
for (k=0; k<n; k++)
ali][] = a[i][] + bfi][k];
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10.10 Parallelizing LoopsWith Subroutines and Functions

e Make surecalledroutineshave no sideeffects

o Modifiesor usesonly sharedvariablesindexedby loop controlvariableorin a
critical region

o Mustnotusestaticvariables
o Eachcall from athreadmustbeindependenof ary call from anotherthread

e Simpletestfor sideeffects
o If thefunctioncouldbetransfomedinto inlined code,it is probablysafe
¢ Parallel-safdfunctions

o All Fortranintrinsic functions
o Functionsn the C standardibrary
o All functionsin themathlibrary
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10.11 Unparallelizable Loops

e Recurrencetoop iterationordernotchangeable

DOI = 2N
X() = X(-1) + Y()
ENDDO

e Exit branch

DOl = 2N

I some work

IF ( VALUE .GT. MAX) GOTO0999
ENDDO

e Loopswith toofew iterations(notworth parallelizing)

DOI = 14
X)) =1
ENDDO

e Loopswith callsto functionswith sideeffects

DOl = 2N

I some work

call unsafe_function
ENDDO
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10.12 Reducing Parallelization Overhead

e Measuringparallelizationoverhead

o Time serialrun
o Calculateonethreadof parallelprogram

« Time parallelprogramrunningsinglethreaded
o Comparesingle-threadime to original serialrun

e Only parallelizearegionif the performancegain is morethanthe overhead

e Useconditionalparallelizationmodifierto controlwhenaregionis parallelized
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10.13 Conditional Parallelization

e Canconditionallyparallelizea region basedon how muchwork it does

¢ Most oftenusedwith loops

o C/C++
#pragma omp parallel for private(i) if (max > 50)
for (i =0, I < max; i++) {
[* loop body *
}
e Fortran

CSomp parallel do private(i) shared(n) if (n .GT. 50)
doi =1 n
I work
enddo
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10.14 Load Balancing

e Keepall threadsousy
¢ Findloadimbalances
e Balancework donein independenblocks

¢ Examineloopsto determinethe bestschedulingypefor loops
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10.15 ProcessSpin Time

e Processespinwhenwaiting for morework

o Readyto getnew work immediately
o WastesCPUtime if nonew work is available
e Settheamountof timeto spinbeforeblocking
e Reducespintimeif parallelregionsareisolatedor widely spaced

¢ Increasespintime for parallelregionsthatareclusteredn oneportion of the pro-
gram
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10.16 Guidelinesfor Parallelization

¢ Profileserialcode
o Determineregionsin whichtime s significant
e Look for opportunitiedn significantregions

o Introduceparallelloops
o ldentify potentialindependenblocks
o Rearrangeodefor bestscheduling

e Modify dependentodeblocks

o ldentify suitablecodeblocks
o Isolatedependencen critical sectionor single-process blocks

¢ Guardagainstdependence

o Synchronize
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10.17 Automatic Parallelization Limitatio ns

o C/C++

o Only analyzesertainfor loops

« for loopsusingexplicit arraynotation:array[index]
x for loopsusingpointerincremeninotation:*var++

o Cannotanalyzdor loopsusingpointerarithmeticnotation:*(var + index)
o Cannotanalyzewhile ordo/while loops
o Doesnotlook for blocksof codeto berunin parallel

e Fortran

o Only analyzeOloops
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10.18 Example: Fortran

% cat apo-exanple.f
program listing
rea*4  a(0:9999),  b(0:9999), total

total = 0.0
doi =0, 9999
b(i) =i
enddo
do =0, 9999
a() =Db@ + 1.0
enddo
do i=0, 9999
a(i) = safety unknown(a, )
enddo
do =0, 9999
total = total + a(i)
enddo
write(* ¥) total
end

%efc -parallel -par_report3 -c apo-exanple.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-PARALELIZED.
parallel loop: line 5
shared: {"b"}
private : {'"}
first  privat e: { }
reducti ons: { }

apo-exam ple.f(9) : (col. 0) remark : LOOP WASAUTO-PARALELIZED.
parallel loop: line 9
shared: {"b", "a"}
private : {""}

first  privat e: { }
reducti ons: { }

apo-exam ple.f(17) . (col. 0) remark: LOOPWASAUTO-PARALELIZED.
parallel loop: line 17
shared: {"a"}
private : {'"}

first  privat e: { }
reducti ons: {"total"}
22 Lines Compiled
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10.19 Example: C

% cat c-apo-exanple.c
main() {
float  a[10000], b[10000], total=0.0;
int i
for (i=0; 1 <= 9999; i++)
bli] =i
for (i=0; 1 <= 9999; i++)
afil =bli] + 1.0;
for (i=0; 1 <= 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-exanple.c
procedure:  main

serial  loop: line 13: not a parallel candidate  due to statemen t at line
c-apo-ex ample.c(6) : (col. 17) remark: LOOP WASAUTO-PARALLELIZED.

parallel loop: line 6
shared: {"b"}
private : {""}

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 : {""}
first  privat e: { }
reducti ons: { }

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

parallel loop: line 17
shared: {"a"}
private : {'"}
first  privat e: { }
reducti ons: {"total"}

233
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10.20 Strategy for Using- par al | el
¢ Profilecodeto determineareasof mostperformancegain
e Look atoutputof -par_report  for moreparallelizationoppotunities
o Theauto-parallelizemayneedmoreinformation
¢ Insertdirectivesor enablecompileroptionsto helpthe auto-parallelizer

o Informationto parallelizebptimizemore
o Indicatewhichloopsareunimportant

e Repeatheabove stepsasmary timesasneeded
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10.21 Controlling the Analysis

¢ Directivesto controlparallelization:

o Fortran

IDIR$ PARALLEL
CDIR$ PARALLEL
IDIR$ NOPARALLEL
CDIR$ NOPARALLEL

o C/C++

#pragma ...

AAPPL-1.0-L2.4-S-SD-W
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10.22 Debugging With - par al | el

e Delugfirst runningsingle-threaded
% set env. OMP_NUM THREADS 1
¢ Usingdehuggersontransfomedcode:
o Compilewith -g
%efc -g -Q0 -parallel file.f

¢ Avoid transformationshatconfusethe delugger (inlining andloop unrolling)
e Parallelregions,loopsandsectiongyettransfomedinto functions
o _ <subpogram_name <line_no>__ par regi on<seq_no

o _ <subpogram_name <line_no>_ par_loop <seq_ne
o _ <subpogram_name <line_no>_ par_sect ion< seq_nho
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Lab: AnalysisWith - paral | el

Use-parallel to analyzeandparallelizea program.

Lab: Parallel Performance

Breakdatadependencieandchecktheanswers.

Lab: Multipr ocessig onthe SGI Altix Systens

Changeo the Altix/Multiprocessing/lab/§fc]src directory

1. Runthemat_dist.[fc] codeto getasingleprocessotiming.

2. Add multiprocessinglirectvesto the sourcecodeandrecompile.
3. Runthecodein 2,4, and8 processrs.

4. Runthemat_reduce.[fc] codeto getasingleprocessotiming.
5. Add multiprocessinglirectvesto the sourcecodeandrecompile.

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

MessagePassng Interface

11.1 Module Objectives

After completingthis module,youwill beableto

DefineMPI

Describewhy messag@assings aviable parallelprogrammingparadigm

Explainwhy MPI is a popularmessag@assindibrary

Identify commonMPI components

Write simpleparallelprogramausingMPI calls
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11.2 MessagdPassiry
e Explicit parallelprogramming

o Programmemsertscommunicatiorcallsinto the program‘manually”
o All processrts executeall thecode

e Basedon“message’transmittal
o Messageonsistf statusand,usually data

e Offerspoint-to-point(procesgo-processpr global (broadca messages

e Requiresasenderandarecever

o Processedo nothave directaccesso eachothers memory
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11.3 Why MessagdPassng?

e Only wayto programparallelapplicationgor non-slaredmemorysystems
e Givesprogrammed00%controlabouthow to divide the problem
e Canperformbetterthanimplicit methods

e Portable— doesnotrequirea sharednemorymachine
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11.4 What Is MPI?

e Thede-factostandardnessag@assindibrary
o Similarfunctionalityto PVM andotherlibraries
e Goals

o Provide source-codeportability
o Allow efficientimplementation
o Functionality

e Callablefrom Fortran,C, C++

o MPI 1.2has129routinesplus 13 “deprecated’bnes(big!)
o MPI-2 addsl157routines(bigger!)
o SubseDdf 6 is enoughto do basiccommunicationgsmall!)
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11.5 MPI HeaderFilesand Functions

e Headeffile
o Fortran
INCLUDE 'mpif.h’
o C/C++
#include  <mpi.h>
e Functionformat
o Fortran
CALL MPIxxx (...,  ISTAT)
o C/C++

int stat = MPIL Xxx (....);



244 AAPPL-1.0-L2.4-S-SD-W
11.6 MPI Startup and Shutdown

e MPI initiali zation
o Fortran
CALL MPLINIT (istat)
o C/C++
MPI_Init  (int *argc, char **argv);
o Mustbecalledbefore arny otherMPI calls
e MPI termination
o Fortran
CALL MPI_FINALIZE (istat)
o C/C++
int  MPI_Finalize  (void);

o Mustbecalledafter all otherMPI calls

MessageéPassinginterface



MessageéPassinginterface AAPPL-1.0-L2.4-S-SD-W 245
11.7 Communicator and Rank

e Communicator

o Groupof processesithersystemor userdefined
o Default communicators MPI_COMM_WORLD

o UsethefunctionMPI_COMM_SIZEo determinehow mary processsarein the
communicator

e Rank

o Processiumber(zerobased)within thecommunicator

o UsethefunctionMPI_COMM_RANt6 determinawhich processs currentlyexe-
cuting
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11.8 Compiling MPI Programs

ecc prog.c -Impi

ecc prog.C -Impi

efc prog.f -Impi

MessageéPassinginterface
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11.9 Launching MPI Programs

e Onmostmachinesthempirun commandaunchesViPI applications:
mpirun -np num_Pocs user executable[ user_agg

e Example:Launchinga programto runwith five processesn onecomputer
%npirun -np 5 ./a. out

e Example:Launchinga programto runwith 64 processesn eachof two systems

% npi run host1, host2 64 ./a.out
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11.10 Example:

#include
#include
main(argc,
int argc;
char *argv[];
{

int

int

[* Initialize

MPI_Init(&argc,

[* Determine

<mpi.
<stdio.h>
argv)

AAPPL-1.0-L2.4-5-SD-W
simplel mpi.c

h>

num_procs;
my_proc;

MPI */
&argv);
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("| am process %d. Total number of \
processes:  %d\n", my_proc,num_procs);
[* Terminate MPI */
MPI_Finalize();

}
%ecc sinplel npi.c -Inpi
%npirun -np 5 ./a.out

| am process 0. Total

number of processes: 5

MessageéPassinginterface
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11.11 Example: simplel mpi.f

program simplel
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,
& lerr)
C Determine  processor  number
call  mpi_comm_rank(mpi_comm_world, my_proc, jerr)
if (my_proc .eq. O0)

&  write(6,1) 'l am process ’,myproc,
& . Total number of processes: ’,num_procs
1 format(a,il,a,il)

C Terminate  MPI
call  mpi_finalize(ierr)
end
%efc sinplel nmpi.f -Inpi
%npirun -np 5 ./a.out
| am process 0. Total number of processes: 5
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11.12 MPI Basic(Blocking) SendFormat

e C/C++synopss

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

e Fortransynopss

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

e Standardallows for implementatiorto choosebuffering scheme
e buf containghearrayof datato be sent

e MPI Datatype is oneof sereralpredefinedypesor aderived (userdefined)type
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11.13 MPI Basic(Blocking) Receve Format

e C/C++synopss

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

e Fortransynopss

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

e MPI_ANY_SOURCENndMPI_ANY_ TAGcanbeputin aswildcardswhenexactsource/tag
Is notknown or is notcritical to the application

e buf containghearrayof datato bereceved

e MPI _Datatype is oneof severalpre-definedypesor aderived(userdefined)type
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11.14 Elemenary 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

MessageéPassinginterface
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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 */

it ((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))

I= 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))
I= 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+4)
shuffif =1
[* 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))

I= MPI_SUCCESS) {

printf("bad recv. on %d\n", my_proc);

exit(-1);

} else if (myproc == 1) {
if ((recv. = MPI_Recv(rbuf, N, MPI_DOUBLE, other_proc, 99,
MPI_COMM_WORLD&recv_status))
I= 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 */
it ((final = MPI_Finalize()) I= MPI_SUCCESS) {

printf("bad finalize ~ \n");
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exit(-1);
}
[* Making sure clean data has been transferred */
for( =0; ] <N; j*+) {

if  (rbuf[j] 1= sbuf[j]) {
flag = 0;
printf("processor %d: rbuf[%d]=%f.  Should be %f\n",
my_proc, |, rbufj], sbuf[j]);
}
}
if (flag == 1) printf("Test passed on processor
my_proc);
else printf("Test faled on processor %d\n", my_proc);

}

%ecc -wsinple2 npi.c -I|npi
%npirun -np 2 ./a.out

Test passed on process 1

Test passed on process O
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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  sbhuf(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 (lerr .ne. mpi_success) stop ‘'bad size'

call  mpi_comm_rank(mpi_comm_world, my_proc, jerr)
if (jerr .ne. mpi_success) stop ‘had rank’

if (my proc .eqg. 0) other proc =1
if (my_proc .eq. 1) other proc =0
doi =1 n

sbuf(i) =1

enddo

if (my _proc .eq. 0) then
call  mpi_send(shuf, n, mpi_real, other proc, 99,

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

if (recv .ne. mpi_success) stop ’'bad O 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,

if (send .ne. mpi_success) stop ’'bad 1 send

endif

call  mpi_finalize(ierr)

if (lerr .ne. mpi_success)stop
iflag =1

doj =1 n

if  (rbuf() .ne.  shuf(j)) then

iflag =0
print*,’process ', my_proc,

& rbuf()),”.Should be '

endif
enddo

if (iflag eg. 1) then

print*,'Test passed on process
else

print*,'Test failed on process
endif
end

%efc -wsinple2 npi.f -I|npi
%npirun -np 2 ./a.out
Test passed on process O
Test passed on process 1

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

send)

'bad final

"rbuf(, J;

,sbuf())

,my_proc

,my_proc
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11.17 Additional MPI Messagirg Routines

e Bufferedmessages
MPI_Bsend(buf, count, datatype, dest, tag, comm)
e Asynchromusmessages

MPI_Isend (buf, length, data type, destination,
message tag, communicator,  &request)
MPI_lbsend(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:

Whenusingbufferedsend, the use mustprovideausalle buffer for MPI usinganMPI_Buffer _attac h command.
Additional MPI callsareavailableto manag thesebuffers.

Whenusing theasyrchrorousMPI calls, a hande is retumedto the use. Theusercamot modify/delge “datd’
until themessagis completedor freed. Seethe next slide for checkng the statusof requests.
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11.18 MPI AsynchronousMessagingCompletion

MPI_Wait(request, status)

¢ Wait until requests completed
MPI_Test(request, flag, status)

¢ Logicalflagindicateswhetherequestascompleted
MPI_Request_free(request)

¢ Remawesrequest

AsynchronousMessageReceipt

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

e Checkdor messagewithout blocking

e Probewill checkfor messagswithoutreceving them
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11.19 Commonly UsedMPI Features

¢ Point-to-pointmessages

e Collective operations

o Broadcast

x For example,onetaskreadsin a dataitem andwantsto sendto all other
tasks

o Globalreductions

*x Sums productsminimums,maximums
e Deriveddatatypes
o Necessaryor noncontiguos patternsof data
e Functiongto assistwith topologygrids

o Cornvenience—n@erformanceadwantage
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11.20 Collective Routines

e Calledby all processsin thegroup

e Examples

o Broadcast

o Gather

o Scater

o All-to-all broadcast

o Globalreductionoperationgsuchassums productsmax,andmin)
o Scan(suchaspartialsums)

o Barriersynchramization
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11.21 Synchronization

e Format
o C/C++synopss
int  MPI_Barrier(MPI_Comm  comm)
o Fortransyn@sis

CALL MPI_BARRIER (COMM, ISTAT)
INTEGER COMM, ISTAT

¢ Blocksthecalling processuntil all processebave madethecall

o Ensuresynchrmizationfor time-dependentomputations
o Mostcommonlyusedsynchonizationroutine
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11.22 Broadcast

e Format

e C/C++synopss

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

e Fortransynopss

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

e Broadcasteamessagéromroot to all processsin 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;
forft =0, I <N; i++)
afij = -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++)
afij = -20;
}

MPI_Bcast((void fa, N, MPLINT, root, MPI_COMM_WORLD);
for (G =0, ] <N; j++)
printf("%d "all]);
printf("\n");
MPI_Finalize();
}
% ecc -w bcast.c -I| npi
%npirun -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
dimension

parameter
doi =1,

buf() =
enddo

(n=5)
buf(n)
integer  root

(root = 0)

-11.0

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
do i=1,
buf(i)
enddo
endif

.g. root) then

= -20.0

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

&
write(6,1)

istat)
(buf()), i=1,n)

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

end

% efc -w bcast.

