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Single Processor
Performance Tuning Techniques

(VKIS?: Solorcs i Telogy normaton TACHYON Support Team, KISTI Supercomputing Center

XA M5 =X

O Wallclock time

o JIEJIENO MNs XYY
e IZ]H MU ATPE= MHIAIZE “time to solution”
e CPUtime =3 vs Waliclock time

O Ol=H0 845 58
Al

o IE13 JSZHU SN ER

e SFSATHHALM MS :floating point performance [GGLUP/S]
e T2l bandwidth (GB/s)
e (Cache hit/miss rates

T

P e |
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WRXIM 24 2K D50 0E $20| IFE HHIF BRI
H

M)t LBHE0| AN T2 F=IH

Zmdof ot A : Compiler reports and listings
ODZMeaEE St ME IE &4

Ol=9I0] s =3 (Hardware performance counters)
dl

@daca. oo -

2 cache hit/miss rates

LKi_?j'j Scicssnd Tochoogy oormatn TACHYON Support Team, KISTI Supercomputing Center
Q Time BZ0i

e Single nodelliM XI¥0l= 4E AIISE &+
e /usr/bin/time

/usr/bin/time showq

U.ﬁUuser 0.01system 0:00.02elapsed 88%CPU (0avatext+0avgdata Omaxresidentlk
Oinputs+0outputs [Omajor+2553minoripagefaults 0swaps

O i E=9 A2 HA
e Shell(fl Tict £ =T P E P 0{F= time command 7t Y€ = UYS.

O Report 3
user time : =¥ &WE User processJt CPUE ALSSH AIZE |

system time (kernel timel : Kernel processJt CPU& ALE%t AIZH o

elapsed time (waliclock) : == & alxj] &% A2t

% CPU ——[user+system)/elapsed

memory, pagefault, and swap statistics

I/0 statistics ~‘

LKifﬁ Seoncsand Techology normaton TACHYON Support Team, KISTI Supercomputing Center



Timing (con't.)

a AATIEN AL E Timing SEE (instrumented)

e C/C++

= Wallclock: time(2), difftime(3), getrusage(2)

= CPU: times(2)

e Fortran77/90

= Wallclock: SYSTEM_CLOCKI(3)

= CPU: DTIME(3), ETIME(3),

e MPI(C/C++/Fortran] ;
= Walliclock: MPI_Wtime(3]] ‘ /
\\n
\ 2o |
|
— I
LKifﬂ Solorcs i Telogy normaton TACHYON Support Team, KISTI Supercomputing Center

Compiler Reports and Listings
0 X290 14S AREQ ALY S

o CIUDHAINY S HY

o A|XOl0| L= D=0 W 2 AXO} 20 1S AE BOIS
e J|EXNORE B2 MYg HOFEI| &2

GNU compilers

None

Portland Group compilers
-Minfo=option[,option,..]

-Mneginfo=option[,option]

—-Miist

Prints information to stderr on option ; option
Cﬁln be one or more of time, loop, inline, sym, or
a

Prints information to stderr on why optimizations
of type option were not performed ; option-can
be concur or loop

Generates a listing file / /

Intel compilers
-opt_report

—-opt_report_file filename

T B
| 7

s

Generates an optimization report on stderr

Generates an optimization report to fllén‘%e

LKi_gj'j Scica s Tochology oormatn TACHYON Support Team, KISTI Supercomputing Center




Exercise : Compiler Reporting

program report

implicit none

integer, parameter = N=1000,
itermax=1000

integer Tt

real , dimension(N.N) :: a,b,c.d
real = stet,dtime
real , dimension(2] : rtime
real = flops

call random_number(b)
call random_number(c)
call random_number(d]

st = dtime(rtime)

do it=1,itermax
do j=1N

do i=1N
ali.j] = bli,j}+cli.j}-d(i.j)
end do

end do
iflit.eq.itermax] &

write(-+] al1,1),b(1,1),c(1,1),d(1,1)

end do

=y
Ki; ®" Korea Institute of
(5%

s

! Science and Technology Information

et = dtime(rtime)

flops = (1.0E-6-itermax~2.0-N-N)/et
writel(+,100] et

write(~,200) flops

100 format("loop time = ".f12.5," seconds")
200 format("loops runs at ",f15.5," MFLOPS")
end program report

TACHYON Support Team, KISTI Supercomputing Center

Exercise : Compiler Reporting (Portland Group)

$pgf90 —02 —Munroll -Minfo=loop —-Mneginfo=loop report.f30 -0 test.x
report:

18, Loop unrolled 4 times

$./testx
1.017629 0.9079230 0.8079612 0.1357810
loop time =  6.37000 seconds

loops runs at

313.97174 MFLOPS

$pgfa0 —02 -Munroll -Mvect=assoc —Minfo=loop -Mneginfo=loop report.f90 —o testx
report:
16, Loop not vectorized: contains call
18, Loop unrolled 4 times
$./testx

1.017629 0.9079230 0.8079612 0.1357810
loop time =  6.37000 seconds

loops runs at

[ —
ey

K

S

st

'® Korea Institute of
0 Science and Technology Information

313.97174 MFLOPS

TACHYON Support Team, KISTI Supercomputing Center
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Exercise : Compiler Reporting (Portiand Group, con't.)

$pgfa0 -02 -Munroll -Mvect=assoc,prefetch -Minfo=loop —-Mneginfo=loop report.f90 -o
testx
report:

16, Loop not vectorized: contains call

18, Loop unrolled 4 times

Generate 3 prefetch instructions for this loop

$./testx
1.017629 0.9079230 0.8079612 0.1357810
loop time =  5.77000 seconds
loops runs at 346.62045 MFLOPS

$pgfao -02 -Munroll -Mvect=assoc,sse —Minfo=loop -Mneginfo=loop report.f90 —o test.x
report:

16, Loop not vectorized: contains call

18, Generated vector sse code for inner loop

Generated 3 prefetch instructions for this loop$./testx

$./testx
1.017629 0.9079230 0.8079612 0.1357810
loop time =  5.48000 seconds
loops runs at 364.96350 MFLOPS

LKiij S i Teshnlogynormaton TACHYON Support Team, KISTI Supercomputing Center 11

Exercise : Compiler Reporting (Intel)

Sifort -03 -vec-report0 report.f30 -0 test.x

$man ifort

-vec-report[n] (i32 and i64em)
Specifies the amount of vectorizer diagnostic information to
report. You can specify one of the following values for [n]:
0 - Produces no diagnostic information.

1 - Indicates vectorized loops. This is the default.

2 - Indicates vectorized and non-vectorized loops.

3 - Indicates vectorized and non-vectorized loops and prohibit-
ing data dependence information.

4 - Indicates non-vectorized loops.

9 - Indicates non-vectorized loops and prohibiting data depen-
dence information.

LKifﬁ Seoncsand Techology normaton TACHYON Support Team, KISTI Supercomputing Center 12



Exercise : Compiler Reporting (Intel , con't.)

Sifort -03 —opt-report 0 report.f90 —o test.x

-opt-report [n]
Tells the compiler to generate an optimization report to
stderr. n is the level of detail in the report. You can specify
one of the following values for [n}]:

0 - Tells the compiler to generate no optimization report.

1 - Tells the compiler to generate a report with the minimum
level of detail.

2 - Tells the compiler to generate a report with the medium
level of detail. This is the default if n is not specified.

