
..

HotChips-2

The SPEC and Perfect Club Benchmarks: Promises
and Limitations

RafaelH. Saavedra-Barrera

ComputerScienceDivision

Universityof California

Berkeley,CA 94720

(415)642-9117

rafael@arpa.Berkeley.EDU

SantaClaraUniversity

August20, 1990

Organization

• Introduction

• The SPECandPerfectClub benchmarks

• Are we readyto castthesebenchmarksin stone?

• Why areanalysisandpredictionfundamental?

• Benchmarksdo not alwaysdo what we think they should

• Characterizingbenchmarksis not aseasyascountingMFLOPS

• Summaryandcondusions



WhataretheMain Conclusionsof this Talk?

• Are theSPECandPerfectsuitesabig improvement?

Answer:yes

• Are thesesuitereadyto beconsideredasstandards?

Answer:not yet

• Are thesesuiteswhatusersneedto evaluatemachines?

Answer:no

Benchmarksarenot Enoughto EvaluateDifferent Machines

MachinePerformanceNeedsto beExplainedandEstimated

BenchmarksNeedto be CharacterizedandImproved

TheSPECBenchmarks

• An effort from machinemanufacturers

• A suiteof 10 FortranandC programs(scientificandsystems)

• Performanceis relativeto the VAX-I 1/780

• Overall performanceis computedusingthegeometricmean

SPECmark=[,0 SPEcratiOi ] lin

, = 1

SPEC
. machineexecution time

ratio = ------------
VAX-Iln80 executiontime

• Only baselineresultsarereported

• Main goal is to producean industrystandardbenchmarksuite

Programsin the BenchmarkSuite
gcc C GNU C compiler
espresso C Booleanfunction minimization
spice2g6 Fortran Analogcircuit simulationandanalysis
doduc Fortran Thennohydraulicalsimulationof a nuclearreactor
nasa? Fortran Sevenfloating-point intensivekernels
Ii C Lisp interpretersolving the R-qucensprohlcm
eqntOlt C Builds a truth table from a booleanex.pression
matrix300 Fortran Matrix. operations(SAXPY)
fpppp Fortran Two electronintegralderivative
tomcatv Fortran Meshgenerationwith Thompsonsolver



ThePerfectClub Benchmarks SPECandPerfectBenchmarksarean Improvement

• A suiteof 13 Fortranprograms(scientific)

• Overall performanceis computedusingtheharmonicmean

• Baselineandmanualoptimizationresultsarereported

• Main goal is to matchproblemsandalgorithmswith machines

Harmonic Mean= n _
n 1
L

i = 1 MFLOPS;

MFLOPS= FLOP count on 1 CPU of a CRAY X-MP
CPU time in secondsx 106

ADM

ARC2D
BDNA

DYFESM

FL052
MOO
MG3D

OCEAN

QCD
SPEC77

SPICE
TRFD
TRACK

Programsin theBenchmarkSuite
Pseudospectralair pollution simulation

Two-dimensionalfluid solverof Eulerequations

Moleculardynamicpackagefor the simulationof nucleicacids

Structuraldynamicsbenchmark(finite element)

Transonicinviscid flow pastanairfoil

Moleculardynamicsfor thesimulationof liquid water

Depthmigrationcode

Two dimensionoceansimulation

Quantumchromodynamics
Weathersimulation

Circuit simulationandanalysis(spice2g6)

A kernelsimulatinga two-electronintegral transformation
Missile tracking

• Suitesof real,non-trivial, portableapplications

• First attemptsto ｾｯ｣ｵｭ･ｮｴ portability changesandoptimizations

• Benchmarkingasanongoingprocess

• Benchmarkingusedto evaluateanddesignbettersystems

• More thanbenchmarking(metrics,standard, verification)

Performanceis More thanBenchmarkExecutionTimes

• SPECmarks,executiontimesandMFLOPSratesarenot enough

• Usersneedto know what the benchmarksmeasure

• Usersneedto explainbenchmarkresultsin termsof

Theprogramstaticanddynamicstatistics

Themachineperformancecharacteristics

• Usersneedto extrapolatefrom benchmarkresults

Whatcanwe concludefrom the SPECandPerfectClub results?



Why areAnalysisandPredictionFundamental?(1/3)

ImportantQuestionsfor Users

• Why is the SPECratiofor fpppp so large?