%npirun -np 7
-20.0 -20.0 -20.0
-200 -20.0 -20.0
-200 -20.0 -20.0
-20.0 -20.0 -20.0
-20.0 -20.0 -20.0
-200 -20.0 -20.0
-200 -20.0 -20.0

f -1 npi

./ 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

265



266 AAPPL-1.0-L2.4-5-SD-W MessagédPassinginterface

11.25 Reduction

e Format
o C/C++synopss

int MPI _Reduce (void* sendbuf, void* recvbuf, int count,
MPI_Datatype datatype,  MPI Op op, int root, MPI_Commcomm)

o Fortransyna@sis

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

<type> SENDBUF(*), RECVBUF(*)

INTEGER COUNT, DATATYPE, OP, ROOT, COMM, ISTAT

e Combinegheelement®f sendbuf ineachprocessn thegroup usingtheoperation
op, andreturnstheresultsin root process recvbuf

¢ MPI providespredefinedperationgor 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) {
fori = 0; i< N; i++)
printf("%d\n",global_resi]);
printf("\n");
}
MPI_Finalize();

}

% ecc -w reduce.c -I| npi
%npirun -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)
cal  MPI_Comm_size(MPI_COMM_WORLD,num_procs, ierr)
call  MPI_Comm_rank(MPI_COMM_WORLDmy proc, jerr)
doi =1 n
myarr(i) = my_proc + i
enddo
call MPI_Reduce(myarr, global, n, MPI INTEGER, MPI_SUM, 0,
& MPI_COMM_WORLDegrr)
if (my_proc .eq. O0)
& write(6,1) (global(i), =1, n)
1 format(5(i2,1x))
call  MPI_Finalize(ierr)
end
%efc -w reduce.f -I npi
%npirun -np 5 ./a.out
15 20 25 30 35
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11.28 MPI Application on SGI Altix Systens

sockets

mpirun

~ shared memory

—
R

‘__,_..—'-"

a.out
rank(
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11.29 MPI Application After Startup

mpirun

sockets

sockets

shared memory | a.out (shepherd)

~ = T —_—

T

= A

a.out a.out a.out
rank( rankl rank2

III
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11.30 MPI Application on SGI Altix Cluster

T T T T
| |
| |
sockets | |
— mpirun — arrayd |
| !
: :Fﬂl‘k._. eXe [ ——————————
| 1 v | Replicated |
| 0gin |
| g ' 'on each node |
sockets | shell R el )
_______________ J e
] | |
| exec
. shared : |
i shared memory L |
: e T :
: a.out a.out a.out :
| rank( rankl rank2 |
| |
| |
| |
—
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11.31 MPI Procesdnitiation

e mpirun requestshearrayservicesddaemonarrayd , to createprocesss
e Login shellis created—createssinglecopy of program
e Thiscopy becomeghe“shephed” or MPI daemon

o Forksthe MPI processesloesbookkeeping
o Onedaemorpermachinen acluster
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11.32 MPI ProcessRelationships

e Ancestor/descenderglationships lost (trueonly on clusters)
e Extrashephergrocesssintroduced
e Most, but notall, job controlfunctionsareretained

o Cntl C/interruptworks

o Cntl Z/suspendvorks

o fg worksto resume
o bg is notsupported

273
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11.33 MPI Messagingimplementation
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11.34 MPI on SGI Altix Clusters

e Cancommunicateacrossmachinesn a superclusteof SGI Altix Systems
e Threeinterhostcommunicatiormodes:
o GSN (formerly calledHiPP16400)

o Myrinet
o NUMA flex (XPMEM)
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11.35 NUMA Memory Layout

e Explicit NUMA placementusedfor staticmemoryandsymmetricheap

e “First-touch”is usedfor heapandstack

e dplace maybeusedbut remembeto skip theshephergrocess
mpirun  -np 4 dplace -s1 -c0-3 a.out

¢ If cpusetsaareusedthenumberdn the-c optionrefersto logical CPUswithin the
cpuset
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11.36 Cluster Example

e Seethe/usr/lib/array/arayd.conffile

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

e Samplecommando run 128 processeacrosstwo of the clusteredmachines:

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

e All stdout/stderr from MPI tasksdirectedto mpirun

stdout is line buffered

Sentto mpirun asamessage

stdin is limited to MPI rankO

stdin isline buffered

New line is neededor mpirun to processnputfrom stdin
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11.38 Debugging

e EtnusTotalvien

totalview  mpirun -a -np 4 a.out
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11.39 Using PerformanceTools
e profile.pl

mpirun  -np 4 profile.pl [options] a.out
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11.40 Schedulng With cpuses

¢ In atime-shareenvironment,usecpusetdo ensurdhatmessag@assingrocesss
arescheduledogether:

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

e Dynamiccpusetcreationis suppated in Platforms LSF andAltair Engineerings
PBSpro
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11.41 MPI Optimization Hints

e Do notusewildcards,exceptwhennecessary
¢ Do notoversulscribenumberof processors

e Collective operationsarenotall optimized
o UseSHMEM to optimizebottlenecks

e Minimize useof MPI_barrier  calls

e Optimizedpaths

o MPI_Send() / MPI_Recv()
o MPI Isend() / MPI_lIrecv()

e Lessoptimized:
o ssend, rsend, bsend, send_ init

e Whenusing MPI_Isend()/MPI_Irecv() , be sureto free your requestby either
callingMPI_Wait() orMPI_Request_free()
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11.42 Environment Variables

e MPI_DSM_CPULIST

o Allows specificatiorof which CPUsto use

o If runningwithin an n-processo cpuset,use0-<n — 1> ratherthan physical
CPUnumbers

o Workslike animplicit dplace -sl1
e MPI_BUFS_PER_PROC

o Numberof 16-kB buffersfor eachprocessr (default 32)

o For usewithin a host;they areassignedocally socopy into buffer is efficient
andhasno contention

e MPI_BUFS_PER_HOST

o Singlepool of buffersfor interhostcommunication16 kB each(default 32)
o Lessmemoryusagebut morecontention

e Many others,seeman mpi
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11.43 Instrumenting MPI

e MPI hasPMPI* nhames

int  MPI_Send(args)
{
sendcount++:
return ~ PMPI_Send(args);

e “MPI_Send” is userdefinedsendfunction;“PMPI_Send” is theactual
MPI_Send functionin thelibrary
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11.44 MessagePassng References
e Manpages

o mpi
o mpirun
o shmem

o Releasanotes
o relnotes  mpt
¢ MPI Standard

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

e Mostprogramauseblockingcalls
¢ Useof nonblockingandsynchronizatiorcallscanleadto fastercodes

e Synchronization(barrier wait, andso on) calls are often overused;algorithmre-
thinking ofteneliminateshe unnecessargalls

¢ Insteadof writing your own proceduresinvesticatewhetherMPIl hasoneanduse
it (for example,reductionssynchromeation,broadcast)

e URLSs http://www.mcs.anl.gov/impi/findex.html and
http://www.mpi-forum.org/docs/docs.html aregoodstartingpointsto learn
moreaboutthe standard
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Lab: MPI and Explicit Data Deconposition

For thefollowing lab exercisesmale surethe mpt moduleis loaded.

1. Write a programto distributethework of initializing anarray A, where
A(l) =i asi=1t01024
Sharethework acrosdour PEs.Have eachproceser calculatea partial sumfor A.
UseMPI callsto passall the partial sumsto oneproceser.
Whatis thefinal sum?
How well doesyour program“scale”?

2. Try usinganMPI call to do thereduction.
How mary procesersnow have thefinal sum?

3. UseanotherMPI call to getthe sumto all the processors

4. CompileandruntheprogramAltix/MPI/mxm4.mpi.[fc] . This programmustbe
runon four PEs.
mxm4.mpi.[fc]  is adistributed256x 256 matrix multiply, where
B(i,j)=i-]
C(i,j)=2i-]
Theinitial datalayoutis asfollows:

B * C = A

S SN S S S SRS S S S SN S S

[ e e A D S A
-t r -t rrr 00
-t r -t 00
| It v || It v 1Y |
-ttt 0
[N I I I A N D |
-ttt - 0
S S S —— S SRS S S S S—

o 1 2 3 o 1 2 3 o 1 2 3
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Thefirst passof the outerloop uses:

B * C = A

oot S R S S oot
I e I e I R
N N B B e I
I O O e I e I Y
| LI v R e | LI v |
N R N T L] [ N I D
N B B B I
I e e Y V2 I R
oot S N I S S oot
Thefirst datatransfermoves:

B * C = A

S S S S S R S S S U N S S
N B B > ] >
[ I I I I I e I N
I N s B B B B
| It v || It v Y |
I 1 <1 |1 | <=1 |
I L N I I I I N
[ N N T S R N R B I
U A S S R S S S U S S S

How mary passesloesit take to completethe multiply?

Which piecesof dataareusedon eachpassof the outerloop? How muchdatais
maovedto completethe multiply?

5. Add calls to time the multiplication phaseandthe datapassingstagesof this pro-
gram.
How mary MFLOPs doeseachprocessr achiese in themultiplicationphase?

How muchis the performanceaeducedf the overheadof datapassings consid-
ered?
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6. Modify thedatapassingoutinesto reducethe datapassingime.
How muchdoesthisimprove the overall performancef this program?

Whatis thetrade-of for thisimprovement?

7. Canyoureducethe datapassingime furtherby changingthe datadecomposition?
Whataboutreplicatingsomeof the data?
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Module 12
Shared Memory Accesdlibrary (libsma)

12.1 Module Objectives

After completingthis module,youwill beableto

e Understanane-sideddata-passingoncepts

e Usedata-passingallsto parallelizeapplications

2901
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12.2 Shared Memory Acces Librar y

¢ “Globalmemoryaccesslibrary developedoy CrayResearclor theCrayT3D/T3E

Library routinesoperateon remoteandlocal memory

UnderAltix, partof Messagdlassingloolkit (MPT) package

Unlike messag@assingshmemroutinesdo not requirethe sendefrecever pair

Minimal overheadandlateny andmaximumdatabandwidth

Availableonall SGIsystems



SharedVlemoryAccesdLibrary AAPPL-1.0-L2.4-S-SD-W 293
12.3 Shared Memory Acces Librar y (continued)

Supportedperations

e Remotedatatransfer

e Atomic swap

e Atomic incrementandadd

e Work-sharedroadcasandreduction

e Synchronization
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12.4 Shmean Parameters

Someshmemroutineshave predefinegarameterasargument(s)
e C/C++
#include  <mpp/shmem.h>
e Fortran

INCLUDE 'mpp/shmem.fh’
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12.5 Data Addresss

e C,C++, or Fortrandataobjectsarepassedy addresso SHMEMoutines
e Tamgetor soucearraysthatresideontheremotePE mustbe “symmetric”

e SHMEMoutinesthat operateon the samedataobjecton multiple PEsrequirethat
symmetricdataobjectsbe passedcollectie routines)

e Symmetric
o Dataobjectwhoselocal addresss exactly the sameasa corresponihg data
objectonremotePEs
o Remotedataobjectsare accessetby usingthe addresof the correspoding
dataobjectonthelocal PE
e Thefollowing dataobjectsaresymmetricon Altix systems

o FortranPE-prvatedataobjectsin commonblocksor with the SAVE attribute
* Thesedataobjectsmustnotbedefinedin aDSO

o Non-stackC andC++ variables
x Thesedataobjectsmustnotbedefinedin aDSO

o Objectsallocatedfrom the symmetricheapusingshmalloc , shpalloc , orre-
latedroutines
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12.6 Individual Routines

e Calledby onePEregardlesof how mary PEsareallocatedto ajob
e “Owner” of theremotememoryis notinvolvedin thetransfer
e Useris responible for any necessarsynchroiization

¢ Mostcommonlyusedindividual routines:

o shmem_getn: calling PEgetsdatafrom a specifiedPE

x Usessimpleloads
* Blocksexecution— doesnotreturnuntil datahasarrivedin local memory

o shmem_putn: calling PE putsdatato a specifiedPE

x Usessimplestores

* Functionreturnswhenlast storeinstructionis issued;datamay not have
arrived at destinatioryet

« Qrderof arrival in remotememoryfor multiple callsis notguaranteed
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12.7 GET Operations

o C/C++datatransfer

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

e Fortrandatatransfer

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

e Transferlen wordsfrom addressource onprocesge to addressarget onlocal
processig element

o C/C++strideddatatransfer

void shmem_iget<32|64|128> (void *target, const void *source,
ptrdiff_t tst,  ptrdiff t Sst,
sizet len, int pe)

e Fortranstrideddatatransfer

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

¢ Transferstrideddatafrom a specifiedprocessinglementPE)
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12.8 PUT Operations

o C/C++datatransfer

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

e Fortrandatatransfer

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

e Transferlen wordsto addressarget onprocesge from addressource onlocal
processig element

o C/C++strideddatatransfer

void shmem_iput<32|64|128> (void *target, const void *source,
ptrdiff_t tst,  ptrdiff t Sst,
sizet len, int pe)

e Fortranstrideddatatransfer

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

e Transferstrideddatato a specifiedprocessg element(PE)
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12.9 Getand Put

e target Array to beupdated

o For getroutines,target resideson the local PE. For put routines,target
residesontheremotePE andmustberemotelyaccessible.
o Datatypesareasfollows:
* shmem_getn, shmem_iget n, shmem_putn, shmem_iput n
Any non-charactetypethathasa storagesizeequalto n bytes
e source  Array to becopied.

o Thesource argumentcanhave ary datatype permittedfor target

o For put routines,source resideson the local PE For get routines,source
resideson theremotePE andmustberemotelyaccessible

e len  Numberof elementsn thetargetandsourcearrays

e pe  PEnumberof theremotePE
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12.10 Starting Up Virtual PEs

e You muststartPEsfor adatapassingshmen) program
e Synopsis:
o C/C++:
void start_pes(int npes)
o Fortran:

integer  npes
call start_pes(npes)

e npes identifiesthetotal numberof PEsdesiredhowever, sinceshmemis layeredon
the MPI library, the mpirun commands option-np will determinethe numberof
processscreated.

¢ Routinecan be called only once, preferablybeforeary other calls by the main
program
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12.11 Determining Procesang Element Number
e Synopsis
o C/C++:
int _my pe (void);
or
int  shmem_my_pe(void);
o Fortran:
MYPE= MY_PE ()
or

INTEGER SHMEM_MY_PE
MYPE= SHMEM_MY_PE()

e Thesefunctionsreturnthe numberof the calling processinglement(zero-basey
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12.12 Determining the Total Number of PEs
e Synopsis
o C/C++:
int _num_pes (void);
o Fortran:
NPES = NUM_PES()

e Thesdunctionsreturnthetotal numberof processinglementsn thecurrentappli-
cation
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12.13 Compiling and Running SHMEM Programs

e To compile

cC prog.c -lsma
g77 prog.f -lsma
ecc prog.c -Isma
efc prog.f -Isma

e If usingSHMEM andMPI togetheraddthe-Impi loaderoption

e Onthe SGIAltix, SHMEM runsontop of MPI, sotheuseof mpirun is necessary:

mpirun -np no_of pocessesxecutable
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12.14 Example: GET (Fortran)

PROGRAMGET ! SAMPLE2-PE CODEUSING SHMEM_GET32
INTEGER, PARAMETER: SIZE = 10
COMMONBLK/ 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
I INITIALIZED SRC
CALL SHMEM_GET32(TARGETSRC, SIZE, OTHER_PE)
WRITE(6,1) 'PE’MY_PE()," ', (TARGET(l), I=1, SIZE)
1 FORMAT(A,I2,A,10(F3.1,1X))
END PROGRANGET
% efc shnenget 32. 190 -1 sma
%npirun -np 2 ./a.out
PEO: 10 10 10 10 10 10 10 10 10 10
PE1. 00 00 00 00 00 00 0.0 0.0 0.0 0.
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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[ii = 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 shnmenget32.c -1l sna
%npirun -np 2 ./a.out
PE1: 00 00 00 0.0 00 0.0 00 0.0 00 0.0
PEO: 10 10 10 10 10 10 10 10 10 10
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12.16 Completing a Single put Operation

Sinceput is asynchronosi it is the programmess responility to guaranteehearrival
(put) of datato theremotePE. This canbedonevia:

e shmem_barrier_all
(guaranteemmemoryandremotestorecompletions)

e shmem_wait
(eventdrivenwait routine)

e shmem_wait_until
(eventdrivenwait routine)

e shmem_quiet
(guaranteesompletionof remotestores)

e shmem_fence
(guaranteesetwork quietandcompletionof remotestores)
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12.17 Example: PUT (Fortran)

PROGRAMPUT | SAMPLE 2-PE CODEUSING SHMEM_PUT32

INTEGER, PARAMETER: SIZE = 10

COMMONBLK/ TARGET

REAL(KIND=4), DIMENSION(SIZE) : SRC, TARGET

INTEGER :: OTHER_PE, SHMEM_MY_PE

CALL START PES(2) ISTART 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=1, SIZE)

1 FORMAT(A,I2,A,10(F3.1,1X))
END PROGRAMPUT
% efc shnmenmput32.f90 -1 sma
%npirun -np 2 ./a.out
PEO: 10 10 10 10 10 10 10 10 10 10
PE1. 00 00 00 00 00 00 0.0 0.0 0.0 0.
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12.18 Example: PUT (C/C++)

SharedVlemoryAccesd.ibrary

#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[ii = 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 shnenmput32.c -1snm
%npirun -np 2 ./a.out
PEO: 10 10 10 10 10 10 10

1.0 1.0 10

PE 1. 00 00 00 00 00 00 00 0.0 00 0.0
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12.19 Multiple PUT Calls

shmem_fence asswesorderingof delivery of puts
e Synopsis
o C/C++:
void shmem_fence(void);
o Fortran:
CALL SHMEM_FENCE

e All put operationsssuedto a particularprocessg elementprior to the call to
shmem_fence areguaranteedtb bedeliveredbeforearny put operationgo thesame
procesisg elementhatfollow the call to shmem_fence
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12.20 Example: Multiple PUT Calls (Fortran)