3 - Tells the compiler to generate a report with the maximum
level of detail.

LKi_?Ii S i Teshnlogynormaton TACHYON Support Team, KISTI Supercomputing Center 13

Profiling

O I=9| XMt AsE2M
e FH HAIZIC MIT S410i R
o IZAIXO ZTEUH EA
o ITA|X = MMO| AIZIAT B4
e Sampling technigue or on entry/exit of a code block
o HHHSH IO XXIIE Q00 HISA| BR
O MEZE3E IE°| EA (Levels of granularity)
e Subroutine
e Basic block
e Source code line

0 SEOYUE A AN |
o UM WUHMSM =
e T O] Als} EAIOII history?t profileS 4 A
o DM @SS Sl 24 ks

LKifﬁ Seoncsand Techology normaton TACHYON Support Team, KISTI Supercomputing Center 14



OFMas difdd =4

GNU compilers
~Pg

Enable function-level profiling using gprof

Portiand Group compilers

-Mprof=func
-Mprof=lines

Enable function-level profiling using pgprof

Enable source code line-level profiling using
gprof;

overhead may be extremely high!

Intel compilers

-Pg Enable function—level profiling using gprof

-prof-gen Enable basic-block profiling for Droflle—guided
optimization ‘, ;

-prof-use Enable profile-guided optimization ’

K ST' Korea Institute of
1 [ | Science and Technology Information

Exercise : Profiling

program profiling
implicit none

integer, parameter = N=1000, itermax=100

integer Tt

real , dimension(N.N) :: b,c.d
real ,dimension(N) :a
real = stet,dtime
real , dimension(2) : rtime
CE] = flops

call random_number(b)
call random_numberl(c)
call random_number(d)
st = dtimel(rtime)

do it=1,itermax
do j=1N

alj) = vecsum(b,jl + vecprod(c.j)-vecsum(d.j)

end do

iflmodlit,100).eq.0) write(x,*)
al1),b(1,1),c(1,1),d(1,1)
end do

et = dtimelrtime)
flops = (1.0E-6-itermax-N-(3-N+2))/et

S
K-ST- Korea Institute of
P IR 1 science and Technology Information

TACHYON Support Team, KISTI Supercomputing Center

write(-100] et
write(-,200] flops

100 format("loop time = ",f12.5," seconds")
200 format("loops runs at ",f15.5," MFLOPS"]

CONTAINS
real function vecsumix,j)
real , dimension(N,N)intent(IN] :: x
integer, intent(IN) :: j
vecsum = X(1,j)
do i=2,N
vecsum = vecsum + X(i,j)
end do
end function vecsum

real function vecprod(x.j)
real , dimension(N,N)intent(IN] = x
integer, intentlIN) :: j
vecprod = X(1,j)
do i=2N
vecprod = vecprod + X(i,j)
end do
end function vecprod

end program profiling

TACHYON Support Team, KISTI Supercomputing Center
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Exercise : Profiling (Portland Group)

$pgfd0 -Mprof=func -02 -Munroll -Mvect=assoc,prefetch —-Minfo=loop.inline -
Mneginfo=loop profiling.f30 o testx

profiling:
18, Loop not vectorized: contains call
vecsum:
38, Unrolled inner loop 8 times
Generated 1 prefetch instructions for this loop
Loop unrolled 7 times (completely unrolled)

vecprod:
47, Unrolled inner loop 8 times
Generated 1 prefetch instructions for this loop
Loop unrolled 7 times (completely unrolled)

S./testx

498.9057 0.9079230 0.8079612 IRERYER
loop time =  0.95000 seconds

loops runs at 315.99997 MFLOPS

LKiij S i Teshnlogynormaton TACHYON Support Team, KISTI Supercomputing Center 17

Exercise : Profiling (Portland Group, con't)

PGPROF Profiler v7.1

Eile Settings Help
Profiled: a.0ut on Wed Dec 10 04:58:17 K5T 2008 for 1.010297 secon d
& [paprof.out@profiling.fO0&vecsum |- | Seject ALl - Procasses Miew Sart Seargh
View| Line|  Filename ~ Function ¥ (Count G
L] |34 prariiing. /0 | iecsun |4 200,000 = 6% pA = A5 &
43 wecprod | I, 000 = 33% 0527 = 5% |
ol | |profiling i (e 1= 0% || 0.140804 = 14% |
Sort By Tim Sort By Time
Process | Count |Time Cost
0 Cvecsum i [ 200,000 = 67% f o= dan T - |
=l
il I I Dl
Sort By Time
L Wiew | Histegram
Profile; paprof,out

LKifﬁ Seoncsand Techology normaton TACHYON Support Team, KISTI Supercomputing Center 18



Exercise : Profiling (Intel

$ ifort -03 —unroll profiling.f90 —o testx -pg

profiling.f90(19): (col. 12) remark: LOOP WAS VECTORIZED.
profiling.f90(19): (col. 26) remark: LOOP WAS VECTORIZED.
profiling.f90(19): (col. 39) remark: LOOP WAS VECTORIZED.

$ .Jtestx

516.1282 3.9208680E-07 0.4334742 0.6844026
loop time =  0.48000 seconds

loops runs at 625.41663 MFLOPS

$ gprof ./test.x gmon.out > profile.txt

LK'f T S5eec and Tacnologytornaton TACHYON Support Team, KISTI Supercomputing Center 19

s

Exercise : Profiling (Intel, con't.)

Flat profile:

Each sample counts as 0.01 seconds.

% cumulative self self total

time seconds seconds calls ms/call ms/call name

8959 043 043 1 430.01 430.01 MAIN_

938 048 0.05 for_random_number_single
1.04 048 0.1 for_random_seed_bit_size

Call graph (explanation follows)

granularity: each sample hit covers 2 byte(s) for 2.08% of 0.48 seconds

index % time self children called name
043 0.00 11 main [2]
[11 896 043 0.00 1 MAIN__ [1]

<{spontaneous>
[21 896 000 043 main [2]
043 000 11 MAIN__ [1]

[ —
ey

LKiS [ — TACHYON Support Team, KISTI Supercomputing Center 20
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AIAE 1ok [TZHM A

O 29 =M Architecture

mo|=gol g4

wHAZE A%

Hi&X1x a%(0ut-of order execution) : B 0{& CPUOI S0 XI= =AJt OFd THZEE
Oll= &l B(speculative execution)

Floating point instruction set extensions : 2543 40| 8 S

O HISA HX2/FHAl X

e Hierarchical memory 1
e (Cache layout ‘\9/
e Prefetching \ O
— 1
LKLS:_[! Solorcs i Telogy normaton TACHYON Support Team, KISTI Supercomputing Center 21

29 TEMM X
Modern microprocessor cores are complex :

O Ogctds g /Y 2I XA
e [I=9 mMO|E2I0lE& JIXl= O+9 A4 /R
e SIMD/vector R
e HiEAI ¥ /0= &YW

O Sl 33 & (instruction set)
e RISCS CISC2l ZHIJI 220l & F
e AJW=Jllinstruction decoderlE0| BF0EE U+ "micro—ong/ﬁ 9
o MY A& SU

