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The only reliable way to measure performance Is by
running actual applications on real hardware.

If we want to compare performance
across different contexts, this implies
USEe of a benchmark.



Standard Performance Evaluation
Corporation

® Nitp://www.Spec.org/

® Many benchmarks, most commonly CPU

x CPU2006 / 2000 /95 / 92

® [published results]

x Choice of integer or floating point

®x Each is a suite (12 integer, 17 floating point)
x C, C++, Fortran, statically compiled & linked


http://www.spec.org

SPEC CIN| 2006

Senchmark Srief Description

Based on Perl V5.8.7. The workload includes SpamAssassin, MHonArc emall
iIndexer, and specdiff

400.perlbench

401.bzip2 Julian Seward's bzip2 version 1.0.3, modified to work in memory
403.9ccC gcce V 3.2 targeting an AMD Opteron

429.mcf Network simplex public transport scheduler

445.gobmk Plays the game of Go

456.hnmmer Protein sequence analysis using profile hidden Markov models
458.s|eng Chess program that also plays several variants

462.libquantum Simulates a guantum computer
464 .h264ref H.264/AVC video compression
471.omnetpp OMNet++ discrete event simulator modeling an Ethernet network
473.astar Pathfinding library for 2D maps, including A* search
483.xalancbmk A modified version of Xalan-C++, for transforming XML



http://www.spec.org/cpu2006/Docs/400.perlbench.html
http://www.spec.org/cpu2006/Docs/401.bzip2.html
http://www.spec.org/cpu2006/Docs/403.gcc.html
http://www.spec.org/cpu2006/Docs/429.mcf.html
http://www.spec.org/cpu2006/Docs/445.gobmk.html
http://www.spec.org/cpu2006/Docs/456.hmmer.html
http://www.spec.org/cpu2006/Docs/458.sjeng.html
http://www.spec.org/cpu2006/Docs/462.libquantum.html
http://www.spec.org/cpu2006/Docs/464.h264ref.html
http://www.spec.org/cpu2006/Docs/471.omnetpp.html
http://www.spec.org/cpu2006/Docs/473.astar.html
http://www.spec.org/cpu2006/Docs/483.xalancbmk.html

oSPEC CHFP2006 Eall |

Benchmark Brief Description
410.bwaves 3D transonic viscous flow

416.gamess  Quantum chemistry
433.milc Lattice gauge field generator

434.zeusmp  Astrophysics CED (computational fluid dynamics)

435.gromacs  Molecular dynamics

A36.cactusAD
M

437 leslie3d Large eddy CFD
444 .namd Biology molecular dynamics

Einstein equation solver



SPEC CHP2006 Eall

Benchmark Briet Description

44 7 .dealll Finite element analysis

450.s0plex Simplex linear algorithm

453.povray Ray tracing

454 ,calculix Structural analysis

459.GemskFDTD Solves 3D Maxwell equations

465 .tonto Quantum chemistry w/ OO Fortran
470.Iom L attice Boltzmann fluid flow simulation
481 .wrf Weather model

482.sphinx3 Speech recognition



C Histor

H&P FIg. 1.16
Note how few
persist for
multiple
generations

SPEC2006 benchmark description

SPEC2006

Benchmark name by SPEC generation
SPEC92

SPEC2000

SPEC95

SPECS89

GNU C compiler

Interpreted string processing

Combinatorial optimization

Block-sorting compression

Go game (Al)

Video compression
Games/path finding

Search gene sequence
Quantum computer simulation
Discrete event simulation library
Chess game (Al)

XML parsing

go
h264avc
astar
hmmer
libquantum
omnetpp
sjeng

xalancbmk

mcf
bzip2
vortex
gzip
eon
twolf
vortex
vpr
crafty

parser

go

jpeg
m88ksim

compress

SC

gcc
espresso
I

eqntott

CFD/blast waves

Numencal relativity

Finite element code

Differential equation solver framework

Quantum chemistry

EM solver (freg/time domain)

Scalable molecular dynamics (~NAMD)

Lattice Boltzman method (fluid/air flow)