PROGRAMAULTI_PUT

| SAMPLE2-PE CODEUSING MULTIPLE SHMEM_PUT64CALLS
INTEGER, PARAMETER: SIZE = 500000

COMMONBLK/ TARGETL, 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

DOl =1, SIZE
SRC(I) = SIN(FLOAT()))

ENDDO

IFLAG=999

IF (SHMEM_MY_PE() == 1) THEN
CALL SHMEM_WAITIFLAG, 999)

ELSE ' PEO
CALL SHMEM_PUT64(TARGET1,SRC, SIZE, OTHER_PE)
CALL SHMEM_FENCE()! GUARANTEESTARGET1IS PUT
IFLAG = -999
CALL SHMEM_PUTG64(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++) srcli] = sin((float) 1);

flag = 999;

if Cmy_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
e Synopsis
o C/C++:
long shmem_swap (long *target, long value, int pe)
o Fortran:

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

e Writesvaluevalue intotarget onprocessgelemenpe andreturnstheprevious
contentsf target asanatomicoperation
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12.23 Collective Routines

Thefollowing are SHMEM collectie routines:

e shmem_and

e shmem_Dbarrier

e shmem_Dbroadcast
e shmem_collect

e shmem_max

e shmem_min

e shmem or

e shmem_prod

e shmem_sum

e shmem_xor
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12.24 Collective Routines(continued)

e Collectveroutinesneedtheincludefile shmem.lor shmem.fh

e All participatingPEsmustmake the call; syntaxis generallyof theform:

shmem func(*t arget, *source, nitems, PE_start,
log >PE_stride, PE size, *pWrk, *pSync)
e target
tagetaddresgsymmetric)
e source
sourceaddresgsymmetric)

e nitems
numberof items(32-bit or 64-bit) to betransferred

e PE start
basePEnumber

e log >PE_stride
logy (stridebetweenPES)
e PE_size
numberof PEsto make the call (the active set)
o pWrk
scratchwork arrayusedinternally (symmetric)
e pSync
scratchsynchrmizationarrayusedinternally (symmetric)
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12.25 Collective Routines(continued)

e Example:
shmem func ( *t, *s, n, 5 1, 4, *pWork, *pSync)

e Theactwve setof PEsdefinedby (5,1,4)is: 5,7,9,11

¢ All collective routinesmustinitialize andusea pSync array

o UsingthepSync array

x Sizeof thepSync arrayis differentfor differentoperations
- Definedin theheadefile
x All of pSync arrayshouldbeinitializedto shmem_sync_value
(shmem_sync _value for Fortran)

x All PEsin theactive setmustinitialize pSync beforeary PE callsacollec-
tive routine
x Multiple pSync arraysareoftenneededf a particularPE callsacollectve
SHMEMoutinemorethanonce
- SomePEsin the active setfor the secondcall arrive at that call before
procesmg of thefirst call is complete.Therearetwo specialcases:
- The shmem_barrier_all routine allows the samepSync arrayto be
usedon consecutie callsaslong astheactive PE setdoesnot change

- If the samecollectie routineis called multiple timeswith the same
active set,thecallsmayalternatdetweertwo pSync arrays.TheSHMEM
routinesguaranteehata first call is completelyfinishedby all PEsby
thetime processingf athird call beginsonary PE

- Becausehe SHMEMoutinesrestorepSync to its original contentsmul-
tiple calls thatusethe samepSync arraydo not requirethatpSync be
reinitializedafterthefirst call

o All collective routinesmustallocatea pWrk array

x Sizeof thepWrk arrayis differentfor differentoperations
- Definedin theheadeffile
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12.26 Reduction Routines

e SHMEMeductionroutinesperformreductionson symmetricarrays:

o shmem_and

o shmem_Dbroadcast
o shmem_collect

o shmem_max

o shmem_min

o shmem_or

o shmem_prod

o shmem_sum

o shmem_xor

e Theseroutinesperformareductionacrossa setof PEs

e Returnthereductionto all PEs

e Routinesexist for short , int , float , double , complexf , complexd orin Fortran
90INT8, REAL8 COMP8INT4 , REAL4, COMP4
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12.27 Reduction Example

e Assumefour PEs

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

PE O PE 1 PE 2 PE 3
sre 2 -5 8 I 10
fro ? T ?

317
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12.28 Reduction Example (continued)

e Fortran:

npes = num_pes()

Call  Shmem_int8 sum to all(trg, src, 1, 0, 0, npes, wrk, sync)
o C/C++:
npes = _num_pes();
shmem_int_sum_to_all(&trg, &src, 1, 0, 0, npes, wrk, sync),
PEO PE 1 PE 2 PE 3
src 2 -5 8 I 10

trgl 15 15 b | 15
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12.29 Reduction Example (continued)

e Fortran:

npes =shmem_n_pes()

Call  Shmem_int8 sum to all(trg, src, 3, 0, 0, npes, wrk, sync)
e C/C++:

npes = shmem_n_pes();

shmem_int_sum_to_all(trg, src, 3, 0, 0, npes, wrk, sync);
PEO PE 1 PE 2 PE3

ave 2 -5 8 10

src 7 -2 -4 11

sro 10 -8 6 8

trg 15 15 15 15

trg 12 12 12 12

trg 16 16 16 16
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12.30 Example: Reduction (Fortran)

PROGRAMOALL

INCLUDE 'mpp/shme m.fh’

COMMONMBLK/ PWK(SHMEMREDUCE_MINWRKDATA _IE), &
PSYNC(SHME_REDUCE_¥NC_SIZE), &
SHARED_SRC SHARED_TT

INTEGER8 : PSYNC

REAL*8 :: PWK

REAL*8 :: SHAREDSRC, SHAREDTGT

INTEGERS, PARAMEER :: N = 256

INTEGER4 :: SHMEM_MY P

REAL*8, DIMENSIONN) : A

REAL*8 :: GLOBALSUM

CALL START_FES(0) !number of PE's determined at run-ti me

NUMPES= NUM_PES]

SHAREDSRC = 0.0

I INITIALIZE ~ THE SYNC ARRAY
DOl =1, SHMEM_BDUCE_SYNGSIZE
PSYNC(l) = SHMEM_SY®! VALUE
ENDDO
CALL SHMEM_BRRIER_ALL() ! must sync after initia lizing  psync
I INITIALIZE ~ THE LOCAL ARRAY AND PRIVATE SUM
DOl =1, N
A() = SHMEM WIPE() * 256 + |
SHARED_SB = SHAREDSRC + A(l)
ENDDO
I WAIT FOR ALL PES’ TO COMPLETEINITIAL IZATION
CALL SHMEM_BAL8 SUM_TOALL(SHARED_TGT, SHARED_SRB, 1, &
0, 0, NUMPES, PWK, PSYNC)
GLOBALSUM= SHARED TGT
IF (SHMEM_MYPE() == 0) &
PRINT*'G LOBAL SUM= "', GLOBALSUM
END PROGRAN OALL

%efc shnenmal | . f90 -1 sma
%npirun -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_REDHECMIN_WRKBTA_SIZE];
static  long pSync[ S HMEM_REDUCEYNC_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; 1 < _SHMEMREDUCE_SY® SIZE; i++)
pSyncfi ] = _SHMEMSYNC_VALUE

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

Al = (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 |_sum);

%ecc shnemall.c -1sm
%npirun -np 4 ./a.out
global sum = 524800.000 000



322 AAPPL-1.0-L2.4-S-SD-W SharedVlemoryAccesd.ibrary

12.32 Inside the Implementation

¢ Applicationlaunchandhelperprocesses
¢ MPI messag@assingmplementation

e SHMEMIata-pagsg andsynchonizationimplementation
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12.33 SHMEM Application Running on SGI Altix Systens
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12.34 SHMEM ProcessRelationships

e Startupinitiatedby start pes()  function
e Extrashephergrocesss used

¢ Ancestordexendentelationshipandall job controlis intact
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12.35 SHMEM PUT/GET Implementation

e Memory copy via fastbcopy() , afastversionof bcopy() providedin the SGI
MPI library

e Symmetricdataobjectsmustbeused

o Statc memory
o Symmetricheap
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12.36  SHMEM Optimization Hints

e Getsarebetterthanputsbecaus®f cacheside-efects

¢ Reduceahefrequeng of barriersif possble

o Remore extra barriersthatoftencreepin
o Considerwusingflag wordsandshmem_wait()

¢ Avoid useof shmem_swapfor implementindocks. Useshmem_lock /shmem_unlock
instead.
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12.37 Instrumenting SHMEM

SHMEM has_shmem* names:

shmem_put32(args) Userdefinedfunction

{

datasent += len;
_shmem_put32(args); Actual shmem_put32 function
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Lab: Usingthe shmemlibrary

1. Write a programto distributethework of initializing anarray A, where
A(i) =i asi =1to1024(you canreusethe codefrom the MPI module).
Sharethework acrosdour PEs.Have eachproceser calculatea partialsumfor A.
Useshmemcallsto passall the partial sumsto oneproceser.
Whatis thefinal sum?

How well doesyour program“scale”?

2. Try usinga shmemcall to dothereduction.
How mary procesersnow have thefinal sum?

3. CompileandruntheprogramAltix/SHMEM/mxm4.mpi.[fc]This programmustbe
runonfour PEs.
Corvert the MPI calls to shmemcalls. Runthe codeand make sureyou getthe
sameanswers.
How do thetimingscompareo the MPI code?




Module 13

Tuning Parallel Applications

13.1 Module Objective

After completingthemodule,youwill beableto recognizeperformanceroblemsntro-
ducedby parallelprocessing.

329
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13.2 Presciption for Performance

e First,tunesingle-pra@essomperformance

o Cachemanagements the mostimportantfactorin single proceser perfor
manceon SGI Altix Systemgandmostmicroprocessebasedsystemy

e Hastheprogrambeenproperlyparallelized?

o Is enoughof the programparallelized Amdahl’s law)?
o Istheloadwell-balanced?

e OpenMPprograms

o Cache-friendlyprogramsno dataplacementuning
o Noncache-friendlyprogramsIs falsesharinga problem?

« Determineusingprofile.pl , histx , Vtune
x Fix by modifying datastructures

Notes:

Thefirst stepin tuning a pardlel applicationis makingsurethatit hasbeenproperly pardlelized. This meanghat
enowh of thecode need<€o have beenparalelized to allow the programto attan thedesred speedip. The Amdahl’s
law extrapolaton shownbelow helpsdetemine if thisis a souce of perfomanceproblens. Amdahl’s law states
thatthe speedip on N procesors,Sy, for aprogamwith a pardlelizable fraction p of its running time, is:

1
(1—p)+(p/N)
From Amdahl’s law you cancalculatethe value of p to extrapolatethe potertial spe@up with higher numbes
of processos. If N andM arethetwo processorcourts for which speedipsareknown, then
N —Su
(1-§)S—(1-)Su

SN =

p:
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13.3 Hasthe Program BeenProperly Parallelized?

e Tuningdataplacement

o Currently first-touchis the only page-placemergolicy availableonthe Altix
o Initialize datain parallel

e Amdahl’s law: Sequentiatomponenieedsto be small enoughto allow desired
scaling

¢ Workloadneedgo bebalanced

o Useprofile.pl to measureeachprocess load
o Useproperschedulingypesandalgorithms
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13.4 OpenMP Programs

¢ Platform-independergerformanceriteria

o Amdahl’s law
o Loadbalance

¢ Platform-dependermgerformanceriteria

o Eliminatecachecohereng contention(sharednemory)
o Dataplacemen(distributedsharednemory)

e Dataplacements notaproblemfor

o Single-processqgrrograms
o Cachéefriendly progams
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13.5 Non-Cache-Hiendly Programs
If scalingis poor, thefirst thing to checkfor is cachecohereng contention
e Memorycontention
o OneCPUrepeatedlyupdatesa cacheline thatotherCPUsusefor input
e Falsesharing
o Two or moreCPUsrepeatedlyupdatethe samecachdine
¢ Identifiedby high numberof cachenvalidations

o Uselipfpm(1)  andotherhistx+ toolswith event

namber of cache misses

=
fess more
more 4 A
conflicticapacity Data Placement
Tuning
proportion of MNe Data
cache misses Placement
b y fype Issues
Algorithmic Remedies
maore
coherencef
communication v Y
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13.6 FalseSharing

integer m, n, i, |
real a(m,n), s(m)
c$omp parallel do private(i,)) shared(s,a)
doi =1 m
s() = 0.0
doj =1, n
s() = s) + ai))
enddo
enddo
TIME SEGMENTS
t=0 t=1 t=2
-
g 2(1) = 0.0 (1) = s(1) + a(l,1) 2(1) = =(1) + a(l,2)
@ s(2) = 0.0 =(2) =s(2) + al2,1) 2(2) = 8(2) + a(2,2)
§ 2(3) = 0.0 =(3) ==s(3) + a(3,1) 2(3) = 2(3) + a(3,2)
T 2(4) = 0.0 =(4) = =s(4) + a(4,1) 2(4) = =(4) + a(4,2)
Notes:

This codecalaulatesthe sumsof the rows of a matrix. For simplicity, assume m=4 andthatthe codeis run on up
to four processors Whatyou obserne is thatthe time for the paralel runsis longer thanwhenjust one processor
is usad. Therea®n is thatat eachstage of the calaulation, all four processorsattempt to concurrerily updat one
elemen of thesumarray, S. For aprocessorto updateoneelementf S, it needto gainexclusve accessto thecache
line holding the elementit wantsto updae. But becaseS is only four wordsin size, it is likely thatS is contaned
entirely in a single cacle line, so eachprocessorneedsexclusve acassto all of S. Thus,only oneprocessorat a
time canupdateanelementof S.

Actually, for a processorto gain exclusve accessto a cacheline, it first nealsto invalidate ary cached copies
of S that might resick in the othea processos. Thenit need to reada freshcopy of the cacke line from memory
becaisetheinvalidaionswill have caugddatain someotherprocessors cacheto bewritten backto memory

So, whereasn a sequatial version the elementof S being updaed canbe keptin a register, in the pardlel
versim, false shaing forcesthevalueto continually bereloadedfrom memory in addtion to seridizing theupdages.
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13.7 FalseSharing Fixed

integer m, n, i, |
real a(m,n), s(32,m)
cSomp parallel do private(i,)) shared(s,a)
doi =1 m
s(1i)) =00
doj =1, n
s(,i)) = s(Li)) + afi))
enddo
enddo

-1 i i+l i+2

Cache lings ——————p

-] IT |FFCF |

s(1.i-1) s(1.i) s{1.i+1) 5(1.i+2)

Notes:

If eachelementof S wasin a separatecactle line, theneachprocessorcould keepa copy of the appragriate line
in its cache, andthe calcuations coud be doneperfedly in paralel. Oneway to do this is to corvert S to a two-
dimensonal array with thefirst dimenson one(L3) cacteline in size. Thus,theelementss(1,1 ), S(1,2 ), S(1, 3),
andS(1,4 ) areguaranteedto bein separée cacte lines.
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13.8 Correcting CacheCoherengy Contention

e Minimize thenumberof variableshatareaccessetly morethanoneCPU

e Sgregate non-\olatile (rarely updated)dataitemsinto cachelines differentfrom
volatile (frequentlyupdatedjtems

¢ Isolateunrelatedvolatile itemsinto separateacheinesto eliminatefalsesharing

¢ Whenvolatile itemsareupdatedogetheygrouptheminto singlecacheines

o Updateall the dataobjectsin a singleguardedegion

Notes:

Carefuly review the despn of datacolledions that are usedby paralel code. For example the root andthe first
few brandesof a binaty treearelikely to bevisited by every CPUthat searclesthat tree,andthey will be cachel
by every CPU.However, elemens at higher levelsin the treemay be visited by only afew CPUs.Oneoption is to
pre-buildthetop levelsof thetreesothatthes levelsnever have to beupdaedoncethe progamstats. Also, before
youimplement abalarcedtreealgarithm, consderthattree-balarcing canpropayatemodificatinsall thewayto the
root. It might be better to cut off balancingat a certan level andnever disturb the lower levels of the tree. (Similar
argumentsapdy to B-treesandothe brarchingstrudures the“thick” partsof thetreearewidely cacted,while the
twigs arelessso.)
Otherclassc datastructurescancausememorycontention, andalgarithmic chargesareneeckdto cureit:

e Thetwo basicoperdions on a heap(also called a priority quele) are “get the top item” and“insert a new
item.” Eachoperaion ripples a charge from endto endof the heaparray The sameoperations on a linked
list areread-anly atall nodesexcept for the onenodethatis directly affected.

e A hashtable canbe implemened compadly, with only a word or two in eachentry But that creates false
sharng by putting severaltableentries (which arelogically unrelatedby definition) into the samecacheline.
Avoid falsesharng: make eachhashtable entry afull 128 bytes, cache-algned. Take adwvantageof the extra
spaceto store alist of overflow hitsin eachentry. Suchalist canbe scamedquickly becawsethe entire cacte
line is fetchedasoneopeiation.
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13.9 Scalaility and Data Placenent

e Considedataplacementuningif your program

o Is properlyparallelized
o Hasno cachecohereng contention
o Shawslessscalingthanexpected

e Dataplacementuningis programmingwith dataaccesgatternan mind

Notes:

e Optimizedprogram’s topology:

Procesesmaking up the paralkel progran shoull be run on nearty nodesto minimize acces cods for data
they share

e Optimizedpage placanent:
Memoryrequredfor the dataa processoraccessegmost)shodd beallocaed from its own node.