= Extra-hard to decide how to schedule instructions

\ N
o

Klﬁ'? Sciencs a echologynormatn TACHYON Support Team, KISTI Supercomputing Center 22




superscalar Execution

QO Superscalar
o CTHIZMIA AIOIE S20ll OtLt 012] HEO0IE adBAIE = A= ZZTMIM O1F19A

O Supearscalar ZZMIA]
e AMD Opteron
= 3 Floating point/MMX/SSE units
3 Integer units
= 3 Load/store units
e [BMPOWERG
= 2 Floating point units
= 2 Integer units
= 2 Load/store units
e Intel Itanium 2
= 2 Floating point units

B
4 Integer units
2 Load/store units
e [ntel Xeon =S
= 2Floating point units U
- 2Integer units oy
. ~o o
Q 2 Load/store units 4 .
— i
LKi_g]'j Seoncsand Techology normation TACHYON Support Team, KISTI Supercomputing Center 23

Hi=Al ¥ X =2

Q Hli=XI &% (0ut-of-order execution)
e CPUJI HEO0ISE CPUOI BOIXI= =AJI OlH &0 Yoz AW
o IOIZ2}QILHO] Bl Z2H0] MI|= HE WX
e 0|29 = S0l CPUII X1l ¥SE WS & (ex: 2cycles /instruction)

A=5 ‘ A=5 ‘ empty ‘ ‘ A=5 ‘ empty ‘
B=3 =
SO o | [ [es [ A
D=4 EER | p=a | B=3 |
‘ C=A+B ‘ empty ‘ ‘ C=A+B ‘ D=4 ‘
‘ D=4 ‘ C=A+B ‘ ‘ empty ‘ C=A+B ‘
e o] ‘
O OI= &% (Speculative execution) /

o = FX(2VIH)00 tHet tI=S Soll =&
e (lI= &mimis-predicted branchi0fl IE &4 11 ER g
o [HFE0 Z2IUS0| XI%localiy)E L= K==, 90% 0142 HSSS 22

»Z_”b.'.,

I
Korea Institute of
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[Floating Point Instruction Set Extensions)

O Newer processors have additional floating point instructions beyond
the usual floating point add and multiply instructions:

Q Square root instruction ——usually not pipelined!
e AMD Opteron

IBM POWER

Intel Itanium 2

Intel Xeon

O SIMD (a.k.a. vector] floating point instructions
e AMD Opteron
e [BM Cell -designed around the concept!

¢ |Intel Xeon -
Q Combined floating point multiply/add (MADD) instruction 9/
e AMD Opteron ("Barcelona” and after, using SIMD] K
e |BMPOWER g
e Intel Itanium 2 W‘M
e Intel Xeon ("Woodcrest" and after, using SIMD) F
LKiéjj Solorcs i Telogy normaton TACHYON Support Team, KISTI Supercomputing Center 25

HAISH HIZ/ Al A=

O ASH HZEd =
e MY Y4
e W0l IE XIatency) 714

Q Cache Layout

O IZ2|Ii# (Prefetching]

LKi_ﬁSj'j Scica s Tochology oormatn TACHYON Support Team, KISTI Supercomputing Center 26



HXd IS +=

Processor Core

L1 Cache Registers

Processor Data Bus (10-80 GB/s)

L2 Cache (On or Off-Die)

Memory Bus (4-20 GB/s)

Interconnect Network
(125-2000 MB/s)

To
Local Memory REIFGtS
Memory
-
—— i
LKiSTI Scicssnd Tochoogy oormatn TACHYON Support Team, KISTI Supercomputing Center 27

HEd AlIS -1 X (con’t))

O HIXIAH: AKX E= AHARRO| AllS X &0l= on-chip circuitry
Q L1 (Primary) Data Cache: Small (on—chip) cache used to hold data about
to operated on by processor.

QO L2 (Secondary] Cache: Larger (on—or off—chip) cache used to hold data
and instructions retrieved from local memory. Some systems also have
L3 and even L4 caches.

Q Local Memory: Memory on the same node as the processor.

QO Interconnect Network: Wiring which connects nodes to each other;
topologies can vary:
e (Cray XT3/4/5, IBM BlueGene: 3D Torus : . |

e SGIAltix: Fat bristled hypercube E
o [BM SP, most clusters: Switch or tree of switches o
e TACHYON : Infiniband N

O Remote Memory: Memory on another node but accessible tO
processors in the network. )

LKiSTI Scica s Tochology oormatn TACHYON Support Team, KISTI Supercomputing Center 28



HAISA HIXD =94 XIHAIZE

O ASH HEd P22 M2 SYIE HLZAZO otAdI’2 HX2td
H2 XAAZHE THIEE Ol= A

O Actual latencies for an Itanium 2 (1.4GHz) :
L1 data cache: 3 CPs

L2 cache: 9 CPs

L3 cache: 24 CPs

Local memory: 60 CPs

O Actual latencies for an Opteron 8218 (2.6GHz): .
e L1datacache: 3 CPs
e 12 cache: 12 CPs »/
e Local memory: 166 CPs [

4

4;?%“

LKi?jj Solorcs i Telogy normaton TACHYON Support Team, KISTI Supercomputing Center 29

General Performance Tuning Techniques

Q 9121014 (inlining)
O I XX} (Loop Optimization)
e Pipelining and vectorization
¢ Unrolling
e Splitting
O i< &% (Memory Optimization)
e Cache alignment
e Stride-One memory access
e Avoiding cache thrashing
e Prefetching
0 RSA% oM ‘
e [nstruction set extensions »/
e Division [
e Exception handling -
O ZX=3= Fst2iol=2ialo] At g-ﬂ,'“

3

Korea Institute of

LKiéj'j i and Technlogy normaton TACHYON Support Team, KISTI Supercomputing Center 30



2ici0ls amad g4

GNU compilers
—fno-inline

Disable inlining

—finline-functions Enable inlining of functions
Portland Group compilers

-Mextract=optionLoption,---1

Extract functions selected by option for use in
inlining;

option may be

name : function or size : N

, where N is a number of statements
—-Minline=optionL,option,--] Perform inlining using option;

option may be

lib:filename.ext, name:function, size:N, or levels:P

]

Intel compilers

-Ip Enable single—flle Interprocedural ontlmlzatlbn,
including enhanced inlining '

-ipo Enable interprocedural optimization across files

[
—

K.S ®" Korea Institute of
1 I science and Technology Information
> Fann

TACHYON Support Team, KISTI Supercomputing Center 31

Exercise : Inlining

program inlining

implicit none

integer, parameter  : N=40000000
integer T

real , parameter :a=12.34567
real TXV.2Z

real = stet,dtime

real , dimension(2) :: rtime

st = dtime(rtime)

do i=1N
call myfuncla,x.y.z)
end do

et = dtime(rtime)
writel+,100) et
write(++) a,x.y.z

100 format("loop time = ",f12.5," seconds"]

S
K-s @ Korea Institute of
P IR 1 science and Technology Information
st

st

CONTAINS

subroutine myfuncla,x,v.z)
real ,intentllN) :a
real ,intent(INOUT) : Xy
real ,intentlOUT) =z
call random_number(x)
call random_number(y)

Z = sqrtly+y + a=x+x)
return

end subroutine myfunc

end program inlining

TACHYON Support Team, KISTI Supercomputing Center
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Exercise : Inlining (Portland Group)

$pgfa0 -02 inlining.f90 —o testx
$./testx
loop time =  2.22000 seconds
1234567  0.1012497  0.8724552  0.9421994

$pgf90 -02 -Minline inlining.f90 —o test.x
$./testx
loop time =  2.06000 seconds
12.34567 0.1012497 0.8724552 0.9421994