• Whatwill the SPECratiofor tomcatvbe?

ffiM RiseSystem/6000Model 530

Why AnalysisandPredictionareFundamental?(2/3)

BenchmarkResultsDo Not Providethe Answer

• Userscan'. explainfrom benchmarkresults

• Userscan'textrapolatefrom benchmarkresults

IBM RISeSystem/6000Model 530
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Why AnalysisandPredictionareFundamental?(3/3) Benchmarking,Characterization,andPrediction

• Why is theperformanceof tomcatvthehighest?

61% of all operationsareinsideasingleloop

Mostof theoPerationsareof thefonn multiply/add

60% of all loadsandstorescanbeeliminated(registers)

Optimizerreschedulesinstructionsto avoidconflicts

• Why is theperfonnanceof fpppphigh?

80%of all operationsareof thefonn multiply/add

Thesizeof thebasicblocksis very large(400statements)

Not asmuchreuseof registersasin tomcatv

Prediction

Characterization

BenchmarkResultsShouldProvideInsight;Not Only Numbers • Measuretheperfonnanceof thesystem(benchmarking)

• Characterizetheexecutionof programsandbenchmarks

• Estimateexecutiontime for programsondifferentmachines

• Explainresultsin tennsof benchmarksandmachines

If



BenchmarkingShouldAnswerthe InterestingQuestions

Stardent3010(Spring1990)

DynamicStatistics:SPECandPerfectBenchmarks
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• Machine-independent statisticsfor an 'abstract'machine

• Only Fortranprogramshavebeencharacterized
gee spice 2g6 nasa1 eqntott fpppp

espresso doduc Ii matrix300 tomcatv
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• Statisticsfor Spice2g6for 7 testcases(models)

gcc spice2g6 nasa1 eqntotl fpppp
espresso doduc Ii matrix300 tomcatv

• Why doesmatrix300give thehighestandlowestSPECratio?

• How is matrix300differentfrom theotherbenchmarks?

• Whatarethemaindifferencesbetweenthe two machines?

• Why doesSpice2g6give low performancein bothmachines?

II

• Model 'perfect'usedby thePerfectbenchmarks

• Model 'greycode'usedby theSPECbenchmarks

Ii



DynamicStatisticsfor thePerfectBenchmarks(1/3)

Distributionof operators(Perfectbenchmarks)

oReal(single) GJ Real(double) • Inlelef • Complex • Logical

DynamicStatisticsfor thePerfectBenchmarks(2/3)

Ditribution of operands(Perfectbenchmarks)

o Scalar [] Amy I-D • Amy 2-D II Amy 3-D • Amy 4-D

ADM MOO BDNA DYFESM ARC2D TRFD
QeD TRACK OCEAN MG3D R..052 SPEC77
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• Real(Single):ADM, DYFESM,FL052,andSPEC77

• Real(Double):MOO, BDNA, ARC2D,andTRFD

• Real(Single)andInteger:QCD,andMG3D

• Real(Double)andInteger:TRACK

• IntegerandComplex:OCEAN

Jj

• Scalar(> 50%): ADM, BDNA, TRACK, MG3D, andOCEAN

• I-D Arrays(> 50%):QCD andMOO

• 2-D Arrays (> 50%):DYFESM andTRFD

• 3-D Arrays (> 50%):FL052

• More Uniform: ARC2 andSPEC77



DynamicStatisticsfor thePerfectBenchmarks(3/3)

Most importantbasicblocks(Perfect)

Osbloc:ks rwJ 10bIockslllSbIocksll20block.2SblocksD>2Sblocks

DynamicStatisticsfor theSPECBenchmarks(1/3)

Distributionof operators(SPECbenchmarks)

oReal(single) D Real(double) II Integer • Complex II Logical
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• 5 blocks>90%:BDNA andTRFD

• 5 blocks>75%:DYFESM

• 5 blocks>50%:QeD,MOO, MG3D, andOCEAN

• More Uniform: ADM, TRACK, ARC2D,FL052,andSPEC77

It;

doduc tomcatv nasa7 bipole Jl'Cycodc perfect
fpppp matrix300 benchmark digsr mosamp2 toronto

I spice2g6 I

• Real(Single):fpppp, tomcatv,andmatrix300

• Real(Double):doduc

• IntegerandReal(Double):bipole,greycode,andtoronto

• Real(Double)andInteger:benchmark,digsr,mosamp2,andperfect

• Real(Double),Integer,andComplex:nasa?