Accomplishingthesetwo tasks autamaticaly for all programsis virtually impossble. The operding sygemsimply
doesnot have enaughinformationto do a perfect joh.
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13.10 Tuning Data Placenent for OpenMP Library Programs

e Turnto dataplacementuningaftereliminatingotherpossibilities

o Parallelizedatainitiali zations
o Modify algorithms
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13.11 Programming for the Default First-Touch Policy

integer i, j, n, niters
parameter (n = 8*1024*1024, niters = 1000)
real a(n), b(n), q

C initialization
doi =1, n
a() =10 - 0.5%
b() = -10.0 + 0.01*(i*)
enddo
c real work
do it =1, niters
q = 0.01%t
doi =1 n
a() = af) + og*b()
enddo
enddo
Notes:

If thereis a sinde placementof datathatis optimal for your program, you canusethe first-touch policy to caus
eachprocessors shareof the data to be allocatedfrom memorylocal to its node As a simple example,consder
paralelizing the above vector opeation This vector operation is “embarrassirgly paralel,” so the work canbe
dividedamongthe processos of a shaed memorycompuer ary way you want. For example,if p is the numker of
processorsthefirst processorcancarryoutthefirstn/p iteraions,the secom processo thenext n/p iterations, and
soon. (Thisis called a simpleschedile type.) Alternatively, eachthread canperfam one of thefirst p iterations,
thenoneof the next p iterations,andsoon. (Thisis calledaninterleaved scheluletype.)

But for cachebas& machires, not all divisions of work produce the sameperformance. The reasm for this
is thatif a processoraccessesthe elemert a(i) , the entirecacte line contaning a(i) is moved into its cactle. If
the sameprocessorworks on the restof the elementdn the cacheline, they will not have to be movedinto cacle,
becaisethey arealrealy there Butif different processorswork ontheothe elemerts, the cacte line mustbeloaded
into someprocessors cacte for ead elemen. Evenworse falsesharirg is likely to occu. Thus,the perfoomanceis
bestfor work allocaionsin which oneprocesoris respasible for eachelementof the samecacte line.

This brings up a sultle point involving the parallelization. In progamminga typicd distributedmemorycom-
pute, you usedatadistribution to paralelize a program. Thatis, becaisea processorcanonly operde on datathat
are storedin its local memory you bre& the arrays into piecesand store eachpiecein the memoryof a single
processor This partitioning of the datathen dictateswhat work a processordoes: namely it doesthe work that
involvesthe datastorad locally. Contras this with a sharel memorycompuer. In ashaed memorypardlelization,
you distribute work (for example, iterations of a loop) to the processors not data Becaus the memoryis sharda,
thererealy is no notion of datadistribution: all data areequally accesible by all processos.
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In pracice, however, thisdistinction is geneally lost, becaseit is usually easyto find acorrepondencebetwee
thework andthedata For example in thevectoroperaton above, the processorthatcarriesoutiterationi istheonly
onethattouctesthedataelemantsa(i) andb(i) , sothesedatahave beeneffectively distributed to that processor
Thedistinctionis furtherblurredby thepresnceof caches,becaiseto achieve thebestperformancetheprogammer
need to accauntfor which cachdinesaretouchedin carrying out a partcular piece of work. Thus,eventhoudgh the
sharel memoryparalklizaton directivesdistribute work, programmersoften think in termsof datadistribution.
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13.12 Programming for the Default First-Touch Policy (continued)

integer i, j, n, niters
parameter (n = 8*1024*1024, niters = 1000)
real a(n), b(n), ¢

Cc initialization
c$onp parallel do private(i) shared(a,b)
doi =1 n

ai) = 1.0 - 0.5%
b = -100 + 0.01**)

enddo
c real work
do it =1, niters
q = 0.01%t
c$onp parallel do private(i) shared(a,b,Qq)
doi =1 n
a() = al) + og*b()
enddo
enddo

Notes:

This is exacly the sameshaed memorypardlelizationthatis usedon a bus-basedmachine Note thatbecaisethe
schaluletypeis not specfied, it defaultsto simple:in otherwords process0 performsiterations1 ton/p , processl
performsiterationsn/p+1 to2*n/p , andsoon. Useof thestatic schaluletypeisimportant. Becaugtheinitialization
takes a smallamoun of time compaedwith the“real work," pardlelizingit doesnotredwetheseqientid portion of
this codeby much,sosomeprogammerswill notbotherto pardlelize thefirstloop for atradiional shaedmemory
compuer. However, if you arerelying on the first-touch policy to ensure a goad dataplacemaet, paralelizing the
initi alization code in the sameway asthe “real work” is critical.

Due to the correpondenceof iteration numberwith dataelement,the paralelization of the “real work” loop
meanghatelemens 1 to n/p of thevectasa andb areaccessedby process0. To minimize memoryacasstimes,
you would like thesedata elemerts to be allocatedfrom the memory of the noderunning process0. Similarly,
elemerts n/p+1 to 2*n/p areaccessed by process1, andyou would like themallocatedfrom the memoryof the
noderunning it, andsoon. Thisis accompishedusingthefirst-touch policy. The processo thatfirst touchesa data
elemen cause the pageholding that dataelemer to be allocatedfrom its local memory Thus,if the datais to be
allocatedsothateachprocessorcanmake local accessesduring the “real work” secton of the code eachprocessor
mustbetheoneto initialize its shae of thedata This meanghattheinitialization loop is paralelized the sameway
asthe“real work” loop.

Now consterwhy thesimpleschedile typeis important. Datais placedusinga grarularity of onepage sothey
will only be placedin their optimd location if the sameprocessorinitializesall the dataelemerts in a page. This
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is just like optimizing the paralklization to account for cachelines aswasdiscusedearlier, only now you nedl to
block the datainto pagesratherthanlines. The defaut page sizeis 16 kB, or 409 dataelemens, which is afairly
large number Becausehe simpleschelule type blocks togeterasmary elemens aspossble for asingle processor
towork on (n/p ), it creaesmoreoptimaly allocatedpages thanary otherwork distribution.
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13.13 Simple Schedile TypeIs Import ant

Memoryis allocatedn pageg> 16 kB)

Data assigned to processor p
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Pages stored in processor p’s memory

Notes:

For the exampleabove,n = 8383608 If the programis run on 128 processorsn/p = 65536 which meanghatead
processors shae of eacharrayfills 16 pageq65536 elementx 4B/element 16 kB/page). It is unlikely thatanarray
begins exactly on a pageboundary soyou would expect 15 of a procesor’s 16 pages to cortain only “its elements”
andonepageto contain someof its elements and someof anotter processors elemens. Although for the optimal
datalayou no pageswould shareelemens from multiple processorsthis smallimperfection will have a negligible
effecton perfarmance.

On the otherhand if you useaninterleaved schedile type, all processorsrepededly attemyi to concurently
touch 128 conseutive dataelemerts. Sincel28 conseutive dataelemerts arealmostalwayson the samepage the
resuting dataplacemencould be anything from a randam distribution of the pagesto onein which all pagesend
up in the memoryof a single processor This initial dataplacenentwill affect the perfaomance. In gereral, you
shoud try to arrange it sothateachprocessors shae of a datastrudure excealsthe sizeof apage If you needfiner
grarularity thanthis, you mayneedto consder usingthe reshapeddiredives.
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13.14 Non-OpenMP Librar y Programs and dplace

e Message-pa&ing: MPI, SHMEM

e pthreads

e fork(2)

¢ Controldataplacemenvia first-touch

e Usingfork(2) , eachprocesallocatests own memory

e Usedplace(l) eitherexplicit or implicit (e.g.,usingMPI_DSM_CPULISTfor MPI
programs
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13.15 Summary
e Firsttunesingle-procesorperformance
e TuningOpenMPparallelprograms
o Modify codeif necessarto take adwantageof thefirst-touchpolicy
¢ Non-OpenMPprograms
o Relyonfirst touch

e Usedplace andcpusetsvheneerpossble
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Module 14

Performance Analysis

14.1 Module Objective

After completingthe module,youwill beableto identify andusetiming toolsto profile
single-CPUcodes.

347
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14.2 Sourcesof PerformanceProblems

e CPU-boundorocesses

o Performingmary “slow” operations
x sqrt , fp divides

o Non-pipelinedoperations
* Switchingbetweermddsandmults

e Memory-boundprocesses

o Poormemorystrides

o Pagethrashing

o Cachemisses

o Poordataplacemen{in NUMA systems)

¢ 1/O boundprocesss

o Performingsynchrmousl/O
o Performingformatted!/O
o Library andsystemlevel buffering
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14.3 Profiling Tools

e lipfpm , pfmon : First-passletectionof program-wideperformancessues
o Whatis theproblem?

e pfmon, profile.p |, histx +: Source-procedurannotationfor focusedexperi-
ments

o Which procedure$iave the problems?
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14.4 Hardware Counter Regisers— Itanium 2

e Overa 100countablesvents,countedn four 48-bit performanceounters
o Eachcounteris separatelyonfigurable
¢ May beusedfor

o Workloadcharacterizatioifsystem-wideuning)
o Overall programperformance
o Profiling (single-applicatiorperformanceanalysis)
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14.5 Event Categories

Performance-relateglentsareclassifiednto ten cateyories:

BasicEvents

InstructionDispersaEvents

InstructionExecutionEvents

Stall Events

BranchEvents

MemoryHierarcly
e SystemEvents

e TLB Events

e SystemBusEvents

e RegisterStackEngineEvents
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14.6 BasicEvents

e Clockcycles
CPU_CYCLES
e Retiredinstructions

|A64_INST_RETIRED
IA32_INST_RETIRED
IA32_ISA_TRANSITIONS

Performancé\nalysis



Performancé\nalysis AAPPL-1.0-L2.4-5-SD-W 353
14.7 Instruction Execuion 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;large numberf 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

e Eventsrelatedto cacheandprefetchactwvity

o 14 L1 datacacheeventsdividedinto 5 mutually exclusive sets
o 23L2 cacheeventsdividedinto 6 mutuallyexclusie sets
o 5L3 cacheevents
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14.10 Other Events

¢ 4 Instruction Dispersakvents

e 7 Branchevents

e 6 Systemevents

e /TLB events

e 30 SystemBusevents

¢ 8 RegisterStackEngine(RSE)events
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14.11 histx+

Setof toolsfor performanceanalysisandbottleneckidentificaion
e Threedatacollectionprograms
o lipfpm , samppm histx
e Threefiltersfor performancalatapostprocesinganddisplay

o iprep ,csrep , dumppm
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14.12 1i pf pm Linux IPF PerformanceMonitor

e Reportscountsof desiredeventsfor entirerun of a program

lipfom [ optiong command[ argument$

e Options
o -e cntO[-e cntl..] specificcounts(up to four)
o -i interactve selectionof events
o -f follow forks
o -h displaya helpmessage
o -k includecountsat kernellevel
o -0 path sendoutputto pathcommandID
Notes:

Thesubgectprogramandits agumentsaregiven. lipf  pmsetsupthecourterinterfaceandforksthesubjgectprogram.
lipfp  mgatherdts informationwith no modificationsto the program. It gereratesa separge repott for eachprocess
of anapplcation thatusespthreads OpenMPor MPI.

The-i option is hand/ if you wantto chooseinteractively from the enormaus list of countable events, but it
precudesusing standardinput redirection for input readby the application

Oneof themostuselul featuesof lipf  pmis its ability to accaunt properly for applcationsthatfork , pthrealed
applications,andapgicationsthatexec . For example,anapplication called ptpro g forks once,thefork child calls
exec , andall instarcescreateanextra threal for computdion. Whenwe run:

% lipfpm  -f -e LOADS_RETIRED -e STORESRETIRED-0 cnts ptpro g
[.n ormal ptpro g out put.. ]

%Is cnts. *

cnts. ptpro 9.1619 6  cnts .ptpro ¢.161 98  cnt s.ptpr 0g.162 01
cnts. ptpro 9.1619 7 cnts .ptpro ¢.161 99  cnt s.ptpr 09.162 02
cnts. ptpro 9.1619 7-1 cnts .ptpro ¢.162 00  cnt s.ptpr 0g.162 03

we getcowntsfor eachthread. (Notethatlibpt hread creates anextrahelperthread sothereare9 total.) Sincethe
fork( ) child hasexec () edthe sameptprog, andit will have thesamePID, -1 is appendedto the previously-used
nameto distinguish it. Subsejuentexec () swould resultin further suffixes:-2 , -3 ,...

Thecommanl to usefor MPI appications hasthe form

mpir un -np n lipf pm-f [more_ods command| argg

lipfp  mdoesnot work with statially-linked programs, and neither does it exhaudively checkthe set of events
requestedfor correctnes. The usermustonly supgy setsof eventswhich the processoris capalte of monitaring
correctly. Performaice monitoring eventsarediscussedn Chaptes 10 and11 of the Inte® Itaniun® 2 Procesor
Refeenae Manualfor Softvare Developmehand Optimizaton.
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14.13 sanppm

e Sampleselectectountervaluesat aratethe usermay specify
samppm [ optiong -0 path [r n] command[ argument$
e Optionsarethesameasfor lipfom , exceptfor -i , whichis notavailablein samppm
e -0 pathis mandatory
e - specifiessamplingratein “ticks” (1 tick ~ 0.977m$; defaultis 10
¢ Datais recordedn perthreadbinaryfiles calledpath commandPID
e Canbeusedto provide time-varying performancenetrics
e Loadbalancassueanaybedeterminedrom inter-threadcomparison

e Readablalatageneratedrom binaryfiles by dumppm

Notes:

At eachsampletime, samppm readsthe courts and stores themin binary form in the outpu file alongwith a time
stamp. The dumppmfilter is thenusedto corvert the binary file to a humanor scriptreadabletakular format The
notes for lipf pmappy to samppmaswell.
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14.14 dunppm Dump PM resultsfrom sanmppm

e Generates human-or script-readabléatular listing from binaryfiles prodwcedby
samppm

dumppm[-c] [d] [h] [1 nl n2..] [[<] infile] [[>] outfilg
e Options:

-c  onlylist events

-d  printdifferencesandrelatve times

-h  printhelp

-l printonly events nl, n2, ... (eventOistime)

e dumppmcanoperateasafilter:

%cat file.prog.1234 | dunppm-d | nore
% dunmppm -d < file.prog.1234 | nore
% dunmppm -1 2,3 file.prog.1234 > results
% dunppm -d file.prog. 1234 results

Notes:

The-c flagis usedto quickly tell onewhatis containedin thefile, andshavs the corepondencebetwea eventand
output column. For exampke:

% sanppm -e CPU CYCLES -e LOADS RETIRED -r 2 -0 dat nyprog
<nor mal prog ram outp ut here>

% dunppm -c dat. nyprog. 3214

dumppm event 1 is: CPU_CYCLES

dumppm event 2 is: LOADSRETIRED

%

If we now dropthe-c , theoutput will corsistof 3 columns:time of day, sampledCPU_CYCLESvalue,andsamplel
LOADS RETIREDvalue, e.g.:

10424 70662 .01072 1 2059 042 420371
10424 70662 .01265 6 3454 206 711769
10424 70662 .01459 5 4866 156 10067 22

If we addthe-d flag,time becomesrelative, anddifferencesbetweencouns areoutput insteal:
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0.000 000 20590 42 420371
0.001 935 13951 64 291398
0.003 874 1411950 294953

If we wantadifferentorderof, andpossbly adifferent numberof columns we canusethe-l flagto specify which
of the original columrs to output, in which orde. For instance,to outpu the chang in CPU_C/CLESfollowed by
relatvetimeweuse-d -I 10 :

20590 42 0.00 0000
13951 64 0.00 1935
1411950 0.00 3874
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14.15 hi st x: Histogram Execution

e Profilingtool, it cansampleeithertheIP (instructionpointer akaprogramcounter)
or thecall stack

histx [optiong -0 path [-s typd command

e Options:
-b specifybin bitswhenusingip sampling:16, 32 or 64
(default: 16)
-€ specifyeventsource(default: timer@1 )
-f follow fork
-h this messagécommandiotrun)
-k alsocountkerneleventsfor PM source
-l includeline level countsin IP samplingreport
-0 sendoutputto file path commandPID
-S typeof sampling

e Eventsources

timer@ n profiling timer events.A sampleas recorded
every n ticks. (Onetick is about0.977ms.)
pm:<event >@n performancenonitorevents. A samples
recordedvhenthe counterassociateavith
<event > increasedy n or more.

e Typesof sampling:

ip Samplenstructionpointer

callstackf]  N] Samplethecall stack. N, if given,specifies
the maximumnumberof framesto record.
Thedefaultis 5 frames.