Inlined loop runs 7.21%
faster than non-inlined loop

LKifﬁ Seoncsand Techology normation TACHYON Support Team, KISTI Supercomputing Center 33

Exercise : Inlining (Intel)

Sifort -02 inlining.f90 —o testx
S./testx
loop time =  1.32000 seconds
12.34567 05890008 8.0076814E-02 2.071086

Sifort —02 —ip inlining.f90 -0 test.x
$./testx
loop time =  1.31000 seconds
1234567  0.5890008  8.0076814E-02 2.071086

Inlined loop runs 0.76%
faster than non-inlined loop

LKifﬁ Sl and Tchnology Iformaton TACHYON Support Team, KISTI Supercomputing Center 34



SO XA 3} (Loop Optimizations)

Q Vectorization and pipelining

O Loop unrolling
Q Loop splitting

Korea Institute of

QST-
Kl l Science and Technology Information
(i

Vectorization and Pipelining 24 M

TACHYON Support Team, KISTI Supercomputing Center

GNU compilers
—ftree-vectorize

Perform loop vectorization on trees

Portland Group compilers
-Mvect

—-Mvect=cachesize:N

Enable vectorization, including pipelining.

Enable vectorization and assume L2 cache size is
N bvtes for the purposes of blocking and tiling
optimizations.

Intel compilers
-03

B
Aggressive optimization, including vectarization
and other loop transformations ~

=y
K-s-r- Korea Institute of
l l Science and Technology Information
(i

TACHYON Support Team, KISTI Supercomputing Center
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Exercise : Vectorization

program vectorization

implicit none

integer, parameter  :: N=1000000,
itermax=1000

integer Tt

real , parameter : coeff=0.125
real , dimension(N) : ab,c

real = flops

real  stetdtime

real ,dimension(2) : rtime
common/saver/a,b,c

et = dtimel(rtime]

flops = (1.0E-6-itermax-2.0-N)/et
write(-,100) et

write(~,200) flops

writel++) a(1),b(1),c(1]

100 format("loop time = "£12.5," seconds")
200 format("loops runs at ",f15.5," MFLOPS")

end program vectorization

call random_number(b)
call random_number(c)

st = dtime(rtime)

do it=1,itermax
do i=1N
alil = bli) + coeff-cli)
end do
end do

LKif T S5eec and Tacnologytornaton TACHYON Support Team, KISTI Supercomputing Center 37
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Exercise : Vectorization (Portland Group, con't.)

$pgfa0 -02 -Minfo=loop vectorization.f90 -0 testx
S./testx
loop time =  5.05000 seconds
loops runs at 396.03961 MFLOPS
1.008918 0.9079230 0.8079612

$pafd0 -02 -Mvect —Minfo=loop vectorization.f90 —o test.x

vectorization:
17, Created a tiled loop
18, Created a tiled loop

$./testx

loop time =  1.77000 seconds

loops runs at 1129.94360 MFLOPS
1.008918 0.9079230 0.8079612

Almost 3x speedup just by
enabling vectorization!

[ —
ey
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Exercise : Vectorization (Intel)

§ ifort -02 vectorization.f90 -o testx
vectorization.f90(18): (col. 3) remark: LOOP WAS VECTORIZED.

$ .Jtestx
loop time =  3.02000 seconds
loops runs at 662.25171 MFLOPS

9.4184671E-02 3.9208680E-07 0.4334742

$ ifort -03 vectorization.f90 -o testx
vectorization.f30(17): (col. 1] remark: PERMUTED LOOP WAS VECTORIZED.

$ .Jtestx

loop time =  0.02000 seconds

loops runs at  100000.00781 MFLOPS
5.4184671E-02 3.9208680E-07 0.4334742

Almost 150x speedup just by
enabling vectorization!
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Loop Unrolling

o 0O 0 DO

(]

M0l oI L E XIS2Z unrolling0] =&

mo|=aiolo] #8258 e Al

wHAZE ZZNHIAMQ CHS Mo[Z=2lQ! & SRIO| 2T & Y

Hiding load latencies : ZMA&{Jt array $12:= HIXIAH CHS &t arrry
9| pre-load& JIsOI<=E &

HiEAF - Limited number of FP registers on some architectures

AMD Opteron: 16

IBM POWERG: 32

Intel Itanium: 128

Intel Xeon: 16
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Loop Unrolling Example

Q Normal loop

do i=1,N
ali)=blil+coeff-cli)
enddo

O Performance (compiled —-02]

e Opteron 2.6GHz: 425 MFLOPS
e Xeon 2.4GHZ 356 MFLOPS

Q Manually unrolling loop

do i=1.N.4
ali)=blil+coeff-cli)
ali+1)=bli+1)+coeff-cli+1]
ali+2)=bli+2)+coeff-cl(i+2]
ali+3)=bli+3)+coeff-cl(i+3)
enddo

O Performance {compiled -02)

e (Opteron 2.6GHz:" 430 MFLOPS
e Xeon 2.4GHz: 355 MFLOP,

e |tanium 2 1.3GHz: 190 MFLOPS

_—
K.ST. Korea Institute of
B0 1 science and Technology Information
Vb= A
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Loop Unrolling 34 SM

GNU compilers

—funroll-loops
—funroll-all-loops

Enable loop unrolling
Unroll all loops; not recommended

Portiand Group compilers

—Munroll
—Munroll=c:N
—Munroll=n:M

Enable loop unrolling
Unroll loops with trip counts of at least N

Intel compilers

-unroll
-unroliM

Enable loop unrolling
Unroll loops up to M times

Unroll loops up to M times
¥

Korea Institute of

QST-
Kl l Science and Technology Information
( stk

“p

4
L, -
o

TACHYON Support Team, KISTI Supercomputing Center
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Exercise : Loop Unrolling Directives

program unrolling

implicit none et = dtimelrtime)

integer, parameter  : N=1000000, flops = (1.0E-6+-itermax~2.0+N)/et
itermax=1000 writel+100) et

integer Tt writel+200] flops

real , parameter = coeff=0.125 write(~,+) a(1),b(1),c(1)

real , dimension(N) : ab,c

real = flops 100 format("loop time = "£12.5," seconds")
real = stet,dtime 200 format("loops runs at ",f15.5," MFLOPS")
real , dimension(2) :: rtime

common/saver/a,b,c end program unrolling

call random_number(b)
call random_number(c)

st = dtime(rtime)

do it=1,itermax
do i=1.N
alil = bli) + coeff-cli)
end do
end do
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Exercise : Loop Unrolling Directives (Portland Group)

$pafao -02 -Minfo=loop unrolling.f90 -o testx
$./testx
loop time =  5.06000 seconds
loops runs at 395.25696 MFLOPS
1.008918 0.9079230 0.8079612

$pafg0 -02 -Munroll -Minfo=loop unrolling.f30 -o test.x
unrolling:
18, Loop unrolled 8 times
$./testx
loop time =  4.92000 seconds
loops runs at 406.50409 MFLOPS
1.008918 0.9079230 0.8079612

[ —
S |
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Exercise : Loop Unrolling Directives (Intel)

Sifort —02 unrolling.f90 —o testx
unrolling.f90(18): (col. 3) remark: LOOP WAS VECTORIZED.
$./testx
loop time = 251000 seconds
loops runs at 796.81281 MFLOPS
5.4184671E-02 3.9208680E-07 0.4334742

