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WSO umization?

5 Flnlelirlefiple e pot; & bottlenecks
(promning) 4

- CodENnitie program that uses a

4/SPIOPOIG a‘ﬁﬂbu nt of time

Code In the program that uses system
rESOUNCES; /nefficiently

Reducing wall clock time

Reducing resource requirements



Tyoas of Osjeing]

rlzirlel=etnlinle
OCESSON
COMPIEN |
J I) ] [ ’
Palallelization

ation



ICPSIEIROPLUMIZation
OPUMIZEICOMPIIEN 3\/\/1 es
Integratelibraries

PHOMIE

C r"r]m]ze vlocks off code that dominate
EXECULION! tIME

AIways examine correctness at every
stage!



PEISORMENCE Strategies

. . i
AlWaysiuse oplinial or near optimal
dlgoritims,

- Berearertl off resource requirements and
r)rOJIem SIZES.

- Maintain rec |st|c and' consistent input
data sets/sizes during optimization.

Know when to stop.




eNc0/Z20 Rule

BEreEram spendsis % time in 20 % of
tSfcoue »

" Progremmer spends 20 % effort to get
QQ Yo O the r [dl SE edup possible N

- the code.

L4
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R OWRIIEINIS Up?

ol - ol :
BEelilingreEvealsipercentages of time
SpentiERPUrand I/O bound functions.
e

~ Coelation with representative low-
SVEl, KEFIEI nd%plication
-~ benchmarks.

Literature search.

Peak speed of CPU means little in
relation to most codes.

Example: ISIS solver package




aII Stuff

(Hennessy)

A 20% decrease of procedure3 () results in
10% increase in performance.

A 20% decrease of main () results in 2.6%
iIncrease in performance



L orurlerrmr S when

CP Res,ﬂhr‘ée requirements
Amdahl’s Law

Communication pattern, load balance
and granularity
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Orliginl 2000 2\

hitecture

Instruction; 32K data caches (32/64
Byte line)

Each R10000 has a 4MB off-chip unified
cache (128 Byte line)

64(58) entry TLB (each holds 2 pages)
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OigEiRZOLOMATChitecture

o

AEnode s connected with a

24MBYsee Craylink

SharedNmemoery support in hardware

Variable'page size, migration (dplace)

* Provides explicit (programmer) or
implicit (compiler) parallelism

Communication with MPI or shared-
memory.
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RAVOOFATChItecture

SNRCEPENdEnt, PipEl ed execution

IS > &

i nenEklecking load/store unit

2 asymmetric integer units (both add,
- Sub, 10g)

2 asymmetn! floating point units (390

MFlops)

Conditional load/store instructions



RAVOOFATChItecture

2
uper Galar withi'5 pipelines

dCHNPIPENRE has 7 st@\es

D\/J']le'J'JlC, put-of-order, speculative
EXECUtion

* 32 logical sters
512 Entry Branch history table
Hardware performance counters



n,, ture

err ories with block

- Address indicates
Page number
Cache line
Byte offset



HENI X IS

accessec
accessed again soon.

it is likely that X will be



sfego Cime aincd girint
enddo
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Caache Par o & of e at CENES-NERC
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eacheviappin
ZEENYIE | d

SIWONNIE]OIFLYPES O Mapping
-~ Direct Mapped". |
|C 'J MEMONY address resides in only one
dCHENINE 0‘5 iant hit time)
- N-way Set Associative

Each m@!y address resides in one of N
cache lines. (variable hit time)

Origin is 2-way set associative, 2-way interleaved



ZWeVASEIWASSOCIative Cache

GISUIGLIIIES = 5ize)/inelsize = associativity

Line0 Linel Line2

ClassO ClassO Class0 . ‘

" Line0 Linel ine ‘
sl Classl Cle

-
Every datum can live in any class

but in only 1 line (computed from its address)
Which class? Least Recently Used
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Whabista _, 1.B?

SEUIVASSSOCIaUVE cache of virtual to
physicalfaearess mappings. Used if data
NOLIIINGEACHE.

Numbemistiimited on R10K, by default:
16KB/pg * 2pgs/TLB * 58 TLBs = 2MB
I

Processing with more than 2MB of data
results in TLB misses.



OZSIVEmer Hierarchy

N VA
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Orlcjin 2000 r\,,:\ Times

S: /-13 cycles
'a_c <] 1\4 ss: ~60-200 cycles
ss: > 60 cycles
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PEgeRNance Metrics

- .
_SWall Clock time = lime from start to

%

NISHRGIRGUI Progre
MER@PES - Millions of floating point
- Operations per: second

- MIPS - Milliens of instructions per
second

¥
Possibly ignore set-up cost
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Wigai=aweutIVELOPS?

MRG0 MEaSUNES|Off COor parison because
S heyanerdependent onithe definition,
Rstiction setiand the compiler

OK meEasies ofi numericall kerne/
- performance: for a single CPU
~

EXECUTION TIME



~ (a2 ~r o I
Wi EERVENISET O evaluation

— ~ e N _.
SEOIRPUIPOSESIBIFOPLIMIZation, We are

ALErEStesNmE

- Exeelition time of our code over a range of
data SELS

VIFLOPS ofi our kernel code vs. peak in
order te de 1ggmine EFFICIENCY

Hardware resources dominating our
execution time

&
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..Unless you are completely aware of all
the issues in performance analysis
including architecture, instruction sets,
compiler technology etc...
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4
=allaCIes

S MIPS 5 an accurate)measure for comparing
PEITONIance amorng onz.puters.