Notes:

For long running programswhereary particular instruction bundle could be samped more that 65535 times, the
courts attributedto afunction maynotbeaccuate. The-b flag canbeusedin suchcase to switchto accunulatois
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that canhande couns of up to 22-1 or even 254-1 before overflowing. However, theserequie the useof more
memoryperthread

hist x producesa sepaate output file for eachthread in a program. It also hardles progamsthatexec , and,
similarly to lipfpm andsamppm in case wherethe exec 'd programnameis the sameasthe original, will produce
multiple repotsin files namedpath prog. PID- exec instance

Theprogramto be analyzedmustnot be compiled with the-p compile flag.
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14.16 hi st x: IP Sampling

% hi stx -0 out prog

%sort -r out.prog.* | head
586: *Total for thread 18458*
454: libm.so0.6.1:*Total*
279: libm.so0.6.1:cos
118: a.out:*Total*
109: libm.so.6.1:asin
66: a.outfl  [prog.c:19]
45: libm.so0.6.1:acos
32: a.out:if2 [prog.c:29]
21: libm.so0.6.1:sin
20: a.out:_init

Notes:

Thedefaut type of samping is IP samplirg, andthe default eventsouceis atimer eventatarateof ~1 kHz. What
we seein eachline of outpu is

<count>: <lib rary>: <func tion> [<fil e><li ne>]

<count> is the numbe of eventsthat occurred within the body of <func tion> containedin <libr ary> , stating
at<line> within <file >. In the caseof the main executble,<libra ry> is“a.0 ut”. If line informationis not
available,the‘[<f ile>. <line> ]” outputwill notappear

Totals are also accunulatedon a per library, and per threal basis Note that<lin e> correspors to the first
sourceline of <func tion> , andnottheline wherethe sampk wastaken. Thecourt attributedto <func tion> isthe
sumof counsin all binsinterior to <func tion> .

If it is desred to seecouns attributade to individual lines, and if the execuable cortains line information
(producedwith -g compilerflag), onecanaddthe-l flag, e.g.:

%histx -1 -0 out prog

%sort -r out.prog.* | head
580: *Total for thread 3704*
399: libm.s 0.6.1 *Tota [*
203: libm.s 0.6.1 :cos
167: a.out: *Tota I*
98: libm.s 0.6.1 :acos
89: libm.s 0.6.1 :asin
82: a.out: fl [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 seeaddiional linesin therepot of theform
<count> [<fi le><l ine>] (libr ary)

Here,<cou nt> isthenumbe of eventsthatoccuredontheinstructionsgeneatedby thecompile for <lin  e> within
<file > containedin <libra ry>. Fromtherepat above, we canseethatall 82 eventsrecorded in function f1()
wererecadedon line 23 of prog.c.

Function level courts are computel by summingover all bins interior to a function. Line level count are
compued by summingover all bins intersectinginstructions for a particular souce line. Thetwo aredifferentas
instructions from multiple lines canfall into a singe bin. Notethatcompiles andlinkersareknown to occasonally
geneateincorrector invalid line information This canconfusehist x, or evencausethe appication to crash.

hist x cando IP sampling at very high rates whenusing performancemonitor register overflows. For example,
to sampkthelP every 10,00 CPUcycles (i.e. around 100kHz ona 1 GHz processorsysem):

%histx -1 -0 out -e pm CPU_CYCLES@.0000 prog
%sort -r out.prog.* | head
41675: *Total for thread 3711*
27342: libms 0.6.1 *Tota I*
13382: a.out: *Tota I*
1207 2: libm.s 0.6.1 :cos
7796: libm.s 0.6.1 :acos
6709: libm.s 0.6.1 :asin
6456: a.out: fl [prog .c:19 ]
6456: [prog. c:23] (a.ou 1)
5753. a.out: f2 [prog .c:29 ]
5753. [prog. ¢:33] (a.ou 1)

ThelP samping repot is deliberatel assimpleaspossible. It is ervisionedthatfilters (e.g.,ipre p, seebelow)will
beusedto transformhistx  output into somehing moreintuitive.
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14.17 hi st x: Call Stacksampling

%histx -0 cs -s callstackl0 prog
% nore out. prog.*

101 5

libm.so. 6.1:cos
a.outfl  [prog.c:23 ]
a.outma 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.outfl  [prog.c:23 ]
a.outma 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 samplirg cantell uswhich function eventsareoccuing in, it is oftenimportantto undestandthe cortrol
flow thatled to the function beingcalled. Thisis done by not samplirg just the IP whenaneventoccuss, but rathe
the call stack To activate call stack samplirg, use-s callst ack N whereN is the maximumnumberof framesto
recod. (Larger valuesrequire morememory)

Eachsampledcall stadk is repatedin theform:

<count> <N>
<libr aryl>: <func tionl> [<fi lel>< linel >]
<libr ary2>: <func tion2> [<fi le2>< line2 >]

<libr aryN>: <func tionN> [<fi leN>< lineN >]

Themostsampledcall staks arethose with the largest<cou nt> value.
A filter (csr ep) is providedto generde a "butterfly” report from raw callstackrepats.
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14.18 i prep: IP Sampling Report

e Generatesireportfrom oneor moreraw IP samplingreportsprodiwcedby histx

%iprep ip.prog.* > report.all
% nore report.all
Count Excl . % Incl. % Name

12362 29.730 29.7 30  libm.s 0.6.1; cos
7716 18.557 48.2 86  libm.s 0.6.1: acos
6533 15.712 63.9 98 libms 0.6.1: asin
6338 15.243 79.2 41 aout. 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  libmss 0.6.1: sin

Count Excl . % Incl. % Name

48.989 489 8 [prog. ¢:23] (a.ou t)

5401 41.700 90.6 89  [prog. c:33] (a.ou t)
96 0.741 914 30 [elffle Ifh:8 0] (id-I

inux- iaé4.s 0.2)

Notes:

Outputfromipre p consstsof oneor two sectians. Thefirst secton is alisting of summedunctions couns, sorted
from largestto smallest,along with their exclusive andinclusive percatages. If line level datais available, the
secad secton presentsit in a similar format
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14.19 csrep: Call Stack Sampling Report

e Generates “butterfly” reportfrom one or moreraw call stacksamplingreports
producedoy histx

%csrep cs.prog.* > butterfly. all
%nore butterfly.all

98.1 %lib cso.6 .1, libc s tart main [lib c-sta rt.c:l 29
97.5 % a.o ut._st art

48.7 % a.0o utmai n [pr 0g.c.9 3]

48.7 % a.0o utmai n [pr og.c.;7 0]

36.8 % a.o ut:fl [prog .c:23]

34.4 %a.o ut:f2  [prog .c:33]

317 %lib m.so.6 .l:ico s

17.9 % lib m.so.6 .l:as in

14.8 % lib m.s0.6 .l:.ac o0s

( 48.7 4%) libc .s0.6. 1. | ibc_st art main [libc -star tc:12 9]
...... . ( 48.7 4%) a.ou tmain [pro g.c:70 ]
75.43 % ( 36.7 6%) a.ou t:fl  [pr og.c2 3]
( 119 7%) a.ou t:fL  [pr og.c:l 9]

Notes:

Outputfrom csrep consbtsof 2 sectians. Thefirst oneis alisting of the frequeng of appearane of eachfunction
found in a callstack.The semnd sectian congsts of a“butterfly” repot 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>

...... . (yyyy 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 corveys alot of information. Above the function of interest,thereis aline for eachcaller of thefunction. Each
XXX.X X percentageis computa 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 callersis 100%6. Eachyyy.y y percentageis givenby:

<# calls tacks conta ining calle r_j foll owed by functi on> / <tota | # of call stack s> * 100

Below the function of interest,thereis aline for eachcalleeof thefunction. Thexxx.x x percetagesarenow 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 percetages aregivenby

<# calls tacks conta ining funct ion foll owed by callee _j> /
<tota | # of call stack s> * 100

Thistypeof reportallows oneto not only quickly identfy thefunctionsof interestin anapgication, but alsoidertify
themustlikely paths through the proggam by which suchfunctionswerecalled.
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14.20 pf non: PerformanceMonitor

e Performancenonitoringtool — interfaceto the PMU

e Two typesof ses®ns

o Perprocess
o System-wide

e Userand/orkernelactivity maybemonitoredin eithertype of sesgn

14.21 profile.pl

e Perlscriptinterfaceto pfmon
e Usesdplace to bindtheapplicationto spoecificprocessts

¢ InvokesotherPerlscriptsto generatea readableeport

Y%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 |-periods=900000 0 --smpl-output-  format=compact --events=CPU_CYC LES
--cpu-mas k=2 /usr/bin/dpl ace -cl Jadi2

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.outcp ul > sample.out
profile.pl: Removing the per-proces sor sample files.

profile.pl: rm -f sample.ou t.cpul

profile.pl: Creating a program map file.

makemap.pl:  Read 45 symbols from ./adi2.

makemap.pl: Read 14099 symbols from /sw/com/scsl/l  .4.1-2/lib/libs CS.S0.

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.s0.6 1

makemap.pl:  Read 224 symbols from /lib/ld-linux- ia64.s0.2.

makemap.pl:  Sorting  symbols.
makemap.pl:  Wrote 18670 symbols to adi2.map

profile.pl: Running the profile  analyzer.

profile.pl: analyze.pl  adi2.zmap sample.out > profile.out

analyze.pl: Read 18671 symbols from adi2.map.

analyze.pl: No Systemmap file found; kernel analysis will be skipped.
analyze.pl: total  observati ons: 1685

analyze.pl: Sorting  the user observations

profile.pl: Profle  results are in file:  profileou t
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14.22 profile.pl (continued)

% cat profile.out
total observatio ns: 1685

user ticks : 1685 100 %
User
Tick s Perce nt  Cumulative Routi ne
Perc ent
1182 70. 15 70.15 Zsweep_
196 11. 63 81.78 ysweep_
172 10. 21 91.99 Xsweep_
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: Usingthe histx+ and profile.pl tools

Profiling a program
e Changedo the Altix/Performance_analysis/lab$|§]src directory
e Typenmake mat _di st to build theexecutablemat_dist

¢ Analyzethe performanceof mat dist with histx andprofile.pl (suchaspc
sampling,dealtime, usertime).

e Determinewhichline[s] is mosttime-consumingn mat_dist

e Canyousuggstary techniquego make mat_dist runfaster?



Module 15
Single-CPUQOptimization Techniques

15.1 Module Objectives

After completingthe module,youwill beableto

e Understandherelationshipbetweerthe SGI Altix systemdardwareandthe com-
pilers

¢ Invoke andundersanddifferentcompileroptimizationoptionsto enhanceperfor
manceof single-CPUcodes
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15.2 Memory Hierarchy

Single-CPUOptimizationTechniques

10K Primary Cache 1M Secondary Cache
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Virtual Address Physical Address
Notes:

The processorsin SGI Altix systemswill first look in the primary cacheto satidy a load request. For easeof
undestandng, we areassumiig a direct mappeal cache andonly two levels of cache Any requestedaddesscan
resick in the primary cacke in exacly onelocaton. All datais movedin andout of cache onecacheline atatime.
In our example,this would be 100 contiguousbytesof storagge. Soif our datais in cacte, it will bein oneof the 100
possgble cacle lines. We will useadigit mask(bit maponthe SGIAltix Systems}o determire which cacle line to
look atto seeif it contansour data

Oncewe deteminewhich cacheline to look at, we checkthe cache tag on thatline to seeif it matchegherest
of our addess.If it does this line contdns our datg we have a primary cachehit andwe have minimal latengy. If
the cacte tag doesnot matchthe restof our addess,we have a cachemissandwe will look atthe secomary cache
for our data.

For the easeof undestandng let’s assumea machire similar in architectureto the SGI Altix Systemsbut we
will usea baselO addressingschame. We will usedigit masksto locate addres quickly in the cache in the SGI
Altix Systemshesewould be bit masks
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Becawsethisis a RISCarchtecture, datamustbe loadedinto registersbefore ary work canbe perfamedonit.
To achiexe maximumperformanceon this chip we needto minimizethelatercy of theload Thelateng to loadfrom
primary cacheis oneor two clock periods(nt/float). Thelateng to load from secandary cacheis 8 clock periods.
Thelatercy to load from memoryvariesdepading on the speel of the processorchip andthe locaton of the datain
physical memory Thesdaterciesrangefrom 60—-200+ clock periods.

Wewill alsouseadirect mappel cactefor oursecadarycache Eachcachdine hereis 1000bytesof coniguous
memoryandwe have 1000lines of cacte. Thedigit maskherewill bedifferent.

Oncewe detemine which cacheline our datacould resice in, we ched the cacle tag on thatline to seeif it
matches the restof our addess. If it matcheswe have a cadhe hit, andwe will move 100 bytes of datainto the
primary cache.lf thetagdoesn't match,we have a cachemissandwe will have to goto memoryto find our data.



376 AAPPL-1.0-L2.4-5-SD-W Single-CPUOptimizationTechniques
15.3 Example Code

DIMENSION /ABC/  A(1000,1000),B(1000,1000),C(1000,1000)
DOl =1, 1000
DOJ = 1, 1000
ALY = ALY+ B(J)  * C(J)
ENDDO
ENDDO

Notes:

This code would genentea seriesof instruction along the 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 ¢

R5 Store R5 into  A(L, 1)

Incre ment/ Test/J ump

In assenbly codeA(1, 1),B(1,1 ),andC(1,1) wouldbeoffsets from thebaseaddressesof A, BandC. Let'slook at
theseloads.
A C codewith asimilar probem:

doubl e a1 000][1 000], b[1000 ][00 O],c[Ll 00OC][ 1000];
int ij;

for' .(j=0 J<10 00,j++ )
for (= 0,i<10 00,+ +)
ali, j] += bl i * cfl I
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15.4 Primary Cache

10K Primary Cache
. 100 bytes
:::::' 0
Cache Tags "'-\:_“: %

Registers .

5
REN a6 .
- = (-}
. . 47 =2
T 48 3

m\

21411126144 6 0

Cache Line/ Word/ Byte/
Tag Cache Line Word

Notes:

Let'slook attheloadof A(1,1 ).
We will use241264460 asthebaseaddressof A.

377

Although all or pieces of A mayresice in cachefrom datainitializaion, let's assumeano datafrom A, B or Cis in

eithe cache

Thefirst place we will look for A(1,1 ) isin primaly cacte. We apgy the primary cachke maskto the addressof
A(1,1 ). Thistellsusthatif A(1, 1) isin primaty cache,it mustbeatline numbe 46. We comparehe cachetagat
line 46 to seeif it matcheghe cachetagportion of our address,241264. Herewe assuméhetagsdon’t match This

givesusa primary cacte miss.
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15.5 Secmdary Cache

Single-CPUOptimizationTechniques

1M Secondary Cache
.
NS 1000 bytes
SIS T 1M page
N 0
Primary Cache N3 I
Cache tags .
h\h —
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SR 645 2
A [646
i r T v 1 T T
2.4:1:2]6:4:4 |6 5 10
| | | I | | |
Cache Tag Line/Cache Byte/Line
Notes:

We will now try secomlarycache

We apdy the secomlary cache maskto theaddressof A(1,1) . Thistellsusthat if A(1,1)

it mustbe atline numbea 644. We comparethe cachetake at line

is in secomlarycacte,
644 to seeif it matcheghe cachetag portion of

ouraddress,2412 Againwe assumat doesnot match.We now have a secomlary cache miss.

We now mustload our datafrom memory
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15.6 First Data Movement
ysical
EMOoTY
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Notes:

Weareusingavirtual addressingschemdor ourmainmemory Thismeanghatthevirtual addresswe areattemping
to load could be located anywhere in memory Although the physical memoryis distributed acresssthe nodes, all
processordhave accesgo all of memory Theaddresswe arelooking for may or maynot be on this node.

Physicd memoryis allocatedin pages, on our machire 100K bytes of contiguous memory The OS mapsand
remapsvirtual addessedo thesephysicd blocks. To find the true physial addessof the virtual addresswe are
looking for we usethe on-chip Transldion Look-asie Buffer. This tablehasalimited numbe of entries,64 on our
machire. This meanson our chip we cankeeptrack of 6.4 MB of memory In the Itanium 2 processorsthereare
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 secandarycacheline from thatoffsetin the physial page. Thelatency heredependson wherethis
pageis in physical memory
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If thevirtual addesswe arelooking for is notin the TLB, this is a pagefault. We mustaskthe OSto updae
our TLB with the entry we arelooking for. The OSkees track of the locaton of all pages of memory If the page
is loadal in phydcal memory the OSupdatesour TLB andretums control to the programto readthe data. Thisis
aminor page fault. If the OShasmovedthe pageto swap spacethenit mustreloadit into physicd memory then
updae our TLB. Thisis avery expersive eventcalled a major pagefault.

To find our datain memory we look for the baseaddress of the page we wish to load in the TLB. The bas
addessof thevirtual pagecontainingA(1,1) is 2412600000, assumiig a 100-kB pagesize.

We find virtual page 24126mapsto physial page400.2.

We now load 1000 bytesof datastaring at 4002640@ into secomlary cacheline 644,andchargethe cachetag
for line 644to 2412.

We arelooking for the 650th byte of this cachdine to move into primary cacte. Sincewe alwaysmove dataon
cacle line boundaries, we will load bytes600-699from secadarycacte line 644 into primaty cacheline 46. We
thenupdatethe cacte tagonline 46 of the primary cacheto 241264.
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15.7 Secad Data Movement

Eﬁl}'sical
€mory
10K Primary Cache 1M Secondary Cache
1000 bytes : Node
-— S n-
0 400M
To Registers 100 bytes ! AlLT7)
) A(l,8)
- #}k . :
h i 4001 = = == 4
““-:"IIIIIIIIIjg .
2N
48 ‘\.\'\ 544 400.2 ]]:]ﬂdﬂ
\ 645 YR
, — A —70
- “ﬁ?ﬂ.};" N _ ) .
= 654 [T C
TLB - 64 entries . SOOM
655 | Node
656 : n+
24126 400.2
24127 400.0 .
Virtwal Address | Physical Address -

Notes:

Let's skip therestof thefirst pas of theloop andconsder whathappgenson the seconl pass. On the secand passof
theloop, weneedto loadA(1,2 ) . Theaddressof A(1, 2) is 10,0 bytesafter theaddiessof A(1,1) or241265469.

