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Abstract

A substantialamountof statisticalinformationis givenof Algol programsrunattheNationalPhysical
Laboratory. This involvedthemonitoringof 155million instructions.Informationfrom thiscanbeused
by compiler-writers in decidingwhich featuresof a compilerareworth optimising. Statisticsarealso
givenof theoccurrenceof basicsymbolsin sourcetext andof instructionsin compiledprograms.

Fromtheexecutionstatistics,anAlgol mix hasbeendevised.Thishasbeenrunon18Algol systems
giving a clear indicationof the weaknesses and merits of eachone, aswell as a comparisonof their
executionspeeds.
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1 Introduction

A large part of the statisticsgatheredandanalysedin this report are dependenton the Algol compiler
describedin RandellandRussell’sbook“ALGOL 60Implementation”[1] . Fortunatelythisbookcontains
sufficientdetailfor thosewithoutaccessto aKDF9 to maketheirown analysisof thestatisticsgivenin this
report.

Threegeneralmethodshave beenusedto gatherstatisticsfrom the KDF9 WhetstoneAlgol system.
Firstly, the interpreterhasbeenmodifiedto obtaindynamiccountsof eachinterpretive instruction. Sec-
ondly a staticcountof theseinstructionshasbeenmade.Thirdly, theAlgol sourcetext, storedasfiles on
thesystemsdisccanbescannedandanalysedin variousways.

This work hasbeendoneover a periodof nearly two years. Much help hasbeengiven by various
peopleincludingA.L. Hillman, R. Green,andM. Parsons.Additional statisticalinformationhasalsobeen
providedby Dr. C. Phelpsof Oxford Universitywhich is analysedin section2. Many helpful comments
principally by R. Scowen andM. Woodgerhave resultedin amendmentsto the work. Also additional
timing datahave beensentto theauthorsincethepublicationof [3] whichappearin 5.4.

2 Whetstone Algol dynamic analysis

2.1 Introduction

Thereaderis expectedtobefamiliar in outlinewith RandellandRussell’sbookALGOL 60Implementation
[1]. Referencesto the book usethe sectionheadingprecededby RR, e.g.:-RR 2.6.2. The interpretive
instructionsareexpandedwith theabbreviation left in capitalletters,for instanceMakeStorageFunction,
which is writtenasMSF in [1] andin partsof this reportwherethecontext is clear.

Executionof the objectprogramoperationsis implementedwith oneswitch on thecurrentoperation
number. Thispartof theinterpretercanbemodifiedto addup thenumberof timeseachtypeof operation
hasbeenexecuted.Theinterpreteris extremelyslow to execute— typical instructiontimesare300to 800
microseconds.For this reasonadding40microsecondsto accumulatethedynamiccountsdoesnotdegrade
thesystemsignificantly. Consequentlythis modificationcaneasilybe usedon all programssubmittedto
theWhetstonesystem.Thisavoidsthesamplinginvolvedin somemethods.

At first, themodifiedinterpreteroutputthecountsof eachprogramto papertape.Almost all programs
weremonitoredin threedaysseparatedby a fortnight in order to capturedifferentprograms.A similar
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modificationwasdoneatOxfordUniversityby Dr. C. Phelps.Later, themodificationwasrepeatedbut the
countswereaccumulatedautomaticallyon thedisc. Becauseof this, it waspossibleto monitorprograms
continuousfor overa month.A totalof nearlya thousandprogramsweremonitoredalthougha substantial
numberof rerunsmeansthatonly abouttwo hundredof theseweredistinct.

In interpretingtheseresults,onemustbearin mind the environmentwithin which thesefigureswere
obtained.TheNationalPhysicalLaboratoryis a researchestablishmentin which in general,thescientists
do their own programwriting anddebugging. Programdevelopmenttakesa large shareof the available
computertime, almostall of which is in ALGOL. TheWhetstoneAlgol systemis usedonly for program
developmentandproductionrunsusetheKidsgrovecompiler[2]. It is thoughtthata fairly highproportion
of theusershave little programmingexperience,andthatthis is reflectedin theprogramsthey write.

SinceWhetstoneALGOL is usedfor programdevelopmentonly, productionprogramsare likely to
show differentproperties.Someof thesecanbeguessedat. For instance,anoperatorlike MakeStorage
Functionwill probablyonly beexecuteda few timesperprogramregardlessof theamountof computing
timeused.Onewouldimaginethattheuseof thestandardinput/outputroutineswouldnot increaselinearly
with theamountof computertimeused.