Large eddie simulation/turbulent CFD

Lattice quantum chromodynamics

Molecular dynamics

Image ray tracing

Spare linear algebra

Speech recognition

Quantum chemistry/object oriented
eather research and forecasting

Magneto hydrodynamics (astrophysics)

bwaves
cactusADM
calculix
dealll
gamess
GemsFDTD
gromacs
Ibm
LESlie3d
milc

namd
povray
soplex
sphinx3
tonto

wrf

zeusmp

wupwise
apply
galgel
mesa

art
equake
facerec
ammp
lucas
fma3d

sixtrack

apsi
mgnd

applu
turb3d

SWim
hydro2d
SU2cor

waveb

fpppp
tomcatv
doduc
nasa/
spice

matrix300




Typical CINT Summary

Company and model

SPEC® CINT2006 Result

Copyright © 2007 Standard Performance Evaluation Corporation

Bull SAS SPECint®2006 = 26.9
NovaScale T860 E1 22.6

(Intel Xeon X5260,3.33GHz)

CPU2006 license: 20 Test date: Feb-2008

Test sponsor: Bull SAS Hardware Availability: Feb-2008
Tested by: NEC Corporation Software Availability: Nov-2007

Dates



Typical CINT Summary

What they guote in marketing material

SPEC® CINT2006 Result

Copyright © 2007 Standard Performance Evaluation Corporation

Bull SAS SPECint®2006 = 26.9
NovaScale T860 E1 22.6

(Intel Xeon X5260,3.33GHz)

CPU2006 license: 20 Test date: Feb-2008

Test sponsor: Bull SAS Hardware Availability: Feb-2008
Tested by: NEC Corporation Software Availability: Nov-2007




Typical CINT Summary

What naive people think is more realistic

SPEC® CINT2006 Result

Copyright © 2007 Standard Performance Evaluation Corporation

Bull SAS SPECint®2006 =
NovaScale T860 E1

(Intel Xeon X5260,3.33GHz)

CPU2006 license: 20
Test sponsor: Bull SAS

Tested by: NEC Corporation Software Availability: Nov-2007

Test date: Feb-2008
Hardware Availability: Feb-2008

What’s the difference?



Base Rules

1. No naming benchmarks or routines
2. No library substitution

3. No feedback-directed optimizations
4. 0Only safe optimizations

5. Same optimizations for all

0. No assertions to guide optimization



Base VS rPeak

®x Base sounds more realistic
x Peak IS "no holds barred, anything goes’
®x SO why is it naive to think base is more meaningful?

®x Need to look deeper



INndividual Results

Results Table

Set— e AT

Results appear in the order in which they were run. Bold underlined text indicates a median measurement.

Run each benchmark three times, divide each run
by a reference time (so higher score Is better), use
median values to compute summary average of
ratios. sounds reasonable...



Graphically

0 5.00 10.0 15.0 20.0 25.0 30.0 35.0 40,0 45,0 50.0 95.0 60.0 65.0 70,0 75,0 890.0 85.0 90.0 93.0 100 103 115
I I I | —_— I I ! I I I I | I l | I I I !

400 ,perlbench

461 .bzip2 = .

18.0

483, gce =>

16.1

o ees
IR )~ —

24.
( é W vh 1Ph
. s 9 S

-~

458, s jeng = .

19.4

462.libquantun|

464 .h26dref | |

nm—=1>  Note how many are

15.49

473.astar§ belcw the “average!!

128.4
483 ,.xalancbnk -

SPECint_base2086 = 22.6:
SPECint2006 = 26.9




How to Average’’

®x [he usual way (arithmetic mean) L =l

» The SPEC way (geometric mean) X=a]]r

®x Both are sensitive to outliers

® A [ittle effort to Improve one benchmark yields a much better average overall



Another Average

X =

®x \\Vhen averaging ratios, harmonic mean yields a value proportional to the total
®  Short-running applications have less influence on total time

® Harmonic mean IS less sensitive to outliers



Results Table

™ S S
NN =z | 5ot S [

496 19.5
396 20.3
371 24.6

ds
361




Using Harmonic I\/Iean

O::001001::0&00:.::05305'\0«)0450:\00"006000:-0ﬂ)O/bOtOOBbOBOO%O100 105 115
| | R T T e T B B |