~ MFLOPS5 a consistent and useful measure
Jf 1 ,/e,rumjin CE

Syntheticibenchmarks predict performance
Or real programs.

Peak performance tracks observed
performance.

(Hennessey and Patterson)



SIS for #eriogmt ice Analysis

SOURevaltiauepwill L)A ased upon:
—Perfermance of a singlelmachine on a
-~ SingieN(eplimeal) algorithm using
- EXecutien ti

- Optimizations are portable

¥




ASVINPLOUE A i WS

AEERmMIASFEGUIES (N log N) time on

O(N"pHOGESSers)

_ihisNgEoernes constants and lower order
LEFMS!

10N> N log N for N < 1024

10NN < 1000N fog N.for N < 996



AnEanl’s Law

ofmMancE Improvement Is
yatie firaction of time the faster

ArPE USsed.

Speedup) = P orfe enhanced./ Perf. standard
peeaup e seqguential / Time parallel
lime parallel = Tser + Tpar
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AnEanl’s Law

fulWhentusing speedup as a
ia@gally, use it enly: when the
nedified. Be sure to completely
e al/_ and doctiment your
- ENVIFoRmMEen
Problem: This ignores the overhead of
parallel reformulation.



AnEanl’s Law

SReBIEMP Thisiignores ;:aling of the
problEmisizeiwith number of nodes.

 OkeWisatabout Scaled Speedup?

- Resu Hitspwilllvary given the nature of the

\ dlgoritnm

Reqguires O() analysis of communication
and run-time operations.



= = [efle se.f//fn! /(P * Time parallel)
G = PXE

SeqUentaI me is not a good reference
point. For Origin, 4 is good.



Herr« dlNCE

d MKz and| bus width)
o opergﬁir (%rtup +

- Numbereirunctional units on chip

- Access to €Cache, RAM and storage
(local & distributed)




ISSEESHRIPEOrmance

SaEE Uulization -
REJISLEN; ~1llocslrﬁil ‘
[OePMIEstioptimization
Instruction scheduling and pipelining
Compiler 1 yno/ogy

Programming Model (Shared Memory,
Message Passing)




PIePIENISIZEYanad Precision

SINEGESSILY

_ Densitytand! Locality

MemeRy, Communication and Disk I/O
Numerical representation

 INTEGER, REAL, REAL*8, REAL*16



Pelralll 2] Performar e Issues

NS1G/EN0GE PE oA, ce

L CompIier Paralleliza lom
 I/@randiCommunication

- Mapp NGEErobIeM - Lead Balancing

" Message n?ng or Data Parallel
Optimizatio



Uriclersie) nrlmg ompilers

= \j\/r]\/,) |

—Compilessiemphasize c&fectness rather
UNERNPEROIMance

-~ Onrwellsecognized constructs, compilers
wWillF ustially.do better than the developer
The idea? Toexpress an algorithm clearly

to the compiler allows the most
optimization.




Corrloller ik SCN ology

IdERNN, COmpIIEs Jno' C do most of the
WO »

RaKEINAIaPPENS 1N practice for real

| .lr)r)]leJFlOr]”

" Here we vw | cover some of the options
for the MIPSpro 7.x compiler suite
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RECOMIMEnRded Flags

. e
-n32 —miggd fast=iy RN OECEICIENEE 7z 2=40906

NEER arithmetic=3
~ Use at link }md compile
We donitineed more than 2GB of data
U onrthe @iest level of
optimization for the Origin
Tell compiler we have 4MB of L2 cache

Favor speed over precise humerical
rounding

L]
!



AGElicGYACOTISIderations

IAneVinaiervard
—02 —~LPA —SifIH=0)\

= [N (@RI TN Y 2 ‘—O—

— O Pt St TS 1 S5



will

SOIMPIERTIags

-y

- Mam\/ eplimizatiens can be controlled

r)rJrrlrel\/ fifom -Ofast

Fu ser ctively disable
imiizat - than reduce the

levello global optimization

-OPT:IEEE_arithmetic=n controls
rounding and overflow

-OPT:roundoff=n controls roundoff



|
REUREGHTEXample
HEEWREPeIREartAMELIC IS Not

asseeatveEs VWhICh order Is correct?
ihiRkeeboeut the fiollowing example:

&~

suml = 0.0
sum2 = 0.0
Giemsa 1, n-1, 2
enddo suml = suml + a (i)
sumZ2 = sum?Z2 + a(i+1)
enddo

sum —memml - sum’



EXCEPUONS
M\ imerical’ computations resulting in
IRndeRedeEsults
EXGEPWBNIIS generated by the processor
(WILIICORLIIC
" Handled!in sofitware by the Operating
System.
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SEILIONTPIC |I|ng

J'..‘
(
b

Here are few :\,(C:m , eénable a
el of EXCEP |df§handlmg at

omr)jle Jewr PRI (0 — 5
- Defaultsiare 1 at —00 through -02, 2

- at —03 and higher
Flse if there are exceptions, link with

]
S
IS)

-1 Ifpe
Slsiecicyy TRAP BRE NN DEREE=Z N
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AlIaSINgG:

IEICOmMPIIERREEdS | toassume that any
Z [POIRLERSIEAN POI

t to/the same region
O MEMOR

- opportunities

=0) 2 5T impﬁ'es —-OPT:alias=typed

Only pointers off the same type can
point to the same region of memory.



.
AWVaReEd Aliasing

- _— il
OEIEMINES kneWsimuch more about

POIMLEIRUSEFE than compiler.