2.2 Outline of the statistics

Thecompletetableof statisticson the interpretedinstructionis givenin AppendixA. For thepurposeof
thecalculationof variance,thefigureshave beendividedinto sevengroupsasfollows:

� 1) Threedaysseparatedby a fortnight atNPL, collectedin OctoberandNovember1960

� 2) FigurescollectedOxfordUniversityduringApril 1969by Dr. C. Phelps.

� 3) to 7) Figurescollectedautomaticallyat NPL duringFebruaryMarchandApril 1970.Thesehave
beendividedinto groupsrepresentingabout7 to 10 daysuseof theWhetstoneAlgol system.

Sometimesit is appropriateto give all sevenfigures,in which caseit is writtenas“total (f1, f2, f3, f4,
f5, f6, f7)”. Whereappropriate,figuresareroundto threeplaces.Usuallyoneis interestedin thefrequency
of executionof oneof the interpretedinstructionsin which casethe averageof the frequency from the
seven samplesis given. The varianceof the seven frequenciesasa percentageis thengiven in brackets
asan indicationof the reliability of the information. For instance,the frequency of executionof Block
Entry is 13 400 (26) operationsper million. As expected,the morefrequentoperationshave a smaller
variance(typically 10 percent)asopposedto thelessfrequentoneswith a varianceof often100percent.
In general,the numberof programsin the seven samplesis an indicationof the comprehensivenessof
thedata. In thecaseof thefirst sample,rathermorecarewastakenover its collectionwhereastheother
onesaremerelyall programssubmittedover a particularperiodof time. Thelast four samplesarein date
orderandso,becauseof thegraduallychangingpopulationof programsbeingrun,thecorrelationbetween
samplesmight be expectedto correspondto thedifferenceof thesamplenumbers.A goodcheckon the
statisticswouldbeto seeif theOxfordUniversityfiguresaresignificantlydifferentfrom thoseat NPL.

The numberof programsexecutedwas949 (93, 120, 122, 349, 71, 121, 120). The numberof ele-
mentaryoperationsin eachsetwas155 (12, 6.3, 16.3,67, 12, 25.4,15.8) millions. Hencethe average
numberof operationsin eachprogramwas152000(165000,63500,133000,192000,170000,210000,
132000). Theaveragetime takento executeoneinstructionwas664(738,761,598,593,616,655,687)
microseconds.Thepercentageof programsto terminatewithouterrorwas54 (58,55,51,55,41,49,63).

2.3 Analysis of the dynamic counts

The figuresgive very accuratedetailsof someaspectsof the useof ALGOL. For instance,the number
of timeseachstandardfunction wasusedis known. But in othercasesthe operationcountsgive little
information. For example,type conversionis not explicit so it is not known how often a floating point
numberhasto befixedto storeit in core.Also, theoperationsINDA andINDR donotgivethedimensions
of thearrays.So,in orderto proceedfurtherwith someanalysisit is necessaryto makeguessesaboutsome
of themissinginformation.
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Operator Frequency Variance� 36800 (9)�
31000 (14)� 26300 (11)�
11000 (27)� 6 980 (26)

NEG 5 230 (21)� 3 600 (24)�
3 530 (59)	 3 290 (38)
� 2 230 (56)�
2 180 (32)�
1 030 (70)


914 (86)�
884 (74)

� 481 (70)� 115 (107)� 1 (241)� 0 (infinite)

Table1: Frequency of executionof theAlgol operators

Operator Frequency Variance

TakeIntegerConstant1 43 200 (4)
TakeIntegerConstant 22 500 (33)

TakeIntegerConstant0 6 630 (25)
TakeRealConstant 5 450 (44)

TakeBooleanConstantFalse 124 (68)
TakeBooleanConstantTrue 78 (126)

Table2: Theconstantoperations

2.3.1 Operations

Thefrequency of arithmeticandbooleanoperationscanbefounddirectly from correspondingelementary
operationfrequenciesandarelistedin Table1.

Unfortunatelythe type of the operandsis not known, for instance � is executedfor real or integer
operandsor indeeda mixture in which casethe integer operandis convertedto real. A rough guessis
attemptedon theratio of realto integerworkingbaseduponotheroperations(seesection2.3.9and2.4).