We look in primary cacheline 46 for cachetag 241265, we geta cacte miss. We look in semnday cacte line
654for cachetag2412, we geta cacte miss.Welook in the TLB for 24126, andgo load 1000bytesinto se@ndaly
cactle line 654 staring from 4002540®. We chargethe cacle tagon line 654 to 2412, move 100 bytes starting at
byte 600into primary cacle line 46 andchangethe cachetagto 241265.

Theloadof A(1,j ) will exhibit similar behavior for the next four loads. Whenwe attemp to loadA(1, 7) from
addess241270460, we will needto look upthe physial addressfor 24127 in the TLB. Dueto the natural of virtual
memory it is possble that24127 mayresidein physicd memorybefore24126, for exampleat 400.0.

The next nine loadswould comefrom this page. This patten will repeat,oneTLB lookup for every 10 loads.
Usercode haslessthan 64 entries to usein the TLB table, so after approaximately 600 loads we will startgeting
TLB misses. Becausahe TLB is LRU, wewill getminor page faultson every 10thloadfor therestof this code.



382 AAPPL-1.0-L2.4-5-SD-W Single-CPUOptimizationTechniques

Becawseweareonly usingevery 10thline of thesecomlarycade,whenweloadA(1,1 00) , address2413614690,
we will begin overwriting everything we have loadedinto secomlary cache

By thetime we returnto load A(2, 1), whichwasin primary cacle line 46 andsecadarycacte line 644 atthe
beginning of the code, it will nolongerbeloadedin eithercacte, andwe will needto loadit againfrom memory
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15.8 Arr ay Mappings
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Notes:

If we go bad andlook atthe other loads in theloop, we seethatB(i, j) andC(i, j) bothmaptothesameprimary
andsecadarycacheline asA(i, j) foralli andj. This mappirg cawsesall loadsof A, B, andC to constantly write
over eachothe in cactle, thisis calledthrashing. To eliminate thrashing we canadda padbetweernthe data objeds,
which hasthe effect of mappirg the staring addresesof A, B, andC to differentcachelines. Two secomlary cacle
lines of padding shoul be enowgh to ensue thatwe have completely usel all the datain the cacheline beforeit is
overwrittenby alaterload

We know the exactaddesse®f B andC becaiseof the nature of Fortrancommonblocks. In the C code, with a,
b, andc beingautomatt arrays ther storag allocation may not be asbadasthe Fortranallocation but then again
it mightbeasbad. Any Fortrandataobjeds not allocatedin the samecommonblock would have the sameunknown
behavior Becausecachethrahing hassuchan adwerse affect on performance we may wantto be morecertain of
our codés addessirg schene. Onemethodwould be to allocate all major datastruduresin onelarge block, then
partition the datablock sothattheindividual dataobjectshave a starthg addessthatis offset in cacte.
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15.9 2-Way SetAssogativity

2-way Set
Associative
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Notes:

In our example,we useda direct map cacte. The Itanium 2 processorsin SGI Altix systens usea four-way set
assaiative primary cacle, an eightway setassiative secadarycacle anda 6- or 12-way (depending on size)set
assaiative tertiary cacke. Theseare mary-to-n mappirgs. The mappirgs arethe sameasthe dired mappedcacte,
but whenthe hardvarelooks to loadanaddess,it mustlook in n places. Onacache missin L3 cace,the hardware
pickstheleas recernly usel (LRU) cactle line for theload of new data
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15.10 CacheBasedArchitecture

e Memoryhierarcly:

o Main memory:~130-700nanosecous

o L2 DTLB miss—HPW (Hardware PageWalker): 25 or 31 cycle penalty or
OStrap

L1 DTLB miss:4 cycle penaltyif L2 DTLB hit
L3 cache:12—-17clock cycles

o}

o

(0]

L2 cache:5—-6clockcycles

o

L1 cache:l clockcycle

o

Registers:0 cycles

e Performas mary operationsas are possble on a piece of dataonceit is in the
registers

e Performasmary operationssarepossble onapieceof dataonceit is in thecache

e Usetheconceptof temporalandspatiallocality

Notes:

A cycle is thereciprocal of the clock frequengy; for the SGI Altix systemsit canbe the reciprocal of 900, 1000,
13000r 1500MHz, i.e.,1.1111, 1, 0.76920r 0.6666nanogcond, respetively.
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15.11 CacheDesig Details and Terminology

e Cachédline: Discreteunit of dataor instructionsthatis transferredandinto which
cacheandmemoryis sggmented
e Cachenit: Dataor instructionreferenceo acachdine thatis currentlyin thecache

e Cachemiss: Referenceo a cacheline thatis not currentlyin cacheandmustbe
broughtin

¢ Write-through:Cachechangammediatelyupdatesnemory

e Write-back:Memoryis notchangedintil absolutelynecessarycachedine is clean
if notmodified,dirty if modifiedbut not written back)

e Prefetch:Ability to initiate afetch prior to time datais actuallyneeded

e Setassaiativity: Defineshow memoryis mappednto cache

o One-way: Addressn memoryhasonetargetcachdocation(alsocalleddirect-
mappedcache)

o N-way: Addressn memoryhasN targetcachelocations
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15.12 Librarie s

e SCSL(Scientifc ComputingSoftwareLibrary)

BLAS, LAPACK, FFT andsignal-procesingroutines,Sparsesolvers
cclefclecc -0 program <objs> -Iscs  [-Im]

cclefclecc -i8 -0 program <objs> -Iscs I8  [-Im]

man intro_[scsl|blas|lapack|fft|solvers]

e MKL (Intel Math KernelLibrary)

BLAS (-Imkl_itp ), LAPACK (-Imkl_lapack32 , -Imkl lapack64 )
FFT (-Imkl_itp ), Vectormathlibrary (-Imkl_vml_itp )

e Standardmathlibraries(-Im and-limf )
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15.13 Somelntel Compiler Flags

¢ Relatvely few tuningflagsexposed

e -O2 is default, which exposessomesoftwarepipelining

e -03 triggersmoreSWR prefetchingJoop reomanization etc.

e -ip[o] : intra-file/interfile interprocedurabptimization

e -prof_gen/-prof_use . feedbackraining; usefulif you have agoodtrainingset
e -fno-alias, -fno-fnalias : to indicatethe useof pointerswith noaliasingin C

e -ftz : flushunderflavsto zero,avoid kerneltraps(enabledoy defaultat-0O3)
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15.14 Other Usefd Flags

e Generatanoptimizationreport:-opt_report
e Generatassemblyisting: -S

e EnableOpenMPsupport:-openmp

e Automaticparallelization:-parallel

e Verbosecompilerdriver output:-v

e For Fortran:

o -safe_cray ptr : no aliasingfor Craypointers

o -auto : all local variablesareautomatic(-auto_scalar  is default); required
for threadsafety

o -stack temps : allocatearrayson the stack,if possble; cansometimedelp
OpenMPperformanceusewith careandwatchfor stacksizgoroblems
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15.15 Let the Compiler Do the Work

¢ Ideally, acompilershoulddo all thework automatically
o Cannotoptimizefor bothin-cacheandout-of-cachelata
e Optimizations

o Softwarepipelining
o Inter-procedual analysis
o Loop nestoptimizations

Notes:

In reality, these optionsare not independen of one anothker. Someloop nestoptimizations can enhance software
pipdining, andinterproceduralanalsis cangive the loop nestoptimizer informationenaliing it to doits job better



Single-CPUOptimizationTechniques AAPPL-1.0-L2.4-5-SD-W 391
15.16 Software Pipelining

¢ Vectorizabldoopswell-suitedto SoftwarePipelining(SWP)
e SWPmaybeslowerfor loopswith only afew iterations

¢ SWPcannotbedoneif:

o Therearefunctioncallsin loop: use-ip or-ipo to fosterinlining
o Loop containscomplicatedconditionalsor branching

e SWPimpededoy:

o Recurrencebetweerniterations:uselVDEP directve
o Loopbodytoolarge: solvedby loop fission
o Registeroverflow: solvedby loopfission

e SWPalgorithmsareheuristic:

o Schedulesrenotunique
o Findinga schedulecanbe computationallyintensve

e Use-02 or-03 to enableSWP(moreSWPis attemptecht-03)

Notes:

Thelntel Itanium 2 processos have a supescalararchiecturecapalbe of execuing 6 instructions per cycle. Execu-
tion units maybefilled by combirationsof thefollowing:

e Upto6instructionspercycleinto 6 ALU, 2 Integerandl1 ISHIFT units

e Upto2loadsand2 storesor 4 loads,in the datacacte unit

e Upto 6 instructionspercycle into 6 multimediaunits

e Upto linstruction percycleinto 2 pardlel shift, 1 paralel multiply or 1 popmt units
e Upto 2instructionspercycleinto 2 FP multiply-add or 2 FP other operdions units

e Upto 3instructionspercycle into 3 brand units

In addition, all instructions arepipelinedandhave asseiated pipeline latengesrangirg from oneto dozers of cycles.
It is thejob of the compiler, through softwarepipdining, to determire how to beg schedile instructionsto fill up as
mary superscadr slotsaspossble.
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15.17 Compiler Directives

Fortran:

cdir$
cdir$
cdir$
cdir$
cdir$
cdir$
cdir$
cdir$
cdir$
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ivdep

swp

noswp

loop count (NN)
distribute point

unroll  (n)
nounroll
prefetch a

noprefetch ¢

no aliasing

try to software-pipeline
disablesoftware-pipelining
hint for SWP

split thislargeloop

unroll n times
donotunroll

prefetcharray a
donotprefetcharray ¢
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15.18 Compiler Directives

C/C++:

#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma
#pragma

ivdep

swp

noswp

loop count (NN)
distribute point
unroll  (n)
nounroll
prefetch a
noprefetch ¢

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

no aliasing

try to software-pipeline
disablesoftware-pipelining
hint for SWP

split thislargeloop

unroll n times
donotunroll

prefetcharray a
donotprefetcharray ¢

393
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15.19 IVDEP Directive

Here,compilerflagsarenotenough:

void idaxpy(int n, double a, double *x, double *y, int *index)

for (i=0; i<n; i++) y[index]i] += a * x[indexl]];

Usetheivdep (ignorevectordependenciesjirectve

#pragma ivdep
for (i=0; i<n; i++) y[index[i]] += a * x[index[i]];

Withoutivdep , theloop will have apoorSWPscheduleor no SWPatall

Notes:

Whenthe codecontadns use-level indirection (the index array)whosevalues(memoryaddresses)arenot known to
thecompier, therestri ¢t anddis joint flagsdonothelp much. Youmusttell the compiler thatthereareactually

no depemencesbetwea iteraions.
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15.20 IVDEP Varieties

e Loop-carrieddependencies:

doi =1, n

a(index(1,i)) = h(i)
a(index(2,1)) = c(i)
enddo
Loop-carried
dependencies
index(l,1) indexil, i+k)
Mon-loop-carried
dependencies
index(2,1)) index (2, i+k)
e -ivdep_parallel tells thecompilerthatthereareno loop-carrieddependencies

for (i=0; i<n; i++)
y[index]i]] += a * x[index{i]];

e Crayivdep appliesto IDAXPY, but not here:

for (i=0; i<=n; i+4)
afi] = a1l + 3;

Notes:

Theivdep directive apgdies to innerloops only. Thediredive alsoapplesonly to “loop-carried” dependerties. If
index (1,) =index( 1,+k ) orind ex(2,i ) =inde x(2,i+ k) for somevalueof k suchthati+k isintherangel
ton, thenthereis aloop-caried dependermy.

If index( 1,) =index (2,) for somevalueofi ,thenthereis anonoop-carried depemengy.

To deteminewhethe aloop haslexically backwardsloop-caried dependerties,thefollowing checKist shoul
beused.If for agivenarrayreferencel within aloop all four answersare“yes’, thenthereis alexically backwvards
loop-carriad dependene with respectto thatarray.

e Doestheloop contan two referencedo the samearray?
¢ |soneof thereferercesastore(i.e., doesit appeato theleft of anassigiment)?
e Doindex values of the referencesoverlap in memory?

e Doestheearler referencehave anearlie index with respectto theloop induction variable?
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15.21 Inter-Procedurd Analysis

e Analyzestheentireprogram

Precedestheroptimizations

Performsoptimizationsacrosgprocedue boundaries

Providesresultsto subsequdroptimizationphasesotheir optimizationsbenefit

Easyto use justadd-ip or-ipo toboththecompilestep(cc -ipo -¢c *c .. )
andlink step(cc -ipo *o0 .. )

Compilestepwill finishfasterlink stepwill take longer

If youchangeonefile, you mustrelink (recompile)
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15.22 Inter-Procedurd Optimizations

e Functioninlining

¢ Inter-proceduralconstanpropagtionof parameterandglobalvariables
e Deadfunctionelimination

e Deadvariableelimination

e Automaticcommonblock padding
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15.23 Inlining

e Benefits

o Exposedargercontet to lateroptimizationphases
o Eliminatescall overhead
o Eliminatesaliasesandresohesotherwiseunknovn side-efects

¢ Disadwantages

o Compilationtime increases
o Createshardermegisterallocationproblem
o Increasesgext size

e Restrictions

o

Novarargs routines

(0]

No mismatchegarametetypes

o

No static(save ) local variables
No recursve routines

o

Notes:

varar gs routinesarethosewith avariale amgumentlist, asin

int prin tf (char *for mat, ..)

{
}

The... insidetheparenthesas specfiesthatthe functiontakes a variable numbe of arguments.
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15.24 CacheBasics

e Stride-laccessefr blockreuse

doi =1 n doj =1 m
doj =1 m doi =1, n
al) = b(ij) — a(i) = b))
enddo enddo
enddo enddo
for (j=0; j<m; [+4) for (i=0; i<n; i++)
for (i=0; i<n; i++) — for (=0; j<m; j++)
afi]i] = bfilfil; afi][] = biI[l;
Notes:

In thefirstloop, arrayb is copied to arraya onerow atatime. BecawseFortranstoresmatricesin column-majorand
C/C++storein row-majororder, a newv cacheine mustbebroughtin for eachelemer of row i ; this appiesto both
a andb. If n is large, the cache lines holding elemens at the beginning of the row may be displacedfrom the cacle
befare the next row is processed.In the secand loop, the datais copied one column (Fortran) or row (C/C++) ata
time. Thus,all datain the samecacte line is accesedbefare the line canbe displacedfrom the cache soeachline

only nealsto beloadedonce
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15.25 CacheBasics (continued)

e Grouptogetherdatausedatthe sametime

d =0.0 d =00
doi =1, n doi =1, n
j=ind(i) j=ind(i)
d=d+sqrt(x(j)*x())+ — d=d+sqrt(r(1,j)*r(1,j)+
& y()ry()+ & r(2,))*r(2,)+
& z())*z())) & r(3.J)*r(3.)))
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[]*x[]+ — d+= sqrt(rfjj[1]*r[][2]+
yiPylil+ il +
Z[il*z{iD); rOl3rrili3D);
} }

Notes:

Thefirst loop accesseghreearrays x, y, andz. Accessfor thes elemens of the vectorsis throughtheindex array
ind , soit is notlikely thattheaccesesarestride 1. Thus,eachiteration of theloop causes new line to be brought
into the cache for eachof thethreevectas.

In the secor loop, sincer(L,)) ,r(2,j ),andr3, j) (f 11 .l [2] ,andrf]l 3]) arecortiguousin
memory it is likely that all three will fall in thesamecacte line. Thus,onecacleline, rathe thanthree needgo be
broughtinto the cache.
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15.26 CacheBasics (continued)

¢ Avoid arraysizesthataremultiplesof the cachesize

e Usedummypads

parameter imax = 1024*1024) int maz = 1024*1024;
dimensicon afmaxz), bfimax), c\{max} float a[maz],, blmax], <[maz];

Pad =

Notes:

Allocation of variableson the stadk may vary from run to run, but the potentialis herethatthes variabdescoud be
allocatedin conseutive memory Eachvecta is 4 MB in size;thus,thelow 22 bits of the addesseof 3, b;, and
c; arethe same andthevectors mapto the samecacte line. To remedythis, introduce padsbetwee the veciorsto
spae their beginning addessesldealy, ead paddng varigble shoud be atlead thesizeof afull cachdine. Thus,
eachpadshauld be 32 elementdong.

Becawsethe stackallocdion is not predctable this solution may notwork if thearrays areautamatic,i.e., stack
allocated.

It is saferto allocate onelarge block of datafor all the dataarrays andthe pad,thenusepointersto make sure
the starthg addessof thearrays don't line up on cacte bourdaries

In Fortran,a commonblock will guaranteeconseutive allocdion of storage, but the compiler may decideto
autamnaticallyinsertpadding betweenrarraysin a givencommonblock.
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15.27 Usethe Performance Monitor tools to Identify CacheProb-
lems

e Example:ADI code

double precision  a(256,256,256)

do k =1 nz
doj =1 ny
call  xsweep(a(1,j,k),1,nx)
enddo
enddo
do k =1, nz
doi =1, nx
call  ysweep(a(i,1,k),ldx,ny)
enddo
enddo
doj =1 ny
doi =1, nx
call  zsweep(a(i,j,1),ldx*Idy,nz)
enddo

enddo
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/

e Poorcacheperformance

%histx -o out ./adi2
Time: 12.771 seconds
Checksum: 4.6021 112569E+07
%sort -rn out.adi2.27974
13998: *Total for thread 27974*
13292: a.out* Total*
9773: a.outz sweep_
1709: a.outy sweep_
1594: a.out:x sweep_
706: libscs. so:*Total*
706: libscs. so:drand64
164: a.outm ain
52: a.out_ init

Notes:

Operatonsare perfomedalong “pendls” in eachof the three dimensons. The PC sampling output is preseited.
This showsthat the vastmajority of time is spentin the routine zsweep However, an anaysis of the souce code
would indicatethatxsweepysweepandzsweepshoud idedly all take the sameamountof time.