- ORuEEibas=restrict - all pointer
variablesiare a_gMed to point to non-
OVerlapping regions of memory.
—OPT:alias=disjoint - all pointer
expressions are assumed to point to
non-overlapping regions of memory.
Very important for C programs.

Q)
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AWVaREEEtAllasing

_WVesttadvancediionmiis the ivdep
COmplerairective.

- Used'eniinnerloops with software
pipeling™

~ Can move a loop to be completely
load/store bound.

Please refer to the Origin 2000
Optimization and Tuning Guide.
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SEIWEEIPElining

-
Nimpertant conthbution of —03
L DImerent ]teratiai'ﬁ ofi aoop are
QVERIEPPET IRFtime In an attempt to
 keep allfthe functional units busy.
- Datajneeds;to be in cache for this to
work well.

f
Can be enabled with —swp: =0N



IgperproEEdtiial Analysis
3l

WiERNaNalySISHS confined to a single
PrOcEUliE tne optimizer is forced to
MaKERNVOLSt case assumptions about the
ossibieeffects of subroutines.
IPA"analyzes the entire program at once
and feeds that information into the
other phases.



IFANESUrES
inlining acrossisource files
COMMOINIOCK ‘r}sjc-"c |
CORSLEREPrOPagation
Dead function/Variable elimination
Library reference optimizations
Enabled with —-TPA
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Inl]m]nj.!.

BREpIaCES! alslbho jl‘jr]" call with the

¥

URNCHORINLSEIN.
- Usgiitiitim loops that have a large
Iterationteelnt and' fiunctions that don't
- do'a lot of work.
Allows other optimizations.

Most compilers will do inlining but the
decision process is conservative.
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Manpualisiniining

— TN <filename>

EEIESic=<namne >  ame’, names. . |
—INLINE:all

~ Exposesinternals ofi the call to the
- optimizer

Eliminates overhead of the call
Expands code



MOEPINESHOPtImIzer

NOpLimizes! the Use; of the memory
nejmrm\/ »

\Workston relatively small sections of

FQdA

Enabled with -.x0

Visualize the!ransformations with
i L, TST+=0n

—CLIST:=0on



B Eojejo) fLis[e)n] -
" 00p Imroll_lit

Loop fission
Prefetching
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OPLIRIZEdVATItIMEtIC Libraries

y el
o

AV TES:
— SUbrEULIRES are guick to code and
UREEStand.,
~ ROULIRESHPIC ﬂ e ortability.
~ Routines perform well.
Comprehensive set of routines.
Disadvantages
Can lead to vertical code structure
May mask memory performance problems



NUmercaltLinraries

NPIastin

~LinkeWithii= 10000 and -1 fastm
~ lHRKSEIerE —1T'm
CHALICENGEcomplib and SCSL
aguentialland parallel versions

FFTs, nchtions, BLAS, LINPACK,
EISPACK, LAPACK and sparse solvers

\
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FAPACK.

NS/ MOULNES OI\/I g

Sy SLEMS|C f51 aneous linear equations
aa Q]gen\ejllw preblems

flelif )¢ feleio)] izat jons (LU, Cholesky, OR,
SVD, Sehur, generalized Schur)

Related computations such as reordering
and conditioning.

Built on the level 1, 2 3 BLAS Single,
Double, Complex, Double Complex
http://www.netlib.org/lapack/index.html
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SGEALLAPAC

_BParallelized [LAPACK routines

APErlSEea wgh endor libraries
- Avallaplenn
}hom ﬁusan/ECKERT/lib



PETISC

sEnEalized sparse solver package for
SOIUUORMEIEPIDES,

MultiplE precenditioners and explicit and
MPlCICIMELNOAS:

- Available in

usﬂ/ECKERT/petsc—Z L0, 21
http://www.mcs.anl.gov/petsc

/home /arm



_Nmers

S HarawareNeounters

 PrOMIERS




ExeeralINmers

fie) <Commanc> tmns 3 kinds.
REaIFUIRES I ]m@jﬁr s@t to finish
-~ UserEPU time spent executing your code
. SYStEMmCF time pent executing system
\ alist

Use timex on the SGI.

Warning! The definition of CPU time is
different on different machines.

~



SE mr)le OULPUEOf Sers:

2 : 5 6 7
RSORS00 O I6RG6 . 4 15+3981k 24+10io0 Opf+0w

1) User (ksh)
2) System (ksh)

waiting.
5) 15K shared, 3981K unshared
6) 24 input, 10 output operations
7) No page faults, no swaps.
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lritarr rnr 1ers

SeloE e a0, part of the C
IbfarnyioBLains st onds and
MIcresEcends since Jan 1, 1970.
‘Resolution'is hardware dependent, few
. micreseconds for SP2, T3E and SGISs.

Latency IS not the same as resolution.

Many calls to this function will affect your
wall clock time.

B =TT



IT (ierr);
stasic = MPISEITME, ()

call MPI FINALIZE (ierr)



Sardware Performance
SOLUMULErS

stiers that do the counting
(30 distinct, 14

0S aceclmt tes%funts into 64-bit

- dua titi%*
Both user and kernel modes can be
measured

Explicit counting or overflows



SOME R ardware Counter
EVETLS

SYLIES, INStrUCtions,
Eoj r]rIJ, SUONES, Misses
EXCEPUBNS), Mispredictions
ONErEncy”
Issued/Graduated
Conditionals




paldWale Perfiermance
COURLEF"ACCess

Wi h raw counter API

%

application level with per fex
At the fitnctions level with SpeedShop

- and prof
List all the e\fénts wWith perfex -h




AR SiskElz C SCO UM e S



stics about the

|
ommand line:
ptions] command [args]

At compile time, perfex library calls can
start or stop!ollection.