Sifort 02 -unroll unrolling.f90 —o testx
unrolling.f90(18): [col. 3) remark: LOOP WAS VECTORIZED.
$./testx
loop time = 250000 seconds
loops runs at 800.00006 MFLOPS

5.4184671E-02 3.9208680E-07 0.4334742
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Exercise : Loop Unrolling Directives [(Manually)

do it=1,itermax
do i=1,N.4
i1=i+1
i2=i+2
i3=i+3
ali ) = bli ) + coeff+cli )
ali1) = bli1) + coeff-cli1)
ali2] = bli2) + coeff-cli2)
ali3] = bli3) + coeff+cli3)
end do
end do

program unrolling

implicit none

integer, parameter  : N=1000000,
itermax=1000

integer Titit,i2,i3

real , parameter = coeff=0.125
real , dimension(N] : ab.c

real = flops

real  stetdtime

real , dimension(2) :: rtime
common/saver/a,b,c

et = dtimelrtime)

flops = (1.0E-6-itermax-2.0-N)/et
writel(+,100] et

write(+200] flops

write(~+) a(1),b(1),c(1)

call random_number(b)
call random_number(c)

st = dtime(rtime)

100 format("loop time = "£12.5," seconds")
200 format("loops runs at ",f15.5," MFLOPS")

end program unrolling

[
ey
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Loop Splitting

p=10;
for (i=0; iK10; ++i)

{
vlil = xIil + x[pJ;
D=1i
}
In the above code, only in the 1st iteration is p=10.

For all other iterations p=i-1
We get the following after /oop peeling

vl01 = x[0] + x[10;
for (i=1; iK10; ++i)

{
vlil = x[il + x[i-13;
}

47

TACHYON Support Team, KISTI Supercomputing Center
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Pt <A ]

Loop Splitting A& SM
GNU compilers
None
Portland Group compilers
-Mvect Enable vectorization, including loop tiling

Intel compilers
-03 Aggressive optimization, ;’
including loop transformations /
4
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Exercise : Loop Splitting

et = dtimelrtime)

flops = (1.0E-6-itermax-2.0-N)/et
writel(+,100] et

write(+200] flops

write(++ x(1),y(1]

program splitting

implicit none

integer, parameter  :: N=100000,
itermax=1000

integer Lt

real , dimension(N) ::xab,c.d.e
real , dimension(N] :vy.fghkl
real = flops

real = stetdtime

real ,dimension(2) :: rtime

100 format("loop time = "£12.5," seconds")
200 format("loops runs at ",f15.5," MFLOPS")

end program splitting

x=0.0; a=1.0 ; b=2.0 ; ¢=3.0 ; d=4.0 ; €=5.0
y=0.0; f=6.0 ; 9=7.0; h=8.0 ; k=9.0 ; I=10.0

st = dtime(rtime)

do it=1,itermax
do i=1N
X(i) = x(i) + ali) + bli) + cli) + dli) + eli)
y(i) = y(i) + (i) + gli) + h{i) + kG + 10)
end do
end do
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Exercise : Loop Splitting (Portland Group)

$pafa0 -02 -Minfo=loop splitting.f30 —o testx
splitting:

12, Memory set idiom, loop replaced by memset call
$ .Jtestx
loop time =  1.75000 seconds
loops runs at 571.28572 MFLOPS

15000.00 40000.00

$ pafa0 -02 -Mvect -Minfo=loop splitting.f90 -o test.x
splitting:
12, Memory set idiom, loop replaced by memset call
16, Created a tiled loop
17, Created a tiled loop
$ .Jtestx
loop time =  0.69000 seconds
loops runs at 1449.85510 MFLOPS
15000.00 40000.00

[ —
S |
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Exercise : Loop Splitting (Intel)

Sifort —02 splitting.f90 -o test.x

$./testx

loop time =  1.46000 seconds

loops runs at 684.93152 MFLOPS
15000.00 40000.00

$ ifort —03 splitting.f90 -o test.x

splitting.fa0(11): (col. 1) remark: LOOP WAS VECTORIZED.
splitting.f30(11): (col. 1) remark: LOOP WAS VECTORIZED.
$ .Jtestx
loop time =  0.14000 seconds
loops runs at 7142.85742 MFLOPS

15000.00 40000.00

[
—
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HIZ = E3}

O M2 A= SJiE(Moorell BA]jvs. HIZd £5

e DRAM density increases roughly 60% per year
(i.e., quadrupling every three years)

e DRAM cycle time decreases by 1/3 every fenyears

O ds XHI0 20l HIZE M2 sl IIER

o ZTQTHUHIOIEIE XISt T2 MM 2EOHH HAXIAMZ2Z M HI0IH XIF9¥E 3
AIAE 2801 SH

e Hide memory access latency 719 EQ i
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Cache Line Alignment of Arrays

O MEE9 AMAHO0| X|HHoH= =3} JI 39| OtL=, JHAIZIR! ZAHIO| AI=
2AX10l tHE = common blockSS HHX|OI=S Ol=

—oua

e AEIXIS0| 2Lt ¥=01 I0IE FHAI0N XISt YI0I0IRE O010HOLY| Ml oH
it

o JHAIZHIO] EEIL ZOHKIAI &. JHAIHES &l HIZ2IZ HAM AL Jis

0 ML XIS2E B9 JHAI2i2 §E& X0l AS

N;
I
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|
Cache Alignment 2 SM
GNU compliers
—-malign-double Align double precision variables on 64-bit
Boundaries
Portland Group compilers
-Mcache align Align arrays not in COMMON blocks on cache line
Boundaries
Intel compilers -
-Ip8 Specify alignment constraint for struc,t}ures on
,;\ﬂ
8-byte boundaries; Default K
[]
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Stride-One Memory Access

HHAIAZ0 RANA J1E S 2011, Zik= 01 1YY
HIC Al SN tHEC] A=A 01 M2 OtLIC] stride] OIF XIS
CHXIA B2 9] Nested loopsOIM S0l S

U OO0

Most programming languages (C, C++, etc.) are row-/major, that is, in a 2D array,
they store elements consecutively by row:

e First array index should be outermost loop
e last array index should be innermost loop

Q However, all versions of Fortran are co/umn-major, so there the reverse is true:

e last array index should be outermost loop ;
e First array index should be innermost loop “/

)
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Stride-0One Memory Access Examples
Real tHE! b1024,1024) & H20k= 5 OIF T2

O X S Olib == -
e Array b= column H9IE H20| M25d AT
e JHAIZICI0N HXE01 HI2e2] 201 Jis
o 21219 FHAICI2I2 BHHO| fectching2 = 4 A2 JIs (3M 9] cache hits)

Array b= row S E M0 20l 2% ATH

O 5 S olld =33 :
®
e bI1,10I fetchsl 1 LM CkS element bi1,2)i= bi1,1)1 Z2 FHAI2LA0) EXHO}