ThedifferencebetweenPC sampling andsuchided time is that, by taking samplef the program counter po-
sition asthe programruns PCsamplngincludesanaccuatemeasuref thetime asseiatedwith memoryaccesses.
Ideal time simply courts the instructions that access memoryand thus musttally the sameamountof time for a
cacle hit asa cachemiss. This meansthatthe difference betweenPC samping andideal profiling resuls indicate
which routineshave cacheproblems.
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15.28 Example: ADI Code

e First, try padding
dimension  a(256,256,256) — dimension  a(257,257,256)

% histx -0 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.outysweep_
1592: a.out:xsweep_
689: libscs.so:*Total*
689: libscs.so:drand64
147: a.out:main
76: a.out:_init

Notes:

Theroutine zswee p performs calcuations alonga pencl in the z-dimersion. This is the index of the a arraythat
variesmostslowly in memory The declration for a showsthatthereare 256256 = 65536arrayelementsor 128
kB, betwea succesive elemerts in the z dimenson. Thus,eachelement alongthe pendl mapsto oneof two lines
in the primary cache(becauseof assoa@tivity), andto oneof 8 linesin thesemnday cache

In addition, every othe elementmapsto oneof 6 placesin a1.5-MB L3 cache, or oneof 12 placesina3 MB L3
cactle. Sincetheassaiativity of thecacheis limited, there will becachahrashing whichyou canfix by introducing
(internal) paddng—increasehe sizeof thearrayto (257,257,2%).

This fix providessufficient paddng with thes dimersions,array elemeits along z-percil all mapto different
secadarycachelines. Thehistx numbes abore showthatzsweemow takesjust abou 50% longer to execute as
xsweepandyzwee (compaedto afacta of 6 longerin theoriginal versim).
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15.29 Example: ADI Code(continued)

4

cache block

i 1

parameter (nx=25 6, ny=256, nz=256)
parameter (ldx=2 57, Idy= 257, Idz =256)
real* 8 a(l dx,Idy ,(dz) , temp(ldx, Idz)

doj =1 ny

call copy(a(l, j,1), ldx*d vytem pldx, nx,nz )
doi =1, nx

call zsweep(tem p(i,1 )ldx, nz)

enddo

call copy(temp ,ldx, a(1,, 1)Id x*dy, nx,nz )
enddo

subro utine  copy( from, Ifto, It,nr ,nc)
rea* 8 fro m(if,n c), to(l tnc)

doj =1 nc
doi =1, nr
to(i ) = from( i})
enddo
enddo

end
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%histx -o out ./adi?2
Time: 5.19 7 seconds
Checksum: 4.60 21112 569E+07

%sort -nr out.adi2.28372

6235:
5540:
1613:
1593:
1387:
726:
695:
694:
166:
55:

Notes:

*Tota
a.out
a.out
a.out
a.out
a.out
libsc

libsc

a.out
a.out

| for
*Tot

threa d 28372*

al*

yswe ep_
XSwe ep_
:Zswe ep_

:copy
S.50:

s.s0: drand6 4 _

‘main
._ini

*Total

t

*

Single-CPUOptimizationTechniques

Although TLB missesarenotasbig anissuwe asthey areon SGIOrigin sysems their effects mayalsobereducel. In
thecaseof zsweepwherethelarge array is being traversedn theworstpossble dimersion, this canbeaccamplished
by copying z pengls to a scrach arraythatis smallenaughto avoid TLB misses, cartying out the z sweepn the

scrath array andthen copying theresuts bad to thea array
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15.30 CacheBlocking

e Example:matrix multiply

doj =1 n
doi =1, m
do k =1, |
cij  =c(ij) + alik)*blk,))
enddo
enddo
enddo

e Performancdéona SGI Origin 2000with R1000@ 195MHzprocess):
m n I lda ldb dc 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

¢ Perfex outputfor 1000x 1000 case:

0 Cycles.....ccoovevevnnnnn, 5460189286 27.858109

23 TLB misses........cccocuu... 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 breakng up datastruduresthat are too big to fit in the cacke. The
exampleshows thatwhenthe matrices A, B, andC getbigge, the perforomanceof the matrix multiply routine drops
significantly. This prodemwith cacte missescanbefixedby blocking the matrices
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15.31 CacheBlocking (continued)

e Example:matrix multiply

C

|
D
Ve

e Block matricesinto cache-sizegieces

Notes:

Here,oneblock of C is updatd by multiplying togehera block of A anda block of B. The blocks mustbe small
enowgh thatonefrom eachmatrix canfit into the cacheat the sametime.
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15.32 Why DoesBlocking Work?

doj =1 n
doi =1 m
do k =1, |
ciy =cij) + alik™bk,)
enddo
enddo
enddo
& f—

Eachelementof C is touchedonceA is touchedn times: oncefor eachcolumnof B
B is touchedm times: oncefor eachrow of A

If the matricesare large, eachtouch cancausea readfrom main memory because
previously readdatawill have beenflushedfrom thecache.

If the matricesare blocked, and eachblock fits in the cache,the numberof main
memoryaccessess reducedfrom the numberof rows or columnsto the numberof
blocks.

Notes:

Whenwe court the numberof lineseachmatrix is touched,we seethat eachC(i, j) istouchedonce;it is readfrom
memory Thenthe dot product of therow vecta A(i,, ) with the columnvectorB(;, j) isaddedto C(i, j) , and
thereslut is storad backto memory But calaulating an entire column of C requresreadng all the rows of A, SOA
is touchedn times, oncefor eachcolumnof C, or equivalently, eachcolumn of B. Similarly, every columnvecta
B(:,j ) mustberereal for eachdotproductwith arow of A, soBistouchedmtimes.If AandB don’tfit in thecacte,
thereis likely to belittle reuse betweertouches sothes acceseswill require streamirg datain from memory

Whenthe matricesare blocked, a block of C is calcuated by taking the dot prodict of a block-row of A with
a block-column of B. The dot prodict condgsts of a seriesof submatix multiplies. If threeblocks—onefrom eadh
matrix—fit in cache simultaneowsly, the elemens of thase blocks only needto be readirg from memoryoncefor
eachsubmatrix multiply. Thus,A will now only needto betouchedoncefor eachblock-column of C, andB will only
needto betouchedoncefor eachblock-row of A. This reduicesmemorytraffic by the sizeof the blocks.
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15.33 CacheBlocking: 1000x100Matrix Multiply

For example,65 columnsfit in onesetof a1-MB cache:
¢ Blockedperformance

block
m n I lda Idb Idc order mbs nbs Ibs Seconds MFLOPS

1000 1000 1000 1000 1000 1000 ijk 65 65 65 6.837563 292.5
1000 1000 1000 1000 1000 1000 ik 130 130 130 7.144015 280.0
1000 1000 1000 1000 1000 1000 ik 195 195 195 7.323006 273.1

¢ Perfex outputfor 65x 65 blocks:

0 Cycles....ccovvvveiiieiieiiinn, 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 mIisSes......cccovvvvivriviennn, 208588 0.072463

e Loop NestOptimizer:

% f77 -n32 -mips4 -Ofast=ip27  -OPT:IEEE_arithmetic=3 matmul.f
m n I lda ldb Idc  Seconds MFLOPS

1000 1000 1000 1000 1000 1000 7.199939 277.8

Notes:

Thebigge theblocks, the greaertheredudion in memorytraffic, but they mustbeableto fit into cache simultane-
ousl. Furthemore,theblocks cannd conflict with themseles;in otherwords,differentelemens of the sameblock
canrot mapto the samecacte line. Conflictscanbereducedor eliminatedby proper paddig of theleadirg dimen
sion of the matrices carefd alignment of the matricesin memorywith respet to oneanaher, and if necesary
further limitin g of the block size(9.

Thelarger theblocks, thegreaterthenumbe of TLB entriesthatwill berequredto maptheir data.If theblocks
aretoo big, the TLB cachewill thrash. For large matrices, this meansthatthe width of a block will belimited by
thenumbe of available TLB entiies. The submatrk multiplies canbe carried out sothatthe data accessesggo down
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the columrs of two of thethreesubmaticesandacrassthe rows of only onesubmatix. Thus,the numbe of TLB
entriesonly limits thewidth of oneof the submatices.

For block sizesthat limit cacte reuse (1000x 1000), the perfoomanceof the blocked algorithm matchesthe
perfoomanceof the unblocked algoiithm on a sizethatfits entirely in the secomary cacle (200x 200).
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15.34 Loop NestOptimizations (LNO)

¢ Improvescacheandinstructionschedulingby performinghigh-level transforma-
tionson loops

o Loopinterchange
Padding
Loop fusion

Cacheblocking
Prefetching

o

o}

o

(0]

o + others

e Improvesperformancef numericalprograms

e Defaultbehaior is designedo be beneficialfor mostprograms

o Canbefine-tuned
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15.35 How to Run LNO

e Runat-0O3

e Example:Matrix multiplication with wrongindex order:

ine 3: doj =1, n

line 4: do k =1, n

line 5: doi =1, n

line 6: c( i, )= c( i, P+ a( k, )* b( k

%efc -C3 -opt_report ntmf

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 Interchange

for (i=0; i<n; i++) |
for (=0; j<n; J++) |
afilfi] = 0.0;
}

Single-CPUOptimizationTechniques

¢ Interchange&anminimize cachemisses

for (=0; j<n; jt4) |
for (i=0; i<n; i++) |
afj]ii] = 0.0
}
}

¢ LNO at-03 caninterchangdoopsautomatically
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15.37 Loop Inter change (continued)
¢ Needto considemorethancaches

for (=0; j<m; j++) |
for (=1, i<n; i++) |

afilii+ = afjf-1f

Nice cachebehaior, but thereis arecurrence

¢ Whatelsecangowrong?

for (i=0; i<n; i++) |
for (=0; j<m; j++) |
afilfi] = 0.0;

}
e Whatif n=2 andn=1007?

o Entirenestfits in cache
o Loopinterchangencrease$oop overhead

Notes:

Whenn=2 andm=100, the entire arrayfits in cache, andwith the original loop order, the codeachiewesfull cacte
reuse Intercharging the loops however, putsthe shoteri loop inside. Software pipelining thatloop incurs sub-
stantal overhead.Sothe compier hasmadethe wrongchoicein this case
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15.38 Loop Interchangeand Outer Loop Unrolling

for (j=0; j<m; j++) |
for (i=0; i<n; i++) |

alil+ = afip-15
}

¢ Unrolling j -loop mitigatesrecurrencandpreseresgoodcachebehaior

Notes:

Loop interchangeandouter loop unrdling canbe combineal to solve someperfaomanceprodemsthatneithertech
nique cansolve on its own. Interchandng the above loop improves perfoomance,but the recurenceoni limits
software pipelining perfomance.But if thej loop is unrdled after interchange, the recurencewill be mitigated,
becaisetherewill beseveralindependen streansof work thatcanbeusedto fill up theprocessors functional units.

for (=0 ; j<m; j++ {

for (= 0; i<n; i++) {
ait O+ = afji+0 ]ii-1]

ai+ 3+ = a3 Tl



Single-CPUOptimizationTechniques AAPPL-1.0-L2.4-5-SD-W 417
15.39 Example: Matrix Multiplica tion

for (i =0, I <M i+4)
for § =0; ] <N; j+4)
for (k =0; k < K; k+t)
C[i*ldc+j] -= A[*K+K]  * B[*ldb+k];

e Both A andB arraysaccesseavith unit stridein innermostoop, shouldgetgood
performance

e Compilewith -O3 -fno-alias

e Timefor 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 ( =0; j <N-3; j+= 4) {

t00 =0; t10 =0; t20 = 0; t30 = 0
t01 =0; t11 =0; t21 =0; t31 = O
102 =0; t12 = 0; t22 0; t32 =0;
t03 =0; t13 =0; t23 =0; t33 =0;
for (k =0; k < K; k++) {
t00 += AJ(i+0)*K+K] * BI[(j+0)*|db+k];
t10 += A[(i+1)*K+k] * B[(j+0)*Idb+K];
20 += AJ(i+2)*K+K] * BI[(j+0)*|db+k];
t30 += AJ(i+3)*K+K] * BI[(j+0)*|db+k];
.
C[(i+0)*dc+j+Q] = t00; C[(i+1)*dc+j+Q] = t10;
C[(i+2)*Idc+j+0Q] = t20; CJ[(i+3)*Idc+j+0] = t30;
y;

}
e Compilewith -O3 -fno-alias

e Time=4.4sec,1820MFLOPS
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15.41 Matrix Multiplicatio n: Fortran Version

doj =1 n3 4
doi =1 m3 4

t00 = 0.0
t10 = 0.0
t20 = 0.0
t30 = 0.0
do k=1, p
t00 = t00 + A(kj)) * B(k,)
t10 = t10 + A(kj+l) * B(k,)
20 = t20 + A(kj+2) * B(k,)
t30 = t30 + A(k,j+3) * B(k,)
end do
c(i,)) = c(i,)) - t00
c(i,j+1) = c(i,j+1) - t10
c(i,j+2) = ¢(i,j+2) - t20
c(i,j+3) = ¢(i,j+3) - t30
end do
end do
e CompileO3

e Time=4.0sec,2000MFLOPS
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15.42 Stretching the Pipeline

e Compilerassumedoadswill be satisfiedfrom lowestlevel cachewith minimal
lateng (e. g., 6 cyclesfor floating point)

o Achievablewith goodprefetching
o Goodprefetchingnotalwayspossible

e Canusepfmon to examinestall andlateny events
o e.g.,BE_EXE_BUBBLE.FRALL, DATA EAR_CACHE_LAT8
e Cantry stretchinghe pipelineusingundocumentedinsuppotedflag

o -mP30PT_ecg mm _fp_Id latency=  ##
o Time for previousexamplewith 20-gycle lateng is 2.56sec,3123MFLOPS

e Or usepreviously tunedcode(a generarule of thumb)

o UsingSCSLDGEMM, exampletimeis 2.2sec,3670MFLOPS
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15.43 Loop Fusion

e LNO automaticallyfusesloops

o In generalmayneedto peeliterations:

doi =1, n
a() = 0.0
enddo
doi =2 n-l
ci) =05 * (b(i+1) + b(i-1)
enddo

4 LNO doesthis automatically

a(l) = 0.0
doi =2 nl
a() =00
ci) =05 * (b(i+1) + b(i-1))
enddo
ain) = 0.0

Notes:

Thefirst andlastiterationsof thefirst loop are peeledoff sothatyou endup with two loopsthatrun over the same
iterations;thes two loops maythentrivially befused.
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15.44 Loop Fission

e Fissionrelievesregisterpressire:

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

Notes:

Single-CPUOptimizationTechniques

for (=0; j<n; j++) |
sel] = ..
for (=0; j<n; j++) |

= sefj]

Although loop fusion geneally improves cacle performance,it hasone potential drawback it makesthe body of
theloop larger. Large loop bodiesplacegreate demandon registas makingsoftwarepipelining moredifficult.
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15.45 Prefetchng

for (i=0; i<n; i++) { /* assume b is double */
a += b[i;
}
Every secondarynisswill stallthe machinecompletely
for (i=0; i<n; i++) |
prefetch  Db[i+16];
a += bfi];

Tolerateamuchof the misslateng, but doubleshe numberof loads

Notes:

The Itanium 2 processorinstruction setcontans prefeich instructions that canmove datafrom main memoryinto
cacte in adwvance of their use This movementallows someor all of the lateng/ requred to acces the datato be
hidden behird other work. Oneoptimization the LNO performsis to inset prefech instructionsinto a progam. In

the modifiedcodeabove, prefe tch is nota C statemat; it indicatesthat a prefetch instruction for the dataat the
spedfied addres is issuedat that point in the program. If b[] is a double array, the addessb[i+ 16] is onefull

cacleline (128 bytes) aheal of theaddessthatis being readin the currert iteration. With thispref etch instruction
inseted into theloop, eachcacte line is prefetchal 16 iterations before it needsto be used Now eachiteration of
the loop takes two cycles since it is load bourd, andthe prefethedinstruction andthe load of b[i ] eachtake one
cycle.

Thus, cacle lines will be prefeéched32 cyclesin adwance of the use. A cachemissto local memorytakes
appoximately 60to 100cycles,sohalf to athird of this latency will be overlgppedwith work onthe previouscache
line. As written, theabove loop isswesaprefe tch instructionfor everyload For out-df-cache datg thisis notbad,
becaiseyou still have to wait for half the lateng of the cachemiss.But if this sameoop wererun onin-cachedata,
the perfomancewould be half of whatit couldbe.
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15.46 Prefetchng (continued)

for (i=0; i<n; i++) |
if (i % 16) == 0) prefetch  Db[i+16];
a += b[i;
}
Conditionalis worsethanextra prefetches
for (i=0; i<n; i+=4) {
prefetch  Db[i+32];

a += b[i+0];
a += b[i+1];
a += b[i+2];
a += Db[i+3];
}
Improvement:

e Prefetcheswo cachdinesahead
e Fewerredundanprefetches
But notidealunlessunrolledby 16

Notes:

With the unrolled loop, you reduce the numberof prefethesby a factor of four. In fact, unrolling the loop by 16
eliminatesall redurdantprefeaches LNO autamatically insets prefetchal instructionsandusesunrdling to limit the
numberof redundart prefach instructions it geneates.Generaly, LNO will notunroll theloop enaughto eliminate
the redundandes compktely since the extra unrdling, look too muchloop fusion, can have a negative affect on
software pipelining. So,in prefetchirg, asin all its othe optimizations, the LNO triesto achieve a delicatebalance.