Link with —1perfex

man llibperfex



EEEXAEALUrES
- Expl]r"]t counts) (P and Total)
15 —e 21

R l\/lultiplex QVEIFall counts

exe>

RS < Chre >

Q)=
Ana VtiC oUl &t (for all)
elshaitcrc —a —yaadepe >

Exceptions (for Cycles & L1DC misses)

perfex —e 1 =e 25 —X <exe>



SPEEESHOL

HEOUEEXACHYAWRESRE program IS
SPENGIRNENES tIMme

~ PIOGEECURES

- lines ’

5es| 3 methods
Sampli
Counting
Tracing



SPPEEUSHIOPNEDN; onents

m party
S performs experiments and collect
Ce]

|Susiage Feports machine resources

. prof processes the data and prepares
report
SpeedShop allows caliper points

See man pages




S OULpPUENS I)Irj Ced In
elo)rrirn el rlol o]




BEESGEIPON srun Option

Pe
time (30ms)

intervalkimers

Sriscriieelons

—pcsamp (10ms)
=g i ke
-cy hwc
—ic hwc
gL SCAwWC
—dc_ hwc
—dsc_hwc
-tlb hwc

any hardware ~gfp hwc
counter “DCREW C

FP instructions
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C
SPEECSIION S ampling

AINPIOCEMURES caITé_cI by the code, many
WIlIFWENGIEIFN to the programmer.
WStIES are) created by sampling and
INENIIBOKING Up) PC and correlating

It withi the address and symbol table
iInformation.

Phase problems may cause erroneous
results and reporting.

- WSk
)




SIPEEESHION Ce nting

dupon basic blo k proflllng
IOEKEIS) al SEC |0|bf code with one
2@ ONE EXIL

aple IS instrumented with pixie

) QU
(D

UL Lames
8 =
(1
=
N

PN
(1>
(@

L
€ ddC

f‘ counter to every basic



dINEXPERMent

culatesiideal time:
~ NENeaEE/ I LB MISSES
- MINImRg s'%jﬂ jor all operations
- Exact operation count with -op
floating poiﬁ operations (MADD is 2)
iInteger operations
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PESEIPNEXPERMENnt Example

- - — L 113

S—-interval Countsize
10.0ms 2 (bytes)
( 0.08% of 12.7000s)

Cime (5 M €1 procedure (dso:file)
] main (nnO0:nn0.c)
_doprnt
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3 03 12 main
0.0[s 0.03 1 _gettimeofday
0.03 0.00 1

_BSD getime



aoK= dEEsNit give infic r?l!ﬁation about

Galll he]rarc'rb ‘
SemeENtncLion may be used everywhere

DUt IS Onlyfa problem in one specific

Instance.

oo f —prgf can be used only with

Ideal and Usertime experiments




SPIoepIpiormation

e ditiontte; thie infermation from prof
— Contrbtiens fiom descendants

- DistigBlition relative to callers

01 et gprof like information use

prof —gprof <output file>



]

EXeEpuenTProfiling

default the R10000! causes hardware
psienNieating point exceptions and
NENNEINOKES thEem!in software
nisicaniesult in lots of overhead.

- Use ssrun —fpe <exe> to generate a
trace of locations generating
exceptions.

By
bid
i



AGEIESSEISPECE Profiling

MUEed primarilyfor ¢ cklng shared
MEMBRyAprograms, for memory
CONLERLIONE

. GENERALESIal r ce of most frequently

. [elerencec
Sample opeﬂénd address instead of PC

dprof —-hwpc <exe>




clD)f0)f

) 3

SOULPUEIS Ordanized DY

—Vikttaifa@aress.

~ threaa

= mplw r)i{)ru'
I ace pages to actual



Peirelll2l Mroilllale

AREiRttiningiera single CPU, tune for
palallElr »

UliFpatn OF toe
ssrcun/perife ?’Ll\l clirectly with
M T Neia

mpirun <opts> /bin/perfex —-mp <opts> <exe>
<args> R CalT> NE Ao (-

mpirun <opts> /bin/ssrun <opts> <exe> <args>



Pelrzlllel Hro ' INg

2outputsalltasks followed by all

asks simmed

nishiaied memory. executables, watch

L& load imbalance (cntrt 21, flinstr)

- excessive synchronization (4, store cond)
false st rin!(31, shared cache block)

b
R



SASIEVISIERFIDEDUJJEr

, R -
B vyl

GO interfiace to Spe ed@wop PC
Sampiigrand Iaeal experiments

It [EHFdCErto VIEWINg automatic
- parallelization options

Poor documentation
Debugging support
This tool is complex...



outime

EEROEINENCE GUIAEINES

- Arra\// ejo)o) Optﬁ"ﬂ]mc f
2NEUEEEISPECIfic considerations
VH Opuizatic

" Sharec Memory Optimization




SUEENRESHOIFPERorMmance
Ik
YAONS SIOW :
Systemicalls are slow ]
UseWolrin-cache data completely
- When loeping, remember the pipeline!
Branches
Function caf
Speculation/Out-of-order execution

Dependencies



Arrel Quigg tion

Arayalintialization ~ LLeop Collapse

Array Badding® Loop Unrolling

StrGENVIRImIZzation Loop Unrolling and
* Loop Fusion Sum Reduction
Outer Loop Unrolling

Loop Defactorization
_oop Peeling
_oop Interchange
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MEMBIATACCESS

1 w
Rregrams shouldibe designed for
meximalieache benefit.