Thefact thatmultiply appearshigherin thetablethanadddoesnot meanthatthemachineinstructions
for multiplication arelikely to be usedmoreoften thanthosefor addition. In fact, additionoccursmore
frequentlythanmultiplicationbecauseif its usein addresscalculation(INDex Address,INDex Result)and
storageallocation(MakeStorageFunction,ProcedureEntry, Block Entry, Call Block etc). Thepossibil-
ity of calculatingthe frequency of executionof variousmachineinstructionsin Algol compiledcodeis
examinedin detailin section5.4.2.

2.3.2 Use of constants

WhetstoneAlgol insertsconstantsin the codewhenrequired,so it is not possibleto find out how much
storagewouldbesavedif eachdifferentconstantappearedonly one.

Thefrequency of therelevantoperationsis asin Table2.
In analysingthese,allowancemustbe madefor the fact that constantsasactualparametersto proce-
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duresdo not give rise to theseoperations.Theuseof specialoperation-codesfor 0 and1 is clearly fully
justified,but it is thoughtthatalargeproportionof theintegerconstantsnot0 or 1 arein factsmallintegers.

2.3.3 Labels and Switches

Comparedwith implicit transfers,labelsarevery rarelyused.
Theuseof switcheswasonly aboutfive percentof thegoto’s: Frequency of goto’s= 2 010(51) from

GoTo AccumulatorFrequency of theuseof switches= 94 (105)from TakeSwitchAddress.
Theaveragevalueof theswitchindex canbeseenfrom theratio(DecrementSwitchIndex/TakeSwitch

Address)which is aboutfifteen(with a largevariation).
Onecanalsotell how frequentlylabelsarepassedin aprogramsincetheoperationTRACEis generated

for eachcall of a procedure(ProcedureEntry) or passinga label.
Frequency of passinga label= 3 370(44)
Percentageof goto’s/passingalabelis 58with astandarddeviationof 8 percentfrom thesevensamples

(which is surprisinglyconstantin view of thewidevariationof thefrequencies).

2.3.4 For loop code

Thefor loopcontrolcodeis rathercomplex, soa carefulreadingof RR2.6is advisable.
Oninitialising thefor loop,UnconditionalJump,Call FunctionZeroandFor Block Entryareexecuted.

For eacharithmeticelementtwo LINK andoneFor Arithmetic is executedtogetherwith For Returnon
completionof thecontrolledstatement.For eachwhile elementthreeLINK’ soneFor While andthenFor
Returnis executed.Thestep until elementsis morecomplex in that four LINK’ s FORS1andFor Return
areusedfirst time roundtheloopandfour LINK’ s,FORS2,andFor Returnsubsequently.

Thefiguresrevealasexpectedthatthestep until elementis muchmorefrequentlyusedthantheothers.
Otherfactscanalsobededuced.

Frequency of entryto for loopsFor Block Entry = 2700(24)
Frequency of exits from for loopsby exhaustion(For StatementEnd)= 2510(27)
Percentageof for loopsfrom which anabnormalexit hasbeenmadeis 3.6(106)
It is not possibleto find outhow many arithmeticelementsarein a for loop,or how many timeswhile

is obeyed,but with thestep until this is possible.
Averagenumberof timesroundstep until for loop (FORS1/FORS2)7.9 (15) This is a numberwhich

onewould expect to increasesubstantiallyfor productionrunsasopposedto the programtestingwhich
wasmonitored.

2.3.5 Procedure entry code

Becausethecorrespondencebetweenactualandformal parametersis checkedat run time (RR 2.5.6),an
analysisof parametersis possible. However the parameteroperationsare not executeddirectly, so an
analysisis only possibleof theformalparametersby inspectingthefrequency of thecheckoperations.

Thetable3 givesa list of all thecheckoperationsandtheir frequency. Also tabulatedis the“average”
numberof parametersof thecheck-type,thatis, frequency/procedureentrycount.

Thesumof thecheckoperationsgivestheaveragenumberof parametersto procedures,which is 1.88
(19).