DynamicStatisticsfor theSPECBenchmarks(2/3)

Distributionof operands(SPECbenchmarks)

D Scalar ｾ Array 1-0 • Array 2-0 • Array 3-0 • Array 4-0

DynamicStatisticsfor theSPECBenchmarks(3/3)

Most importantbasicblocks(SPEC)

doduc tomcatv nua7 bipole grcycode pencct
fpppp matrix300 benchmark digsr mosamp2 toronto

I spice2g6 I
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• Scalar(> 50%):doduc,fpppp,andspice2g6(all models)

• 2-D Arrays (> 50%):matrix300

• Scalarand2-D Arrays: tomcatv

• Scalarand1,2,3,4-DArrays: nasa7

II

• 1blocks>99%: matrix300

• 5 blocks>80%: fpppp andtomcatv

• 5 blocks>50%:nasa7andgreycode

• More Unifonn: doduc,spice2g6(exceptgreycode)

ｉ ｾ



Chernoff Faces for the Perfect Benchmarks Chernoff Faces for the SPEC Benchmarks
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. ChernoffFacesandBenchmarkSimilarity ExplainingMatrix300Results(1/3)

• EachChernofffaceconsistsof 23 programcharacteristics

• Assignmentof variablesto facial features

• Randomassignmentof variables

• Analysisof cyclecountsandobjectcode

InstruclionspTime =-------:;...
p Clock x CPJp

• SunSPARCserver490(SS-490)andMIPS M/2000

LEGEND

Coun..

Ii eqnlol m;lIm300 (PIlI'1l IOn)(31'·

SPECBtnchlNrh

SPECratio
2A

Figure 1 Instruction! Cycle Count, and SPEC Ratio
Comparisons of 55-490 and Mt2000

Clusterslor theSPECBenchmarksandSpice2g6:

1) benchmark,digsr,mosamp2,perfect,andtoronto

2) bipoleandgreycode

3) matrix300andtomcatv

4) dodueand fpppp

5) nasa7

Clusterslor thePerlectBenchmarks:

1) fL052, DYFESM,andTRFD

2) QeDandMOO

3) ADM andMG3D

4) ARC2DandBDNA

5) SPEC77

6) TRACK

7) OCEAN

'J-.I



ExplainingMatrix300Results(2/3)

• 99%of theoperationsexecutedare in onebasicblock

• Indexcalculationrepresents43%of all operations

SUBROUTINE SAXPY(N, A, X, INCX, Y, INCY)
IMPLICIT REAL*8(A-H,O-Z),INTEGER*4(I-N)
DIMENSION X(INCX,N), Y(INCY,N)
IF (N.LE.O) RETURN
DO 10 I=I,N

Y(I, I) = Y (1, I) + A*X(1, I)
10 CONTINUE

RETURN
END

MIPS M/2000
operation percentof percentof

operations executiontime

floating point store 14.14% 1.28%
floating point add 14.14% 6.14%
floating point multiply 14.14% 9.96%
2-D arrayreference 42.64% 70.38%
loop overhead 14.25% 11.89%

• Indexcalculationrepresents700/0of theexecutiontime

• Compilergeneratesbettercodein new release

21

ExplainingMatrix300Results(3/3)

SPARCstationI
operation percentof execution

operations time

floating point store 14.14% 2.42%
floating point add 14.14% 8.84%
floating point multiply 14.14% 11.10%
2-D arrayreference 42.64% 57.26%
loop overhead 14.25% 19.90%

• Indexcalculationrepresents570/0of theexecutiontime

CRAY Y-MP/8128(scalar)

operation percentof execution
operations time

floating point store 14.14% 2.75%
floating point add 14.14% 6.26%
floating point multiply 14.14% 16.10%
2-D array reference 42.64% 16.77%
loop overhead 14.25% 57.04%

• Indexcalculationrepresents16%of theexecutiontime

ResultsWithout Explanationarenot very Useful



DynamicStatisticsfor Spice2g6(1/3) DynamicStatisticsfor Spice2g6(2/3)