—yrlrl I @CCESS patterns
iE'Cacne lines

as soon as possible after first

\ REUsIr ]'g ddlc
referenc

4
Also, we should minimize page faults

and TLB misses. (code and dplace)



FORTRAN

C: 1 295 /s | o
Fortran: 1 4 7 2 5 8 3 6 9



AldyAREIERENCINg

poeULermostindex should change
IES] »

4l
In| Forti@n), iInner most index should
change fastest.

(X,y)



Algcyalinial tion

Wil CIIOOSEY _.
_ Statichnitialization requires:
~ Diskespace and Compile time
- Demand paging

R 2 - :
'ﬂ xtra Cache and TLB misses.

Less run time.

Use only for small sizes with default
initialization to 0.



AfgeyAliitialization
_BStalicinitialization -
AL ENSROIO RO WAIT0 0 00*1 . 0/

- Dynamichnitializati
el T DU

0o g=1, DTz
ANT,9) =gF. 0



Arrz)y eleleflgle

WDataln. common blocks is allocated
CONLIGUBUISIY. .

- \WatenNer peowers of two and know the
-dsseCcIauVity off your cache

- Example: dot product, possible miss per
element on 16KB Direct mapped cache
for 4 byte elements

common /xyz/ a(2048),b(2048)



A=) Hrjrlr

£) = cjcloialo

4

Tuned Untuned - Tuned Untuned
-0O3 -0O3



Recently.acecessed data are likely to be
faster to access.

Tune your algorithm to minimize stride,
Innermost index changes fastest.



Y )




Sl GENVITATT

Untuned Tuneﬂ
-03 -03

Origin

2000 67.24 23.27

IBM SP2 | 901.07 17.54

Cray T3E | 37.61  37.66




EOEPNEUSION

NOP[INOVEN Jead fcle L fl

Betternstrtiction overlap
LOWEIREACHE MISSE
Be awale ol asseciativity issues with
array’'s mag g to the same cache line.



BOOPMEUS

MUhttned ~ Tuned

5.0 0)0)0) do 1 = 1, 50000

% a(i) + b(i) A A (1) + b(1)

vy =y + a(i) / b(i)

enddo

do 1 = 50001, 100000
y =y + a(i) / b(i)

enddo



Untuned Tuned i
-03 -03

Origin

2000 276.37 191.06

IBM SP2 = 25496  202.76

Cray T3E | 1405.52 114591




SSIWappIng e IES ted order of loops
“Minimizesstride:
- Reduiceloopioverhead where inner loop
COURTSaieE s ’ﬁll
Allows) better compiler scheduling



2 (2, 20200108 zeal*8 a (2000, 40,2)

20)0)¢
40

do k=1, 2000

RO all, 7 ,1) = & (i, gy
: enddo

enddo enddo

enddo enddo



Untuned | Tuned
-03 -03

Origin

2000 73.85 55.23

y IBM SP2 432.39 434.15

Cray T3E | 241.85 241.80




Floz]tigie) *'_

sitiiat-do -not change from

iation may be moved out

_L,

0)
G omr)llery can usually do this except
- WNRen
Loops contain calls to procedures
Variable bounded loops
Complex loops



Floz]Eiple)

_SURbtned

1da
.GT. 100) then
(N00)) then ' al(i) = Jod
b
iy 1lda




E =11

Floz]gigleit

Untuned
—-03



MOEPNDEIECLOrZation

NEeppsiinvoelvingimultiplication by a
CONISIEBIRIAN array.
Allewshbetterinstruction scheduling.
=acilitatésiuse off multiply-adds.

.j.

»



i n

SN ae) = 1

ARG ot . 0.0) then
g = gl S |
end 1f
enddo
degr — 1, 1incC
a(tmp (I))=2.0*b ((tmp (I

enddo

)

S



SaUEIESEatET O ,tlmlzatlon

I For. Ioops WithiBranck es inside loops
- Incr: SIPIPEINING

¥
= Of;en, L)Ocl\/'o e [oop is executed on
every ]‘ijerg"'o US No savings
~ Solution is to split the loop with a

temporary array’ containing indices of
elements to be computed with




L

IS LEINENTS i Wel0]0)S

ISEIUUERNS e URKGIIthe loop
_Vevereonditional elements into scalars
lespsealals aEh: end of the loop body

- ~
b /

ido IIF

v,

if (a .eq.

end 1f
N (e)  =cp, 00 )
end 1f

end do



HOPINDEIECLOrZation
8 Norahdpleigiilerz]dinlefie r)o]r' operations are
oL aWaysasseciative

(rl +B)+C =A+(B+C)
)
Be aware ofgour precision

Always verify your results with
unoptimized code first!






Tuned Ununed
-03 -03

Origin

2000 371.95 559.17

IBM SP2 | 44903 591.26

Cray T3E 3201.35 3401.61



SOEPIEEEIING

NEOIRO0PS WRICHFAECESS! previous
EIEMENUSHTariays.
Comperofiten cannot determine that
dn [tEMMEeEsnt need to be loaded

- every iteration

u



Foge X

_SURbtned

a(l)+a(lda)) *0.5
lda
(a(i)+a(i-1))*0.5

e
Eclz
lcla

(1) F+a (gwrap) ) 0.



EOOPIPEEIING

Tuned Ununed
-03 -03

Origin

2000 61.06 63.33

IBM SP2 | 2568 40.50

Cray T3E | 72.93 90.05



[ o

HOPPNEOlIapse

FOITUIHERESIEANEOPS in which the
ENnurerari@ay’Is accessed.

hisseen reduce loop overhead and
IMprovelcompiler vectorization.