Xl %8

Cache miss O] 2 : (|22 local momory®°l 20l %RGIHIEIN,Q)j-’.E-QI FHAI
ciol2 OE HIOIEHZE WAL A ' ;

o AT M0 HOIE NS s

)
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Exercise : Good Cache Reuse

program stride1

implicit none

integer, parameter = N=1024,
M=1024,itermax=100

integer Tt

real , dimension(N.M) :: a,b

real ,dimension(N) :c

real :: flops

real :: stet,dtime
real , dimension(2]) :rtime

call random_number(b)
call random_number(c)

st = dtime(rtime)

do it=1,itermax

ali,j) = bli,j) + cli)
end do
end do
writel++) a(1,1),b(1,1)
end do

—
K.ST. Korea Institute of
A B2 1 science and Technology Information

et = dtimelrtime)

flops = (1.0E-6-itermax-N-M)/et
write(-,100) et

writel+,200) flops

100 format("loop time = ",f12.5," seconds")
200 format("loops runs at ",f15.5," MFLOPS")

end program stride1

a and b are accessed correctly
(by column)
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Exercise : Poor Cache Reuse

program stride2

implicit none

integer, parameter = N=1024,
M=1024.itermax=100

integer Tt

real , dimension(N.M) :: a,b

real ,dimension(N) :c

real :: flops

real 2 st.et.dtime
real ,dimension(2) :rtime

call random_number(b)
call random_numberi(c)

st = dtimelrtime)

do it=1,itermax

ali,j) = bli,j) + cli)
end do
end do
writel++) a(1,1),b(1,1)
end do

S
K.ST. Korea Institute of
P IR 1 science and Technology Information
st

et = dtimelrtime)

flops = (1.0E-6-itermax-N-M)/et
write(-,100) et

write(+,200) flops

100 format("loop time = ",f12.5," seconds")
200 format("loops runs at ",f15.5," MFLOPS")

end program stride2

a and b are accessed
incorrectly (by row)
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Exercise : Cache Reuse (Portland Group)

$pgfdo —-02 -Minfo=loop -Mneginfo=loop stride1.f90 —o testx
$ .Jtestx

loop time =  0.77000 seconds
loops runs at 136.17870 MFLOPSS

$pgfao -02 -Munroll -Minfo=loop stride1.f90 -o test.x
stridet:

18, Loop unrolled 8 times
$ .Jtestx

loop time = 0.73000 seconds

loops runs at 143.64055 MFLOPS

$pgfao -02 -Munroll -Minfo=loop stride2.f90 -o test.x
$ Jtestx

loop time = 3272000 seconds
loops runs at  3.20469 MFLOPS
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Exercise : Cache Reuse (Intel)

$ ifort -02 stride1.f90 -o testx
$ .Jtestx

loop time = 0.28000 seconds
loops runs at 374.49142 MFLOPS

$ ifort 02 -unroll stride1.f90 -o testx
stride1:

18, Loop unrolled 8 times
$ .Jtestx

loop time =  0.29000 seconds
loops runs at 36157794 MFLOPS

$ ifort 02 —unroll stride2.f90 -o testx
$ .Jtestx

loop time =  8.93000 seconds
loops runs at  11.74217 MFLOPS

[ —
S |
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Loop Interchange for Stride-0One Memory Access

O Loop interchange (also known as loop nest optimization)
e ZMAII IISHOZE FOE IHXM0I0] stride-one memory access J}
JISOIEE ol =Y
e ZI0 XIEE FXl &= MOIM inner / outer loop=S2 THAA
O MY SMO=F A28 memory access [stride—one memory access)
039 [llE VIHE = US
o ZMA0 Wt HEE(E= HALX] 28 FTOE AMO| 228

el
(N
| g;w
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Ol
Loop Interchange ZMad] &4
GNU compilers
None
Portland Group compilers
-Mvect Enable vectorization, including loop interchange
Intel compilers
s
-03 Enable aggressive optimization, includi)jg foop
transformations N
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Exercise : Loop Interchange (Portiand Group)

$pgfa0 -02 -Mvect -Munroll -Minfo=loop -Mneginfo=loop stride2.f30 -0 testx
stride2:
16, Loop not vectorized: contains call
17, Interchange produces reordered loop nest: 18, 17
Created a tiled loop
18, Created a tiled loop
$ .Jtestx

loop time = 0.86000 seconds
loops runs at 121.92744 MFLOPS

Much better, but still not as
fast as goodstride
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Exercise : Loop Interchange (Intel)

Sifort =03 —unroll stride2.f90 -o test.x
stride2.f90(17): (col. 3) remark: PERMUTED LOOP WAS VECTORIZED.
$ .Jtestx

looptime = 0.28000 seconds
loops runs at 374.49142 MFLOPS

Almost as fast as goodstride
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Cache Thrashing®] MH

Q Cache thrashing
e Z2IHAIZICI0 ALAEI=E MZ TE HIZ 2 X0 S H20] HHSMOZ wXt
Ol= 32 28
e JIZ=9 JHAICHI0 U= HIOIEIE AI20LX| 2011, MiE2 local memory?Ql &2
g S0l JHAI2HIE HHIOIE 0HOF & LR AMO| UYS [ A
e Bad-stride ZZ 13 OGlIMIOIA 2440l= cache missing2l Z <01 0I0 oHS T

AN =

loop interchangeE S0l cache thrashingE MIHOIM TE0] Ms2 =

O Common block padding S —_
o EE2 ASOIM ABOHS cache trashing AIAHE 19t ANt 718 |
o HIHZZI Ik
-+ Array c2t b7t 22 HAIZLI0 mappingEIHl EOE wm%ﬁ 1
: ’ R

trashingQ| &4 Q| o
- Fake array-spacel4}- & COMMON block 0l &tI0101 array b2t co
oI mapping®lAM Z40tH SS(collidelE %E + AL (L
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Cache Thrashing

Local memory

Data cache

B(1-4)
Size of data cache <
B(5-8)
Size of data cache < B (1021 — 1024)

Science and Technology Information
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Avoiding Cache Thrashing

Local memory

B (1)
B (2) Data cache
Size of data cache B(1-4)
: B(5-8 .
B (1024) 5-8) ca-4
P(1) B(9-12) C(5-8)
P (2)
P (3) B (13 - 16) C(9-12)
P (4)
Size of data cache c(1) C (13-16)
C (1020) B (1021 - 1024)
C (1021)
C (1023)
Size of data cache
C (1024)
Next data item
[ )
LKif;l:i Sinc and Tocholoy formation TACHYON Support Team, KISTI Supercomputing Center

Exercise : Cache Thrashing

program trashing
implicit none

integer, parameter
integer, parameter
integer ol | A
real ,dimension(N) : ab.c
real ,dimension(4) : space
real = flops
real = stet.dtime
real ,dimension(2) : rtime
common/saver/a,b,c

1 N=4-1024-1024
T itermax=100

IDIRS cache_align /saver/
call random_number(b)
call random_number(c)

st = dtimelrtime)

do it=1,itermax
doi=1,N
ali = blil + cli)
end do
end do

o
K ';T '® " Korea Institute of
1 0 Science and Technology Information
Vit A

et = dtimelrtime)

flops = (1.0E-6-itermax-2.0-N)/et
write(-,100) et

writel+,200] flops

writel-,+) a(1),bl1),c(1)

100 format("loop time = ",f12.5," seconds")
200 format("loops runs at ",f15.5," MFLOPS")

end program trashing

Considerable cache trashing
occurs as cl1) knocks out the
line b(1) is in, then b(2) knocks
out the line c(1) was in and so on

TACHYON Support Team, KISTI Supercomputing Center
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Exercise : Cache Thrashing (Portiand Group)

$pgf90 -02 —Munroll -Minfo=loop trashing.f90 -o test.x
trashing:
19, Loop unrolled 8 times

$ .Jtestx

loop time = 4.82000 seconds
loops runs at 174.03751 MFLOPS
1.611511 0.9079230 0.7035879
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Exercise : Cache Thrashing (Intel)

$ ifort -02 -unroll trashing.f30 -o testx
trashing.f90(19): (col. 3] remark: LOOP WAS VECTORIZED.