DataSet Execution BasicBlocks Expressions Integer Double
Time Executed in Assi£nments Ooerators Operators

benchmark 72 s 52.5% 52.4% 46.0% 52.2%,
bipole l%s 34.9% 36.0% 72.7% 26.4%
digsr 456s 35.4% 50.3% 45.3% 53.5%
greycode 152895 33.3% 19.3% 86.9% 12.8%
mosamp2 34 s 36.4% 55.3% 38.2% 60.1%
perfect 234s 33.9% 52.9% 48.7% 49.7%
toronto 155s 35.0% 46.7% 55.3% 43.3%

Numberof BasicBlocksContaining
DataSet X% of All Operations

50% 75% 90% 95%
benchmark 33 103 232 376
bipole 13 36 84 126
digsr 25 70 143 197
greycode 3 15 43 72
mosamp2 24 69 132 202
perfect 17 51 106 155
toronto 21 59 125 182

1.0

F

a 0.8
c

0
0.6

n

0

f
0.4

T
0

a 0.2

mosamp2
digsr

greycode

bipo]e

perfect

ｾ toronto
benchmark

Greycodeis not an InterestingModel for Benchmarking

200150

Numberof BasicBlocks

10050
O.O..L------L-------J.----........----

o

• Thereare6044basicblocksin Spice2g6

• TheSPECbenchmarksusegreycodeasinput model

• Greycodeexecuteslonger,but touchesfewerbasicblocks

• More than80%of assignmentsarememoryto memorytransfers

• Only 13%of arithmeticoperationsare in doubleprecision

• 3 basicblocksexecutemorethan50%of all operations

"4-.



DynamicStatisticsfor Spice2g6(3/3)

140 LOCIJ=NODPLC(IRPT+LOCIJ)
IF (NODPLC(IROWNO+LOCIJ).EQ.I) GO TO 155
GO TO 140

• This block contains32%of all operationsfor greycode

• All operationsin theblock arebetweenintegers

• Spice2g6is supposedto be floating point intensive

WhatDo theAboveResultsMean?

• Largeprogramsdo not necessarymakegoodbenchmarks

• A longerexecutiontime doesnot producea betterbenchmark

• Usersneedto know whatbenchmarksmeasure

• Benchmarkresultsshouldsaysomethingaboutthe machine

• It is very difficult to constructgoodbenchmarks

ScientificProgramsExecuteNot Only FLOPS(1/2)

I t b'l't maximum attainedMFLOPSnsall y = ----------
minimum attainedMFLOPS

Our Measurements PerfectClub
VAX-I 1/785 VAX-11/780

Program MOPS MARITH MFLOPS MFLOPS

ADM 0.42 0.15 0.12 0.2
ARC2D - - - 0.03
BONA 0.32 0.13 0.13 0.2
DYFESM 0.52 0.15 0.14 0.5
FL052 0.43 0.13 0.13 0.3
MDG 0.30 0.08 0.08 0.2
MG3D - - - 0.2
OCEAN 0.42 0.17 0.05 0.2
QCD 0.46 0.15 0.10 0.2
SPEC77 0.36 0.12 0.11 0.2

SPICE 0.39 0.15 0.08 0.1
TRFD 0.43 0.13 0.12 0.1

TRACK 0.35 0.13 0.10 0.1

• MOPS=millions of 'abstract'operations

• MARITH = millions of arithmeticoperations

• MFLOPS=millions of floating point operations

2b



ScientificProgramsExecuteNot Only FLOPS(2/2)

• Our Measurements

MOPS,MARITH, MFLOPSInstabilities= 1.73,2.13,2.80

• PerfectClub Numbers

Instability (with andwithout ARC2D) =16.7,5.0

WhatDo theAboveResultsMean?