* C(k,J,1)




SOEPPNEOlIapse

_Sluned

cloke |

@)( 1 , 1o

lore Tuned' (declarations are 1D)

s (ke o) = ilolie) 1 cl

A(1) = A(1)

=
[D

-+ R — G ()




| o
SOEPAEOlIapse

Tuned Tuned Tuned Tuned 2™
—-03 2nd —-03

Origin

2000 400.25 143.01 410.58 77.86

IBM

SP? 144775 31.57 144.18 31.54

Cray
T3E 394.19 231.44 39492  229.86




Fagge) Upjge 'ng
DElANEEPENEENCE clel /S can be
edUGCEd B Eliminated.

UGEBEpP BVErhead.
Usuially pEriionmec ell by the compiler
~ O PHEPFOCESSOL.

¥






enddo



Loy Ugigolligle

Tuned Untuned
-03

Origin

2000 61.06

IBM SP2 11.26

Cray T3E | 36.30



Egoe) Unrolhm Sum

uctioniinside of 1oops.

Introduce intermediate sums. Use your
registers!



IEEPERMGIIING and Sum
REMUELONS

_BURLlRed



Egjoge) Uplgellilgle)
REMUELC

SREE (&

dle! 1

p ) p_\ p ) (9)
C

(IS A)

enddo
enddo
aa = al + a2 +a3 & a4



IEEPERMGIIING and Sum
REMUICELIONS

Untuned 2 2 4 8 16
03 Tuned Tuned Tuned Tuned Tuned
03 -03 -03 -03

Origin

2000 454 4945 352 350 350 330

281 6490 563 281 281 263

Cray

T3E 865 10064 564 340 231 860




PULENIoEP Unrolling

Eeshestedoeps; unrol mg outer loop
may reduicerioads and stores in the
IplalEr loeje)s

Compiiegmay perfiorm this optimization.






PULENIoEP Unrolling

_Sluned

I—l

—EgchNiepMeEquires 5/4 loads and one store.

—~

*
@

Il O

il
— U
~

~
Ul Ul U

I
@ W@

s
== |

M- -
+ 10
(OV)
X X X
G Qe
O

e

|_l-

_|_
OV}
~
(S|

|




PULERIOEPUNrolling

Ununed
-03

Cray T3E @ 14.33



SaGENEIocking

Nigkes advantage of: th é'c':ache 0)Y
workinaiwithrsmaller tiles of data

Onlyaeally: beneficial on problems with

Significant potential for reuse

" Merges naturally with unrolling and
sum-reduction



eKINg

- Tuned

pOMiE=i, P, 16

DO IB=1,M,16

DO KB=1,N

DO J=JB,MIN (P, JB+15)
DO I=IB,MIN(M,IB+15)

C(I,P) = C(I,P) +
A(I,K)*B(K,J)
ENDDO
C (1=t e =) ENDDO
A(I,K)*B(K,J) ENDDO
ENDDO ENDDO
ENDDO ENDDO

ENDDO ENDDO



BeEpIstiticture

NE/EON0 and WHILE loops inhibit some
COmplieepumizatior s‘
SOMENBPLIMIZENS and preprocessors can
- PERORMMNU@NSIOMS.

- DQ FJ' fior() loops are the most highly
tuned. »




REGUICEICOSE O] mrJrrr operation
WL Ioss NI Precision, compiler might

' :

plltiplication/division by a

ithr shift/adds

EXponer |at;pn by multiplication

Factorization and Horner’s Rule

Floating point division by inverse
multiplication

[0
C



SuEn@u Reauction
NOMETS K ,4

SRolynomial e <r)re lor~. be rewritten

dS a hested’

Also uses multiply-add' instructions
Eases dependency analysis



Origin
2000

IBM SP2

Cray T3E

Tuned Untuned
-03 -03

74.20 74.09

40.69 74.71

61.70 160.05



ERE Reduction
INEEEIMPIVISIONTY ai Power of 2
J]’f HEqUInEs less cycles than division.
ptirdividend and divisor must both be
INSIGNEW O positiVe: integers.

¥



€1 g rn r{ecl ction
It Oower of 2

8 Unictinieel ined

N[, =0

DO I=l,'””'”

DO J=1,ARRAY SIZE
IR + TSHET(A (J),-1)
ENDDO
ENDDO



Origin
2000

IBM SP2

Cray T3E

Tuned Untuned
-03 -03

210.71 336.44

422.65 494.05

771.28 844.17



- Allows forabetter ir truﬁion scheduling.
_ Gompilercaninterleave loads and ALU

OPErations

~ Especially’ benefits compilers able to do
software pipﬁining.






Tuned Untuned
-03 -03

Origin

2000 51.65 48.99

IBM SP2 = 57.43 57.40

Cray T3E | 387.77 443.45



L ParEnthEs|
[ECOUNIZE T

5 can help the compiler
[EPEAtEd expressions.

- Some preprocessors and aggressive
- compilersiwill' do it.
Might limit aggressive optimizations



XX = XX + (X(I)*3
QIR (1) - Zu@ik ) )



SUBEXPRESSION Elimination
IV PENEOIISIUEations

e

S Chan@ESIE T /ho p@usmn of data.
- REGICES resoeurce requirements.
AVOIGFYPE conversions.

PrOCESSON SPecific performance.

Do you really' need 8 or 16 bytes of
precision?

'
\



SUBEXPRESSION Elimination
IV PENEOIISIUEations

y el
o

_ @onsiderwhich elements are used
- togetwers
Shouldieur be: merging your arrays?

houldiyeurbe splitting your loops for
better locality?