Insteadof prefechingjustonecacteline, LNO prefetcheswo or morelinesaheadsothatmost,if notall, of the
memorylateng is overlaged.
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15.47 PseudoPrefeching

e Prefetchingrom secondarynto primarycache

for (i=0; i<n; i+=4] ¢ for (i=0; i<n; i+=4) {
a t = b[i+3];
a a += b[i+0];
a —_— a += b[i+1];
a a += b[i+Z];
I a += t;

¢ No instructionoverheadputincreasedegisterpressire
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15.48 PrefetchExample 1. 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(L,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)
IFIW.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 ifthen  for WSPcomputation

ENDIF
WS2(IP)= WSP* DBLE(D(IP))

33 CONTINUE

e Compiledwith -03, timeis 9.25seconds
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15.49 PrefetchExample 1 (continued)

e Splitinto two loops

IF(LARBE) THEN
DO 33 IP= 1, NCELL
IE= LQG6,P);  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 WSP computation
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)

IFIE.GT0 .AND. IELT.IP)  WSP=WSP+DBLE(AC(6,IP))*WS(IE)
WS2(IP)=WSP*DBLE(D(IP))

34 CONTINUE
ENDIF

e Compiledwith -O3, timeis 7.85seconds

427
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15.50 PrefetchExample 1 (continued)

e Add aprefetch

directve

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)
1IS=LQ(3,IP); IT=LQ(2,IP); IB=LQ(1,IP)
WSP=WS(IP)
IF(B.GT.0 .AND. IB.LT.IP)  WSP=WSP+DBLE(AC(L,IP))
IF(IT.GT.0  .AND. IT.LT.IP)  WSP=WSP+DBLE(AC(2,IP))
IF(IS.GT.0  .AND. IS.LT.IP)  WSP=WSP+DBLE(AC(3,IP))
IFUN.GT.0  .AND. IN.LT.IP)  WSP=WSP+DBLE(AC(4,IP))
IF(IW.GT.0  .AND. IW.LT.IP)  WSP=WSP+DBLE(AC(5,IP))
IF(IE.GT.0  .AND. IE.LT.IP)  WSP=WSP+DBLE(AC(6,IP))
WS2(IP)=WSP*DBLE(D(IP))

33 CONTINUE

e Compiledwith -O3, timeis still 7.85seconds

Single-CPUOptimizationTechniques
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15.51 PrefetchExample 1 (conduded)

e Insertexplicit prefetch  calls

DO 33 IP= 1, NCELL! NCELL = 156000 -> 105 MB
call Ifetch_nta(LQ(1,IP+14))

call Ifetch_nta(AC(1,IP+14))

IE=LQ(6,IP); IW=LQ(5,IP);  IN=LQ(4,IP)

1IS=LQ(3,IP); IT=LQ(2,IP); IB=LQ(1,IP)
WSP=WS(IP)

IF(B.GT.0 .AND. IB.LT.IP)  WSP=WSP+DBLE(AC(L,IP))*WS(IB)
IF(T.GT.0  .AND. ITLT.IP)  WSP=WSP+DBLE(AC(2,IP)*WS(IT)
IFISGT.0  .AND. ISLT.IP)  WSP=WSP+DBLE(AC(3,IP))*WS(IS)
IFON.GT.0  .AND. IN.LT.IP)  WSP=WSP+DBLE(AC(4,IP))*WS(IN)
IF(W.GT.0 .AND. IW.LT.IP)  WSP=WSP+DBLE(AC(5,IP))*WS(IW)
IF(EGT.0  .AND. IELT.IP)  WSP=WSP+DBLE(AC(6,IP))*WS(IE)

WS2(IP)=WSP*DBLE(D(IP))
33 CONTINUE

e Compiledwith -O3, timeis now 4.55seconds
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15.52 PrefetchExample 2: Radix-3 FFT kernel

do 101 k =1, 11

tr2 = cc(1,2,k) + cc(1,3,k)

cr2 = cc(1,1,k) + taur * tr2 I 5 loads
ch(1,k,1) = cc(1,1,k) + tr2 I 6 stores
ti2 = cc(2,2,k) + cc(2,3,k) I 12 fp inst
Ci2 = cc(2,1,k) + taur * ti2

ch(2,k,1) = cc(2,1,k) + ti2

crd = taui  * (cc(1,2,k) - ¢c(1,3,k)

ci3 = taui  * (cc(2,2,K) - ¢c(2,3,k)

ch(1,k,2) = cr2 - ci3

ch(1,k,3) = cr2 + ci3

ch(2kz2) =ci2 + cr3

ch(2k3) =ci2 - cr3
101 continue

e Compiledwith -O3, it runsin 13 cycles/iteration
e Addingcdir$ noprefetch , thelooprunsin 10 cycles/iteration

e Compilingwith -O3 -mP30OPT_ecg_mm_fp_Id latency=13  andno directive, the
loop alsorunsin 10 cycles/iteration

e Compilingwith boththedirective andtheoptions thelooprunsin 7 cycles/iteration
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15.53 What Can You Do?

¢ Avoid equvalences

e Avoidgoto 's

e Keepcommonsonsistent

e Do nothandunroll
o Unlessyou do notwantthe compilerto unroll
e Do notviolatethe Fortranstandard

o For example,don’t do out-of-bourdsindexing
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15.54 Intel Compiler Summary

Intel ecc /efc compilersareEPIC-andItanium®) 2 proceser-aware:

e Just-in- time scheduling

Goodloop unrolling andpipelining

Implicit andexplicit prefetching

Efficient useof predication

Hardwareinstructionintrinsics

Few tuningknobs

SGlis workingwith Intel to improve quality andperformance
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Lab: CPU Tuning ( Fortran and C)

e Usethelipfpm , pfmon, histx andprofile.pl utilities (variousoptions)to time
thecode:Altix/Single_CPU _tuning/labs/[f|cts/matmult.[fc]

o Recordthetime andthe outputfrom the verify routine.

e Usetheoptimizationtechnique$rom this moduleto improve theruntime.

This mighttake alittle time becausgouwill betrying avariety of techniquesGo
throughthe notesandtry differentmethodssomeof which aresuggestedelow:

o Try changingheorderof theloops.

o Try unrolling theinnerloop.

o Try unrolling anouterloop.

o Try usingalibrary routine(man intro_scsl ).

o Use compileroptionsto automaticallyperformsomeof the above optimiza-
tions.
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Module 16
SGI Altix Systemd/O Usageand Performance

16.1 Module Objectives

After completingthis module,youwill beableto

e FindI/O bottlenecks

e Tunel/O bottlenecks
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16.2 1/O Terminology

e Buffer

o Hold datatemporarilyto deliver atratedifferentfrom recevedrate
o Managedoy theapplicationor I/O libraries

e Cache

o Faststorageareawith maximumbandwidthto the program
o Usedfor reuseof dataandinstructions

¢ Typesof cacheonanSGI Altix system

o Hardware

x Primary(L1)

* Directorymemoryfor CC-NUMA
x SecondaryL2)

x Tertiary (L3)

x Disk

o Software

x Kernelfilesystembuffer cache
«x CacheFS
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16.3 Disk Characteristics

e Disk controllerinterface
¢ Rotationalspeedn rpm
e Sectortrack,cylindergeometry

¢ Disk storagecapacity

o Seektime
e Lateny
e Crossver
e Bandwidth
Partition
Track ' Disk Platter

Cylinder e
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16.4 Finding I/O-Intensive Code

e time (shellbuiltin), /usr/bin/time shawv

o real timeis muchgreaterthanuser +sys time
o sys time maybefairly large

¢ Profiling shaws

o PC samplingand usertime callstackprofiling may shav time spentin 1/O
routines

o Warning:Much of I/O time is spentsleepingsoit will notshav upin profiles
e gtop/sar shaws

o CPUwaitingon /O, andCPU spendingime in sydemcalls

o Terminall/O may be shavn astime spentin graphics,if I/O is in a graphics
window

o Watchfor buffer reads/writes
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16.5 Speaal Profiling Consideations

e Mostof thetime spentin 1/0O is not CPUtime

¢ Writesto I/O arenot completelysynchronasby default

Processleeponly while transferis beingsetup, thencontinues

You canseebuffer actvity usingsar

Explicit synchronas1/O (file openedwvith O_SYNG

Processleepauntil I/O is complete

e YoucanseeCPUwait onl/O usingsar

¢ You canseebuffer actvity usingsar

e Somewritesto I/O arecompletelyasynchronas

e Processeversleeps
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16.6 1/O Tuning Techriques

e Usefastl/O calls
e Do I/O in page-size@hunks

¢ Align dataon pageboundaries

SGIAltix Systemd/O UsageandPerfromance
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16.7 Multipr ocessorl/O

e Onefile

e All procesersopen,readandwrite

Globalfile positionchangesnon-deterministi¢or sequentiateadsandwrites

UseDirect AccessFiles

Recordnumberbasedbn PEnumber

Recordsizemustbe multiple of physicaldatablock
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16.8 UseFastl/O Calls

e Unformatted/O is mary timesfasterthanformattedi/O

e Systemcalls for 1/0O are more efficient than languagecalls for large contiguous
chunksof data

e Useread() andwrite() ratherthanfread() andfwrite() for datachunks8 kB
or bigger
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16.9 PageAlignment

¢ Filesystems automaticallypagealigned
¢ Align arraymemoryto pagesf copying datato disk

e Usegetpagesize()  to find propersizefor alignment
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16.10 SystemLevell/O Tedniques

| 110 Type | Description | Purpose

UNIX read /write NormalUNIX I/O methods Thisis the standaird way thatprocesses
obtain datafrom the filesystam
Memory mappediles | Map contentsof file diredly into | Bypasread( ) operdionsandaccess

processaddressspa@ memory disk files asthoughit wasregular
Asynchronouws Allow processto continuewithout | Keepl/O operatonsfrom delaying process
(POSIX1003.4) waiting for operdionsto complete| execttion
Direct Coypy datadirectly from process | Avoid delayof copying datato kernel and

spaeto disk having the buffer flushedto disk at alatertime
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Lab: 1/O Tuning

Objective

Compardifferentmethodof I/O transfer
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Module 17

Thinking Parallel

17.1 Module Objectives

By the endof this module,you shoud beableto

¢ Understandheeffectsof parallelizationon functionalityandperformancef appli-
cations

e Choo® suitableparallelizaton approacheso a problem

447
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17.2 Thinking Parallel

e Placemenof data

e Choiceof algorithm
e Numberof processrs
e Sizeof data

e Coordinationof process®
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17.3 Timeto Solution

TsorLuTion = TcompuTE+ TcoMMUNICATION

Tcompute= Tops+ TpaTaACCESS

TcommunicaTioNn = TwoRkDISTRIBUTION + TDATADISTRIBUTION + TsyNC
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17.4 Compute Time

Tcompute = Tops+ TbATAACCESS

Tops= TseriaL + TparaLLEL /P

Topsdecreaseasthe numberof procesersP increasegwith limit TsgriaL)
TpaTaAccesscanvary greatlydependingn placementf data
Onthe SGI Altix systemslatamayresidein

e Rajisters

e PrimaryD-cache
e Secondarygache
e Tertiarycache

e LocalDRAM

e RemoteDRAM

Toataaccess= TLocaL /P + TrRemore

If datais local, dataaccesdime decreaseasP increases.
If datais remote accesaddsanew termto TcompuTE
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17.5 Parallel Overhead

TcommunicaTioN = TWORKDISTRBUTION + TDATADISTRIBUTION + TsYNC

Dependon speedf supportinghardware

May beexplicit or implicit dependingon programmingmodel

May increasewith the numberof processorsP

TWORKDISTRIBUTION

o Coarsdlistribution

x Lessoverhead
x Potentiallylessparallelbenefit

o Fine-graindistribution
x Higheroverhead
x Higherparallelpotential

® TDATADISTRIBUTION

o May 0V€I‘|apTCO|\/|pUTE

o Costof redistrilution couldbe offsetby areducedlpataAccESs
e Tsync

o Processorgoidle
o Requiredor correctanswers
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17.6 Limitson Parallel Processg Performance

e Summarizedn Amdahl’'s Law:

1
;
1-f)+¢

e S Maximum,theoreticaljdealwall-clock speedumn P procesers

o fy: fractionof thesingle-procesorrunningtime thatis parallelizable
e (1 fp): fractionof thesingle-pr@essorunningtime thatis serial

e P: Numberof processm
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17.7 Limitson Parallel Processhg Performance(continued)
fAP 2 4 8 32 64 | 256 | 512 (1024
0.700 1.54| 2.11| 258 3.17| 3.22| 3.30| 3.32| 3.36
0.800 1.67| 2.50| 3.33| 4.44| 4.71| 4.92| 4.96| 4.99
0.850 1.74| 2.76| 3.90| 5.66| 6.12| 6.52| 6.59| 6.63
0.900 1.82| 3.08| 4.71| 7.81| 8.77| 9.66| 9.83| 9.91
0.950 1.91| 3.48| 5.93| 12.55| 15.42| 18.62| 19.28| 19.63
0.970 1.94| 3.67| 6.61| 16.58| 22.15| 29.60| 31.35| 32.31
0.990 1.98| 3.88| 7.48| 24.43| 39.26| 72.11| 83.80| 91.18
0.999 2.0 3.99| 7.94| 31.04| 60.21|203.98|338.85|506.18
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17.8 Effective Parallel Programs

lHMm—Se =P
e m: Problemsize
e (1— p): Serialfractionin acode
e P: Numberof processm

¢ This meansyou “reduce” the serialfraction asyou increasehe problemsize (for
example,moregrid points)

e Obsenation: Thisseemdo bevalid for alarge numberof importantproblems
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17.9 Parallel Algorit hms

You may be ableto getanincreasen the parallel fraction of the codeby choosinga
parallel,or amorehighly scalableparallelalgorithm.

e Algorithm selectiorcriteria:

o Numberof calculationgequired
o Memoryrequired
o Easeof undersanding/coding/maintaining

e Additional criteria:

o Percentagef parallelcalculations
o Communicationsequired
o Scalabilty Granularity
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17.10 Choosingan Algorith m

Considetthis straightforvard methodof finding the maximumvaluein anarrayof num-
bers:

IMAX =1

IF (A().GT.  MAX) THEN

e Thenumberof comparisongrovs with N (O(N))
e Memoryrequiredgrows with N (O(N))

e Eachiterationof theloop requiresheresultsof the previouspass
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17.11 Choosingan Algorith m (continued)

Consideraslightly morecomplex algorithm:

ABCDEFGHI JKLMNOP

e e — e—T e Y m— m— — e — T e e e T e i f s

——— e — - — S — . —— . — — — — — ] — — — — — — — — — — — —

e Numberof calculationds P O(N/P)

e Sizeof memoryis O(N)

At ary stageof this algorithm,blocksof N/P calculationsareindependenandcanbe
donein parallel
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17.12 Choosingan Algorith m (continued)

Becauseof the natureof this problem,you could run the first (simpler) algorithmin

eachprocessr on a portion of the dataset,creatingP (numberof procesers) potential
maximums.

¢ Usingthefirst algorithmto thenfind thetruemaximumacrossall proceserswould
require:

o O(N/P) 4 O(P) calculationsn O(N/P) + O(P) time
o O(P) messagsin O(P) time

¢ Usingthesecondalgorithmwould require:

o O(N/P) + O(P) calculationdn O(N/P) 4+ O(log, P) time
o O(P) messagsin O(log, P) time
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17.13 Data Scoping

Torunthei loopin parallel,whicharraysshouldbescopedssharedwhichonesshould
beprivate?

doi =1, n
doj =1, m
X0 =AG@) * B+l
enddo
doj =1, mm
C@n =X0G +cCcGy +
enddo
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17.14 Calculations VersusCommunications

In the codesegmentbelaw, shouldyou declareX, Y, andZ asprivateor shared?

= sin (alpha)* 2

Y = cos (alpha)** 2
= tan (alpha)* 2

doi =1,n

) =B

' D ()

F ()

I
* ok F
N < X
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17.15 Dependacy Analysis

To runthek loopin parallel,which arraysshouldbe shared?

do k =1, kmax

doj =1, jmax

X @Gk =Xk +H()
enddo
doj =1, jmax

H(@{G =H({ + 10
enddo

enddo
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17.16 Global Updates

Whatis the bestway to obtainthe globalsum?

Thinking Parallel
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17.17 Finding Parallelism

Whichloop(9 shouldberunin parallel?

do k = ks , ke
doj =js , je
doi =is , ie
A (i,),k) = A(i,j+jd,k+kd)+
enddo
enddo
enddo
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17.18 Selectirg aLoop

PE3
PE2 \ A
PE /
PEQ v
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17.19 Choosinga Different Loop

FEZ

PE1
PEC

FE4

v

_‘__-

= sl

PED——]

PE1 -
PEZ"]
PEZ
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17.20 Reordeing Loops

PES

PEE\P\

PE1
FEO

PEO -
PE1 -

PEZ]

PEZ™]
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17.21 Parallelization Approaches

e Defineyour performarmegoals

Identify parallelregions

Scopedata

Distribute dataeffectively

Balancetheload

e Gettherightanswers
e Synchronizeprocesses
e Controlcritical updates

Minimize overhead

Hot spots
Communications
ReTHINK the problem
e Think BIG

e Think

ko)
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