• Benchmarksexecutemorethanjust floating point operations

• We needto definea betterunit of work for programs

• Characterizationmustbe architectureindependent

• Programstatisticsshouldbe easyto verify

PredictingExecutionTimes(1/2)

PerrectBenchmarks
ADM OCD MD<i

System real pmt error real pred error real pred error
(sec) (sec) (%) (seC) (sec) ('I) (sec) (sec) ('I)

CRAY Y·MPI8I28 114 98 -14.03 90 93 +3.33 4928 4511 -8.46
IBM RS/6lXXl 208 165 -20.67 121 134 +9.70 1209 1558 +28.86
MIPS 1000 715 723 +1.11 238 328 +37.82 3026 3979 +39.49
VAX 3200 1865 1659 -11.05 1060 909 -14.24 13166 12502 -5.04
VAX-lln85 3324 2883 -13.27 2141 1701 -20.55 2b401 29037 +9.98
Sun 3/50 5964 6353 +6.52 2252 2966 +31.71 29717 30273 +1.87

average -8.56 +5.35 +11.38
r.m.s. 12.68 29.29 22.34

TRACK BDNA OCEAN

System real pred error real pred error real pred error
(sec) (sec) Ｈ ｾ Ｎ Ｉ (seC) (sec) ('I) (sec) (sec) Ｈ ｾ Ｎ Ｉ

CRAY Y·MP/8128 144 139 -3.47 13.57 1338 -1.42 521 524 +0.57
IBM RS/6000 - 49 - 307 28K -6.18 1025 1206 +17.65
MIPS 1000 - 115 - - 978 - - 2968 -
VAX 3200 337 312 +7.41 391;8 3162 -20.71 8360 6434 -23.04
VAX·11n85 654 667 +1.98 6333 7446 +17.57 13651 12230 -10.41
Sun 3/50 836 994 +18.90 119116 1078tl -10.01 39505 42015 +6.35

average -1.97 -9.58 +8.02
r.m.s. 4.86 11.92 10.74

• Programstatisticsandmachineperfonnancemeasurements

• All programsexecutedin scalarmode

• All programscompilerwith no optimization

• Missingdatadueto compilererrorsor invalid results

• r.m.s. is the root meansquareerror



PredictingExecutionTimes(2/2)

PerfectBenchmarkkonO
DYFESM MGJD ARClD

Sysaem real Iftd error real prW error real prW error
(sec) (sec) (,.,) (sec) (sec) (,.,) (sec) (sec) ('l )

--
CRAY Y-MP1B128 131 103 -21.37 2966 2174 -26.70 3337 3025 -9.34
IBM RS/6000 - 266 - - 60911 - - 1516 -
MIPS 1000 651 610 ｾ Ｎ Ｒ Ｙ 19019 15089 -20.66 - 4126 -
VAX 3200 1136 1243 +9.41 - 28850 - - 10017 -
VAX-IIf185 2059 1936 -5.97 - 50743 - - 20082 -
Sun3/50 4496 4986 +10.89 - 146824 - 33768 33556 --{).63

lveqge -2.66 -24.67 -9.34
r.m.s. 12.15 24.67 9.34

FL052 TRFD SPU'77 average r.m.s.
Sysaem real pred error real pred error real pred error error error

(sec) (sec) (,.,) (sec) (sec) ('1) (sec) (sec) ('1) (,.,) (%)

CRAY Y-MPIBI28 158 136 -13.92 803 611 -23.91 516 431 -16.47 -9.18 12.65
IBM RS/6000 441 635 +43.99 403 360 -10.66 901 1241 +37.74 +15.13 29.67
MIPS 1000 1271 1406 +10.62 965 935 -3.10 - 3717 - +2.86 19.71
VAX 3200 2822 3126 +10.77 2047 2069 +1.07 10628 11250 +5.71 -1.07 10.53
VAX-IIf185 4335 4928 +13.67 3581 4153 +15.97 17K46 17523 -1.81 -4.K3 12.K4
Sun3/50 8024 9710 +21.01 8118 7715 -4.96 - 28616 - -+6.30 15.22

lveqge +14.66 -8.31 +5.85
r.m.s. 20.26 11.84 5.85

• Predictionsfor 16 machinesand30 programs

• 56%of all predictionsarewithin 10%of executiontime

• 88%of all predictionsarewithin 20%of executiontime

• 96%of all predictionsarewithin 30%of executiontime

• Predictionhelpsto validateperfonnancemodel

SummaryandConclusions

• It is importantfor usersto know what benchmarksmeasure

• Knowing what benchmarksdo helpsimprovethem

• Scientificprogramsdo morethanfloating point operations

• We needto proposea realisticunit of work for programs

• Statisticsareasgoodasthequality of the raw data

• TheSPECandPerfectsuitesrepresenta major improvement

• But morework is neededbeforetheycanbecomestandards

• Why areacademiaand industrynot working together?
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