For C, are your structures packed tightly in
terms of storage and reference pattern?



FONEERSIAErations

CNVIERIS SUALEMENTS
- ARRAY‘syptax
 ALE@EATIE placement
OO complicatic
Class dependencies
Code fragmentation

Operator overloading
Inlining

\



[ o

C/C-r-r Copsjefs atlons

USENEES /(O OPEALOrS
_ Call by’cost ref
- O@rcomplication
Aveid unsigned! conversions

" Use in1 ine, const and restrict
keywords



ierlbiciin —rno <orocs usr/sbin/dplace <args> <program>

mpirun -np <procs> /bin/ssrun <args> /usr/sbin/dplace
<args> <program>



=2l EIN@ptimization

SIWepredramming models.
—VIESSEYEREASSING
= ShigleaiYIEMOTY

~ Optimizingrparallel code



, . 1 — . . 1
SheESIIEaDatal Distribution

- A .. - .
SNINEWENITIaINLISSUES) i choeosing a data
AYOULNOIREENSE Mdthix computations are:
= load balance, orspir Ing the work reasonably
SVeERlyAanmonglthe proecessors throughout the
dlgoriuinmiyana
se of the Level 3 BLAS during computations on
a single priocessor: to utilize the memory hierarchy

Oon each processor.




.
Pata Layouts
slic column) distributions

I ]* ] I‘ P"I l'.|1 ‘]I fl=|

i 13 ”,

1D block-cyclic column and 2D’ block-cyclic
distribution used in ScaLAPACK



]

o

IWGEFERERSIBREINBIOCk-Cyclic Distribution

NEnsure good loadibala ce -->
PEITONanceand sce @lity,

ENCONIPESS Se51a arge number of (but not all)
ddtc @IStBULIEN SCREMES,

~ Neeadlredistr utﬁh' routines to go from one

'~ distribution to g1e other.



Lozlcl Bz)fzlple ng

S LaIE

~Datayiasks)are partitioned among existing
PIOGESSOIS:

~ PropIEmor f“fcﬁnc an efficient mapping

Dynamic |

Master o@r model

Synchronization and data distribution
problems




MEENO pt]m'l_r
SEeEI@mming
VIESSEUE rrjssm')(l\ IWM Shmem)
- Shered memory (HPF or MP directive
‘Daseu))
: Algorithms
Data or Functional Parallelism
SIMD, MIMD
Granularity (fine, medium, coarse)
Master/Worker or Hostless




Pelel | EIRPEormance

ArGHILEctUreNsichiaracterized by
— NumpeEReiF CPU'S
- CORMECUVILY,
/O ¢z|e)z] o)) [18)
Single processor performance



_NIWEIPepUIaRmMESsade passing API's.
-~ PVIM "
. UilyORNL
- Venaor: e
‘MPI - Y
VIPICH from| MS State
LAM from Onio Supercomputing Center

Vendor



]

MESSEEERFASSING APLS

o

IIfEENENl
-~ RVIVINSE mess‘a-&m research vehicle.
~ MPINSfa production product intended for
Applicatuoen n& SErS.,

VIPI will' outperform PVM.

MPI has rlchgr functionality

PVM is better for applications requiring
fault tolerance, heterogeneity and
changing number of processes.



VIESSEWENEESS mch nterface

el

—SUppot sollective ope ations

- SUppert custemized data types

~ Willfakeraavantage ofi shared memory

~ Bxist onlalmost every platform including
Networks of workstations

Windows 95 and NT
Multiprocessor workstations



M\odert needspxibytes fiom node 0

I Node 0rcalls a send function (X bytes
lOMPEEERESS A

Node 1'calls a receive function (X bytes

* into address B)

'



MESSEEE HQ»

o Upon MESSagerdriival
I neEEBhas not posted|a receive the
flrlEcl 5 buffered until the receive function
Sicalled:

EIS ech 1: a IS copied directly to the

address given to the receive function.




SEIImUEaTon Issues

Stantiipitime latency or overhead
SanaWidy » i
NEetWorkcontention and congestion
Siairectionality
Communication API
Dedicated Channels




s il

sEMmunpIcation Issues

SSieiulpPrume anai: ern

arruf) uiime p'}][.}r er t@n the time to
gl transtier ar simall message.

- E5E I ar@er messages fewer times, but try
~ to keep everyone busy.

Contention cani be reduced by uniformly
distributing messages.

(
-
~y
oL
z|e
‘l
r\.
e

\



SEIMuURIcation Issues
dvantage of & idirectionality,
GEIVES before sending.
Asymenuened, tuse MPI_Ixxx calls.

- It can nrmc 8 more particles than fit in

\ NEIOrY:

»



Posting=NiEnporary storage; of an address.

\JJJJJJJcmn g/~ Refers to an function A that
tiatesianreperation B and returns to the

P

caller; before the completion of B.

Blocking) - The function A does not return to
the caller until the completion of operation B.

Polling/Waiting - Testing for the completion
of a nonblocking operation.






VIO E U CESICOMIT unlcatlon modes

dictauing SEfa
SE nrl or)errla,wm\

space provided/limited by application, else

error.
Ready - Only if receive is posted, else
error.

Synchronous - Only when receive begins to
execute, else wait. Useful for debugging.



s il

MEINVIESSEUE Passing

B

e

_NpaEaition

StandarE=avIPl cidaf/how much
puUtEEIRNgrdatalis buffered. Iff space is
inavailale; completion will be delayed

" lmr ddld IS tiic 1smitted to receiver. (Like
\ \ )
Immedlate r(onblocklng, returns to the

caller ASAP. May be used with any of the
above modes.