$ .Jtestx

loop time =  1.08000 seconds

loops runs at 776.72290 MFLOPS
0.7032483 3.9208680E-07 0.7032479
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Exercise : COMMON Block Padding

program trashing

implicit none

integer, parameter  :: N=4-1024-1024
integer, parameter  :: itermax=100
integer st

real ,dimension(N) :ab.c

real ,dimension(4) : space

real : flops

real = stetdtime

real ,dimension(2) : rtime
common/saver/a,b,spacel4).c

IDIRS cache_align /saver/ ‘

et = dtimelrtime)

flops = (1.0E-6+-itermax-2.0-N)/et
writel,100) et

write(+200) flops

writel++) a(1),b(1),c(1)

100 format("loop time = ",f12.5," seconds")
200 format("loops runs at ",f15.5," MFLOPS")

end program trashing

call random_number[b] By Duttlng the fake array,
call random_numbertcl space(d), in the COMMON block,
st = dtime(rtime) arrays b and ¢ no longer collide
o in the cache
do it=1,itermax
do i=1.N
ali) = bli) + cli)
end do
end do
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Exercise : COMMON Block Padding (Portland Group)

$pgf90 -02 —Munroll -Minfo=loop trashing.f90 -o testx
trashing:
19, Loop unrolled 8 times

$ ./testx

loop time =  4.58000 seconds

loops runs at 183.15738 MFLOPS
1611511 0.9079230 0.7035879

Slightly better performance
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Exercise : COMMON Block Padding (Intel)

$ ifort -02 -unroll trashing.f30 -o testx
trashing.f90(19): (col. 3) remark: LOOP WAS VECTORIZED.

$ .Jtestx

loop time = 1.06000 seconds
loops runs at 791.37811 MFLOPS
0.7032483  3.9208680E-07 0.7032479

Slightly better performance
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COMMON Block Padding 2imgid] SM

GNU compilers

—malign-double Align double precision variables on 64-bit
boundaries, including in COMMON blocks

Portiand Group compilers

—-Mdalign Align doubles [i.e. REAL-8] in COMMON blocks and
structures on 8-byte boundaries

Intel compilers

-Ip8 Specify alignment constraint for structures on
8-bvte boundaries, including in COMMON blocks;
default

—pad Enable changing of variable and array nfemofy
layout i ;
i
-nopad Disable changing of variable and array meémory
layout; default i
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Dimension Extension

Q Z2 JHAI2HI00 A= HHE B9 S=& 91| S0 “face row” & 8=
o

O Common-block padding 1t SAIOHH, Bi=3)10] IHAME SO &2 WY

Q  AHIAHZ D0 CHSE =H010] HIEAl ER

—
KOST' Korea Institute of
1 I science and Technology Information
Vi)

Exercise : Golumn Cache Thrashing

program trashing2

implicit none

integer, parameter
N=1024,M=64.itermax=10000

integer
real
real
real
real

Tt
, dimension(N,M)] :: a,b

:: flops

=2 stet,dtime
, dimension(2) :: rtime

common/saver/a,b
IDIRS cache_align /saver/

call random_number(b)

st = dtimelrtime])

do it=1,itermax

do j=1,M-1
do i=1,N
alij) = bli,j) - bli.j+1)
end do
end do
Iwritel-) al1,1),b(1,1]

end do

K|§T| Scion

nr n nology Information

et = dtimelrtime)

flops = [1.0E-6+itermax-N-(M-1))/et
writel-,100) et

writel+,200) flops

100 format("loop time = ".f12.5," seconds")
200 format("loops runs at ",f15.5," MFLOPS")

end program trashing2

TACHYON Support Team, KISTI Supercomputing Center

Columns on array b exactly fill
the primary data cache and thus
when different columns are
subtracted excessive data
thrashing occurs
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Exercise : Dimension Extension

program trashing2

implicit none

integer, parameter "
N=1024,M=64,itermax=10000
integer Tt

real ,dimension(N+4,M) :: a,b
real :: flops
real =2 stet.dtime

real ,dimension(2) :: rtime
common/saver/a,b
IDIRS cache_align /saver/

et = dtimelrtime)

flops = [1.0E-6+itermax-N-(M-1))/et
writel(-,100) et

write(~,200) flops

100 format("loop time = ",f12.5," seconds")
200 format("loops runs at ".f15.5," MFLOPS")

end program trashing2

With this technique care should
be taken not to use the fake
st = dtimelrtime] rows in any real calculations
40 it=1 itermax both for accuracy’ s and
4o j=1.M-1 performance sake
do i=1N
all]) = bil,) - bil+1)
end do
end do
lwrite(~+) a(1,1),b(1,1]
end do
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call random_number(b)

Exercise : Column Cache Thrashing (Portiand Group)

$ngfd0 -02 -Minfo=loop trashing2.f30 -o testx

$ ./testx

loop time = 1.23000 seconds
loops runs at 924.48779 MFLOPS

Modified Results

Jtestx
loop time =  1.16000 seconds
loops runs at 556.13794 MFLOPS

Slightly better performance
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Exercise : GColumn Cache Thrashing (Intel)

Sifort —02 trashing2.f30 -o test.x

$ .J/testx

loop time = 0.65000 seconds
loops runs at 992.49231 MFLOPS

Modified Results
Jtestx

loop time = 0.55000 seconds
loops runs at  1172.94543 MFLOPS

Slightly better performance

LKi_?Ii S i Teshnlogynormaton TACHYON Support Team, KISTI Supercomputing Center 79

Compiler-Initiated Prefetching

O Pentium 48} & architectureS2 A|AEI0] prefetchingE X|¥
o IZMIMIIHC HIZ2IZREH T S0 HHAIL2 = A2 9] fetch

trafficE Al A0l UAS
e T Wet prefetching2 A|AEI0] 2H

O oAl prefetching
o AMSO| XOIE JINE £% US
o ZIMY SM( W ZI0ll e HAHO
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Prefetching Compiler Options

GNU compilers

—fprefetch-array-loops Enable prefetching, if supported.

Portiand Group compilers

—-Mvect=prefetch Enable prefetching

Intel compilers

-03 Enable aggressive optimization,

including prefetching £
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Exercise : Prefetching

program prefetching

implicit none et = dtimelrtime)

integer, parameter  :: N=5000, flops = (1.0E-6+itermax-N)/et
itermax=200000 writel-,100) et

integer Tt writel+,200] flops

real ,dimension(N) :ab

real = stet.dtime 100 format("loop time = ",f12.5," seconds")
real ,dimension(2) : rtime 200 format("loops runs at ",f15.5," MFLOPS")
real = flops end program prefetching

common /saver/ a,b

call random_number(a)

call random_number(b)

st = dtime(rtime)

do it=1,itermax
doi=1,N
bli) = ali)+i
end do
iflmodlit,10000).eq.0] write(~+) a(1),b(1)
end do

LKifﬁ Seoncsand Techology normaton TACHYON Support Team, KISTI Supercomputing Center
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Exercise : Prefetching (Portland Group)

$pgfa0 -02 -Munroll -Minfo=loop prefetching.f90 —o test.x
prefetching:

16, Loop unrolled 4 times
$ .Jtestx

|00D"time = 1.88000 seconds
loops runs at 53191492 MFLOPS

$pafao -02 —Munroll -Mvect=prefetch —Minfo=loop prefetching.f90 —o test.x
prefetching:
16, Unrolled inner loop 8 times
Generated 1 prefetch instructions for this loop
$ .J/testx

loop time =  1.97000 seconds
loops runs at  507.61423 MFLOPS

poorer performance
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Exercise : Prefetching (Intel)

$ ifort -02 —unroll prefetching.f90 -o test.x
prefetching.f90(16): (col. 3) remark: LOOP WAS VECTORIZED.