460.perlbench _
I
1' J
491.bzip2
483.gcc

429,.ncf _ll

445, gobnk _iI

456 . hnner
458, 5 jeng

462, libquantun _II

464.h26dref _II

Now half are
473.astar':‘ abcve mean

gze 4

471.onnetpp

483 ,.xalancbnk

SPECint_base2606 = 2 2

26.9 24,06

SPEClnt2886




Omitting the Outlier

0 5.00 10.0 15.0 20.0 25.0 30.0 35.0 40,0 45,0 50.0 95.0 60.0 65.0 70,0 75.0 890.0 85.0 90.0 93,0 100 103
I I I | —_— I I I I I I I | I l | I I I

400.perlbench|

195

401.bzip2' ;‘

0

483, gcc

2.5
@29.mcf | |

S
LN

445,gobnk |
21|.7

456 . hnner
458, 3 jeng

462.libquantun | | Il - —

II : __ 64.6

64.h26dref [ | |

16.56

471.onnetpp‘ '

15.49
17.7

473.astar‘ ;'
16.2

128.4
483 ,.xalancbnk -

SPECint_base2006 3 22,6 20.0
sPECint2006 = 26,9 23,0




Bull SAS

NovaScale T860 E1

(Intel Xeon X5260.,3.33GHz)
CPU2006 IMBull SAS

Dell Inc.

Dell Precision T3400 (Intel QX9650, 3.00 GHz)

CPU2006 Dye]] Inc.

CPU006 Fujitsu Limited
w.per i reged by FUjitsu SPARC

a1.b: Test spons

@0 perlb reaed vy HP Integrity rx6600 (1.6GHz/24MB Dual-Core Intel

[tanium
-l h

a0, por ity CPU2006 1)
Test sponso

Tested by:
-/l

an W0 per b

A xal ew

473.a
a’l. .o

535, . nalan
a.e W

a8 . walann V1.0nne

5. walane

st spoms
Tested by: PowerEdge M805 (AMD Opteron 2356, 2.3 GHz)

How Common IS This?

SPECIm®2006 =
SPECint_basc2006 =

269

226

SPECIm®2006 =
SPECint_basc2006 =
SPECint®2006 =

SPECint_base2006 =

Enterprise M4000

CPL2006 Hewlett-Packard Company

2)

IBM Corporation

IBM System p 570 (4.7 GHz, 1 core)
§,';}f;‘3:, NEC Corporation
Tested by: ExpressS800/120Bb-m6

(Intel Xeon processor X5460)
A peribe CPU2006 B
Test sponsor;:
401 b, T ested by:

Sun Microsystems

Sun Fire X4450
CPU2006 license: 6

Test sponsor:
Tested by:

Sun Microsysiems

«!!.w'lbeu(hA
18,61

Al beigp2

) gco

2. 1ibpuanton

AT .onnetpp .
13,8

A3 . 0l
13.9

A0 wal anchek

SPECint82006 =

SPECint_base2006 =
SPECint®2006 =
SPECint_base2006 =

Sun Microsysaems

144

124

108
9.29
SPECIn®2006 =

SPECint_basc2006 =

15.7

14.5

SPECimt&2006 =

SPECint_base2006 =

SPECint®2006 =

25‘“

21.7
Oct-2007
Hardware Avallability: Nov-2007
Software Availabity: Nov-2007

o 130 1% e 0 X N
v o ' v ) b v

SMCist _baseis » 1.7

SMCInt2808 » 2590



Are any Different”

Supermicro SPECint®2006 = 16.4
Motherboard X7DB3 SPECint_base2006 = 15.7
CPU2006 license: 001176

Apple Computer, Inc.

iMac 20-inch 2.0GHz Intel Core Duo
CPU2006 license: 77

Test sponsor: Apple Compuier, Inc.

Tested by: Apple Compuier, Inc.

Test date: Apr-2007

Test sponsor: Supermicro Hardware Availability: May-2007
Tested by: Supermicro Software Availability: Apr-2007

alsaslann
M0 per Lbench

"Nl . baip?

M3 pec

. -

42, Libquantyy ——————————————————————————

. |

462, Libguantun

a4 taref o4 2t Aaref

471 .onemtpp

a1 . e tpp — )

p. 20
a3 . mtar

"’..,l-' —

A0, walanchek A0, walanchek

SMCint Basediin » 15,7 SUCIat _base2906 = 10,1

SNCInt2906 » 16 .1

SPECIm®&2006 = 10.1

SPECint_base2006 = 10.1

Test date: Apr-2006
Hardware Availability: Jan-2006
Software Availability: Apr-2006

SICANt2906 = 10,1



How About SPEC FP7?