\

L4

ssmg

ieceive mode, |
end modes.



will

MEIN@Puizations
T
NV Erareprimaniyi nterested in
INSHEANISP VP T TR EGY, MPI IRSEND

—

- Why?MEee calise your program could be
doing semmething useful while sending
- or receiving!' You can hide much of the
cost of these communication
operations.

Avoid one sided and persistent
communication operations.



MEINIDE G 1[Y/PES
Eoigeliray transfers MPI has user
defineafdate types to gather and
SCablElg@aa tO/1ilom memory.
Iy tOrUSENMPT TYPE [H]VECTOR ()Or

- MPT TYPE [H]INDEXED ()

Avoid ME ﬂPE_STRUCT ®



MEINGElECHVENEOmMMmUunIcation

. .., gy
SUnlikePVIVIEwWiItRrMIPT youl should use

thiercollEctive eperations. They are likely

Lo BENIgnIy tuned for the architecture.

ese opera' very difficult to

- optimize and are often the bottlenecks
in parallel’ applications.



WIRNE Recluce Scattar ()
MPI Scan ()



l\/léssaye.

rr\/ (o) ,)Jr)ehm,_
coMmlRICation)

Avoid wildcard receives

Align application buffers to double

words and page sizes. Be careful of
cache lines!



VIESSEWEEassing Optimization

NEEVESHINEIFDERF Example 1
.

coordinates to' N processors.

2) Each processor calculates its subset of
M/N and sends it back to the master.

3) Master processor receives and outputs
information.



VBSsa6E Passing Optimization
NEarEestINEIghor Example 2

IDNViasterreads and seatters M/IN coordinates to N
PIOEESSONSE '
2) r,m r)roce:::sgr [EC

'y l

4) Each procé!sor sends to the next processor its replica
of M/N coordinates.

5) Each processor receives the replica. Goto 3) N-1
times.

6) Each processor sends its info back to the Master



VIESSeWEEassngl Optimization
NEEVESHINEIFnber Example
. B
NEXEMPIE L WONKS Be'; er only when
“ihereranera small number of particles
- YeuNeve an super efficient broadcast
yamplel2 works better more often
because

Computation is pipelined. Note that slave
processor 0 is already busy before
processor 1 even gets its input data.




S Passing
I

L0 tE omr)l tlon of @ message

B %

and MIPT TSP @@
any, some or NULL.

Remember you must test ISEND’s as
well as IRECV's before you can reuse
the argument.



Alemetic Parallelization

e compilerdorthe work.
Advantages.
- Its 12 .
SAUVARLages
Only does 0!3 level parallelism.

It wants to parallelize every loop iteration
INn your code.



Alemetic Parallelization

IHESN e pPalalleliz

o>
@ 0)6
\4\)4]:‘4 ‘

Ze every leop in your




URRINGHE Same code on different
dataSPIVID)
centy g sots.

Modify the code to remove
dependencies.

Make sure you get the right answers.



Dzjtz] Peirell2lisl or the SGI's

 [rjsert the iSlelejzlelice) s directive just
ENoop to be parallelized.
Al .and shared variables

G omglle WIth) —mp option.
\ _
cSdoacross rﬂé'(. share (a, n)

do i=1,n #

a(i)=float (1)

end do



patepEelielismon the SGI's

lifecHonly immediately
flee IOOp;b



patepEelielismon the SGI's

Sompllergeneratesicode that runs with
iy RUMBEIFOf threadssettable at
UNUImME:

SEL NUMESF of threads.
. pagh> seteny MP SET NUMTHREADS 4

L4



llaske Parallelism

=
Saskiparallelismimeans different
processefsiare running different
PHOGEMUIES.

Can| be aEee ’!” ad on any machine

- withi data parallel directives via if

statements inside a loop.



laskeraralle




NmusieniEarallel Speedup

=
f/O hound.

Size i fIX&
e, Is too small.
IS Serial/scalar code.
" The algoritt m IS inherently serial.
Data distribution.
Parallel overhead.




Comminicaten

SyReeRIzati
Pl=V2rh ﬁ
- Partitioning]




=
=)
S}

SUIMELENS




Peclucinie) Pelgz)liE verhead

SepitparallielizerALLLL the loops.
L Dontparglielize the smalll loops.
W+a/f

5 modifi

e chare (. ..)



REdisggEarallel Overhead

SUSENASK PalallEliSn).
-~ LOWERGYEread
~ Merercode runs in parallel
%qlnres d rrfjllf gorithm



[rriorovirle) Lozle alance

- Cnange " duling type

- Chana@ent



[rrioraVvirie) | ogd aIance

tenv or-wﬁ'_DF <type>
PP’ schedtype=<type>
=@defrault, iterations equally and
¥ "@q‘ﬂenclgﬁ allocated per processor.

INTERLEAVE - round-robin per chunk of
iterations. Use when some iterations do
more work than others.



[rrioraVvirie) | ogd aIance

SepEalling

“DYNAMIE - iterations are allocated per
PIOEESSOIF AURNG rUN- tlme. When the
AMOUNE BRWOrk isfunknown.

GSS -'guided self scheduling. Each
processor: starts with a large number and
finishes with' a small number.




[rriprovinie) |

~ -_——

fOaE aIance



AGGeRalivia erlal

mucci/MPPopt.html

= Or)rlmugjrlon d'fnr oS

; dpPers
Pointers
Compiler Benchmarks

| |
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