$ .Jtestx

loop time = 0.38000 seconds
loops runs at  2564.10254 MFLOPS

$ ifort 02 —prefetch -unroll prefetching.f90 —o test.x
prefetching.f0(16): (col. 3) remark: LOOP WAS VECTORIZED.

$ .Jtestx

loop time = 0.38000 seconds
loops runs at  2564.10254 MFLOPS

Same as no W/0 prefetch
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2sA %+ 94 EA (Floating Point Behavior)
O SEOoEIsto] =2t (Instruction set extensions)
Q U5l [Division)
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LKi_?jj Solorcs i Telogy normaton TACHYON Support Team, KISTI Supercomputing Center 85

_9'
A

S2Sa G4t ESto] =it
[Floating Point Instruction Set Extensions)

Q By default, most compilers will be fairly conservative about the floating
point instructions they generate.

Q In particular, they will typically not generate code that makes use of
extended FP instruction sets (such as SSE2 or SSE3) without being told
to do so.

—

-

- .
2 K]

Korea I
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SSE(Streaming SIMD Extensions) A2 o4 SM

GNU compilers

—-mfpmath=sse Use SSE instructions to perform floating point
arithmetic where possible

Portiand Group compilers

~Mvect=sse Use SSE instructions to implement vect or loops
where possible

-fastsse Use SSE instructions to implement vect or loops
where possible

Intel compilers

—IPF_fma Enable the combining of floating point multiplies
and add/subtract operations.(Itanium only) |
~IPF_fma- Disables the combining of floating point
multiplies and add/subtract operations»
(itanium only) 8
X7 Enables generation of SSE3 instructions
(x86_64 only) ‘W‘
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Floating Point Division Compiler Options

GNU compilers None

Portland Group compilers

Kieee Require strict IEEE-754 compliance

_Knoieee Use inline division and disable traps on
underflow; default
Intel compilers
-mp Maintain floating point precision by not
transforming division into multiplication by
a reciprocal 3
~mp1 Improve floating point precision while ::;[
allowing some rearrangement of arithmetic
operations K

&
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Floating Point Division Example

O Consider the following code
X=2.5
doi=1N
ali)=ali}/x
enddo

O 0On a 2.6GHz Opteron using the Portland Group paf90compiler, the
compiler will automatically compute (1.0/2.5) once outside the loop and
replace the division in the loop with a multiplication by this value. The
new multiplication loop will then be unrolled. The resulting performance
will be 1151 MFLOPS. f

e If the user forces IEEE conformance (pgfa0 —Kieee), the performange will
be reduced to 310 MFLOPS. N

%o
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Floating Point Division With Arrays

O Consider the following loop nest in which the array Ali,jlis scaled by
different factors stored in array Bli):
do j=1.N
do i=1,N
AlL,1=AlL))/B(0)
enddo
enddo

Q The compiler can do no automatic optimization to this, because Blilis
not a scalar. However, you can manually do the following:
e (Create a temporary array to hold the inverses of the Blilarray.

@ Replace the division in the inner loop with multiplication by the t4mn rary
array. !

e The resulting code can be unrolled and/or pipelined. __f-":-i
-
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Floating Point Exception Handling

Q The IEEE-754 floating point standard defines several exception
conditions:
e Overflow
e Underflow
¢ Divide by zero
e Invalid operand

Q By default, programs generated by most compilers will catch FP
exceptions automatically and keep running; however, there are typically
flags available to force a program to crash when an FP exception is
encountered.

kernel and logged via syslog.

e This is especially a problem for codes that assume that FP unde
ignored and rounded to zero, which is usually the case on most ot

O FP exceptions are expensive on Itanium, as they are reportedf th
| are

platforms. hg |
"
— I
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Floating Point Division Compiler Options
GNU compilers None
Portland Group compilers
—Mflushz Set SSE to flush-to-zero mode.
-Ktrap=fp Abort on invalid operand, divide by zero,
and overflow
Intel compilers
-fpe0 Abort on invalid operand, divide by zero, and
overflow
-fpel
Abort on all floating point-exceptions
-fpe3 ¥
: lgnore all floating point exceptions /
—ftz
Flush underflow results to zero; on x86_64,
also set SSE to flush-to-zero mode. _\
i
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Optimized Math Libraries

O By default the algorithms used to calculate intrinsic math functions
("calculator functions") are scalar in nature. On the other hand, loops
which use some Intrinsic function calls on array elements used can be
"vectorized" so that the functions calls can be optimized. The
vectorization of the loop occurs in several steps.

e First the intrinsic calls are separated into their own loop where the resuits
are assigned to a temporary array and

e an toptimized algorithm is used to make use of the pipelined functional
units.

e The resulting temporary array is then used in the original loop instead of
the actual function calls.

Q The functions which can be vectorized in this manner include Iog, alOQ,
exp, pow, «, sin, cos, sart, and1.0/sart. ? !

O Manufacturers of high performance computers also typically SUDDW
highly optimized versions of commonly used numerical libraries'such as
BLAS and LAPACK.
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Exercise : Optimized LAPACK & BLAS

program uselapack et = dtimelrtime)
implicit none write(-,100) et

integer, parameter  :: N=1000,

itermax=10 . 100 format("iteration time = ",f12.5,"
integer ritinfo seconds")

real , dimension(N.N) : a end program uselapack
real ,dimension(N) :bc

integer, dimension(N) :: pivots

real : stet,dtime

real , dimension(2) : rtime

real = flops

call random_number(a)
call random_number(b)
c=b

st = dtimel(rtime)
do it=1,itermax

call sgesvi(N,1,a,N,pivots,b,N,info)
|f[mod[|t itermax/10).ed.0) writel++) b(1),0(N)
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Exercise : Optimized LAPACK & BLAS (Portland Group)

$pafa0 -02 uselapack.f90 -o test.x -llapack -lblas
uselapack.fo0:
$ .Jtestx

iteration time = 2.60000 seconds

$ pafd0 -02 uselapack.f90 -L/applic/lib.pgi/ACML/ACML.4.0.1/pgi64/lib —Bstatic —lacml -0
testx

uselapack.fa0:

$ ./testx

iteration 'time = 1.01000 seconds
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Exercise : Optimized LAPACK & BLAS (Intel)

$ ifort -02 uselapack.f90 o -L/applic/lib.intel/LAPACK -Bstatic testx -llapack —Iblas
$ Jtestx
iteration time = 2.23000 seconds

$ ifort -02 uselapack.f90 —L/applic/lib.intel/ACML/ifort64/lib —Bstatic —lacml —o test.x
uselapack.fa0:

$ .Jtestx

iteration time = 1.04000 seconds
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