Bull SAS 21.4
NovaScale R422 SPECfp_base2006 = 18.4

(Intel Xeon processor X5365,3.00GHz)

CPU2006 license: 20 Test date: Oct-2007
Test sponsor: Bull SAS Hardware Availability: Sep-2007
Tested by: Bull SAS Software Availability: Nov-2007

0 6.00 12.0 18.0 66.0 72.0 78.0
'

)
oV o a N v
l--.ll’llllll-.ll‘l_‘l_ll- L (I B I B A
S N &

410.bwaves | |

Add6.ganess |

10.6

433.nilc|

11.0
15.2

434, zeusnp I :

am 4
AJ A

18.7
435 .gromacs |
18.9

Aa¥.coctushOn |

16.4
437 .1eslie3d ﬁ

1; ..‘

444, nand l :

15.9

47 .dealty|

14.0

450.s0plex|

12.9

a3.povray

454 . calculix

17.2

LX) e—

17.0
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SO

Consider this example:

Dell Inc.
Dell Precision T3400 (Intel QX9650, 3.00 GHz)

Sun Microsystems SPECint®2006 =
Sun Fire X4450

250

21.7
O¢ct- 2007
Hardware Avallability: Nov-2007
Soflware Availlabity: Nov- 2007
0 180 1N

CPU2006 licemse: 55
Test sponsor: Dell Inc.
Tested by: Dell Inc.

Dec-2007
Hardware Avallability: Jan- 2008
Software Availability: Nov-2007

0.

CPU2006 license: 6
Test sponsor: Sun Mrosysiems
Tested by: Sun MiCrosysiems

ArJ3. ol ’

194

A xalanched | 0

SMCint _basain = 24.0

GPUCIAL _base2N0g = 21,7
STCLot200G = 22.6

SMLCInt2808 » 29,0



SO

How does deleting the outlier and using the harmonic mean change the results”

Dell Inc. SPECIint®2006 =

\\
250

Dell Precision T3400 (Intel QX9650, 3.00 GHz) SPECint_base2006= 208
CPU2006 licemse: 55

Test sponsor: Dell Inc.
Tested by: Dell Inc.

Sun Microsystems SPECint®2006 = 25.0
Sun Fire X4450 21.7
Test date: Dec-2007 CPU2006 license: 6 O¢ct-2007
Hardware Avallability: Jan- 2008

Software Availability: Nov-2007

Test sponsor: Sun Mrosysems Hardware Avalability: Nov-2007
Tested by: Sun Microsysiems

Soflware Availabity: Nov-2007

e ‘ . 0 W0 1Y 130 1'%
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A walanchek | 00 A0 mal anchek

SMCint _basa?is = 20.0

:f'lf(lu,houm -n.7

STt = 23,6 SMLCANE20E = 25,0



‘Benchmark Engineering”

®x [here are obvious ways to enhance performance using the SPEC CPU
peak rules:

® Profile directed feedback

® Special libraries

® Unsafe optimizations

» Different optimization options

® Assertions to guide optimization
®x \\Vhat else can you think of?



‘Benchmark Engineering”

® Single user/diagnostic mode

® Strip-down kernel to minimum services
x Disable network interface, user I/O

x | engthen OS quantum

® Hand pick processor board and memory
x Jse fastest disk (15K RPM or SSD)

® Reformat disk with longer sectors

x Make compiler recognize benchmarks
= [urn off multithreading

® Specially cool processor chip



‘Benchmark Engineering”

Commercial benchmarks report
results that you are guaranteeo
never to exceed (or even match)



Amdahl’s Law

®x Gene Amdanhl
® Architect for IBM 709, Stretch, 360
x | eft IBM to form his own company, building IBM mainframe “clones’

®x Observed that speeding up one aspect of an architecture has limited value



Amdahl’s Law

®x Overall Speedup =

x 1/((1-Percent affected)+ Percent affected/Speedup)

®x Even if X% of a processor’s performance Is improved infinitely, only X
amount is removed from the total

®x [he remaining 1-X% dominates

® |f 99% disappears, 1% remains, so at most 100X speedup



Desikan

® \/alidation of software simulation of architecture
x Compares real Alpha to simulations
® |dentifies sources of error with microbenchmarks

x Shows results with macrobenchmarks



Simulator E
Alpha Initial simulator Validated simulator SimpleScalar 3.0b
21264 (sim-initial) (sim-alpha) (sim-outorder)

benchmark]|_1PC__||_PC__| %emor || _PC__| Yemor | _IPC__| %diflerence
TCa I 180 || 038 | 4061% | 187 | 43% | 317 | 262%
CCb [ 187 || 052 | 2604% | 187 |  06% | 300 |  87.8% _
CR [ 265 | 089 | -1984% | 266 | 0% | 854 |  252% _
CST [ 086 | 081 | 312% | 060 |  64% [ 088 |  36.1% _
Cs2 [ 085 | 082 | 36% | 08 | 21% [ 133 |  365% _
CS3 [ 085 | 087 | B5% | 085 | 05% [ 164 |  4220% _
CCO___ [ 175 053 | 2736% 174 | 06% 205 | 3.0% _
BT I 400 || 33l | 200% | 899 | 04% | 308 |  04%
EF [ 1ol [ 1ol | 0% [ 1ol | 02% [ 101 | 02% _
EDT [ 108 [ 104 | 0% [ 104 | 04% [ 1.04 | 04% _
ED2 | 216 || 215 | 00% [ 215 | 00% | 221 |  26% _
ED3 [ 272 | 299 | 948% | 807 | 115% [ 819 |  148% _
ED4 || 270 | 289 |  86% | 280 |  04% [ 400 |  302% _
ED5 [ 800 | 823 | 2% [ 850 |  58% [ 400 |  17.6% _
ED6 [ 311 || 331 |  61% [ 815 |  18% | 400 |  220%
EDMi I 015 || 104 | 857% 015 | _ 08% 015 | -03%
W[ 288 | 209 | 242% | 299 | 06% I 800 |  07%
™MD [ 166 || 125 | 329% | 166 |  04% | 126 | 31.1% _
M2 [ 036 || 034 | -40% [ 035 | 08% | 055 |  356%
MM [ 007 || 007 | 2% | 008 | 42% | 007 |  -03%
WP [ 175 089 | _907.9% 176 | 05% I 122 | 43.1% _
Mean 1 I 1 7ar% I 1 20% I | 195%

Table 2: Microbenchmark validation




Simulator Error

| ozip | wpr | goc [parser| eon | twolf | mesa | art |equake| lucas | mean

Sm-alphalPC__ | 128 099 0980 007 121 107] 117 082] 094] 137 105
23.08

Sm-stripped IPC_| 107|074 084] 089] 096] 084] 104] 082] 083 144] 092
42.33 42,00 62.10] 39.75| 32.71| -9.96| 4007

Table 3: Macrobenchmark validation
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Hill CAECW 2002

x  Commercial workloads are different
®x Big memory and disk
x Nondeterminism

® Benchmarks run for hours



@ 7

x Database benchmark
®x Reduce size

x /ero think time

® Super-fast disk

®x 10K transaction warm-up (real machine), 1K run (sim)



SPECIbb

® [ransaction processing In Java
x 1.8GB heap to minimize GC
x 500MB data per warehouse

®x 100K warmup, 100K run



Apache

x 10 SURGE clients per processor
® /ero think time
x 2K file repository with 50 MB

® S0OK warmup, 2.5K run



Slashcode

®x Dynamic web page generation
®x 3K messages, 5 MB total

® 240 transactions warmup, 50 run



Barnes-Hut

x N-body Simulation
®x Numerical benchmark for comparison

x 04K bodies



The Workload

Table 1. Workload properties

Memory L2 cache misses Supervisor Time Spent in
blocks touched  Unique miss per 1000 misses Kernel
Workload (64 bytes) PCs instructions (% of total) (% of total)

\4
o

OLTP 57 MB 12136 30 43% 28

SPECjbb 353 MB 8163 3.2 15% 19
Apache 102 MB 10214 29 825% 84%
Slashcode 173 MB 17009 1.1 489 43%

Barnes-Hut 16 MB 3413 0.3 169% 3%




Variation
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