Procedures without parameters Thesearecalledby Call FunctionZeroandCall FormalFunction
Zeroinsteadof Call FunctionandCall FormalFunction.UnfortunatelyCFZ is alsousedin for statements,
but theuseof CFZ andandCFFZto call functionswithout parameterscanbefoundfrom (PE-CF-CFF).
Thishasameanof 788(104)operationspermillion. Thepercentageof callsof procedureswithoutparam-
etersoutof all proceduresaveragesat4.33with a varianceof 108.
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Operation Meaning Frequency Variance Frequency/ Variance
Proc. Entry (Freq/PE)

ProcedureEntry 20 100 26
CheckandStoreReal realby value 18 100 26 .922 26

CheckandStoreInteger integerby value 13 100 26 .664 17
CheckArithmetic real/integerby name 2 480 79 .140 89

CheckSTring string 1 790 76 .089 54
CheckArray Real realarrayby name 656 34 .036 45

CheckArray Integer integerarrayby name 471 180 .018 160
CheckandStoreBoolean booleanby value 113 93 .006 very large

CheckLabel labelby name 59 91 .003 very large
CopyRealFormalArray realarrayby value 43 85 .002 very large

CheckBoolean booleanby name 24 170 .001 very large
CheckPRocedure procedure 9 153 very small

CheckFunctionReal realprocedure 3 169 very small
CheckandStoreLabel labelby value 2 208 very small

CopyIntegerFormalArray integerarrayby value 0 223 very small
CheckFunctionBoolean booleanprocedure notused
CheckFunctionInteger integerprocedure . . .

CheckSwitch switch . . .
CheckArray Boolean booleanarrayby name .. .
CopyBooleanFormal booleanarrayby value . . .

Table3: ProcedureEntry andCheckOperations

Code procedures The standardfunctionsare not dealt with as ordinary codeproceduresand are
consideredin thenext section.Althoughtheusercanwrite codeprocedures,themostfrequentlyusedones
arealmostcertainly“write (integer, integer, real)”, “read(integer)”, “write text (integer, string)”, whereall
theparameters(exceptthestring)areby value.

At Oxford University, the WhetstoneAlgol systemis somewhat differentso that theseinput-output
proceduresare treatedas standardfunctions. In this case,it is possibleto determinethe percentageof
procedurecallswhich arefor standardinput-outputroutines.This is 59 percent.

A typeprocedureis enteredby theinterpretivecodeR DOWN, I DOWN or B DOWN asappropriate,
but ordinaryproceduresareenteredby theuseof R DOWN.

Thepercentageof theseoperationsto thetotaluseof proceduresis

� R DOWN 40.7(38)

� I DOWN 4.2(large)

� B DOWN 0 (very large)

(TheR DOWN valuefrom Oxford hasbeencorrectedto do thiscalculation).

Standard functions The standardfunctionsare dealt with as ordinary proceduresexcept that the
bodyof theprocedureis a singlesyllableoperationcodeuniqueto thatfunction.Hencetheuseof eachof
thestandardfunctionscanbedeterminedfrom thetablesandis repeatedin Table4.

Thetotal for alI thestandardfunctions8 718(56) operationspermillion.
As a percentageof theuseof procedures,theusedstandardfunctionsis 41.8percentwith a variance

of 37.
From the last section,the total useof codeproceduresandstandardfunctionsis 86.8per centof all

procedures(varianceonly 9). This ratio canalsobe determinedfrom (RETURN-CBL)/PE,which gives
the fractionof pureAlgol procedures(assumingprocedureswereleft by theordinarymechanism(not by
gotoetc)).
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Operator Frequency Variance

SQRT 1 750 (49)
COS 1 490 (101)
ABS 1 390 (40)
SIN 1 020 (108)

ENTIER 909 (122)
EXP 831 (92)
LN 644 (83)

ARCTAN 591 (149)
SIGN 82 (82)

Table4: Thestandardfunctions

Operator Frequency Variance

TakeFormalAddress 24 400 (39)
TakeFormalReal 2 690 (40)

TakeFormalAddressInteger 1 890 (42)
TakeFormalInteger 1 820 (109)

TakeFormalAddressReal 1 700 (93)
TakeFormalBoolean 85 (143)
TakeFormalLabel 0 (151)

Table5: TheTakeFormaloperations

2.3.6 Use of formals

Within theprocedure,theuseof formalsspecifiedby namecanbefoundfrom inspectingthefrequency of
therelevantTakeFormaloperations(RR 2.5.6),seeTable5. Theuseof formalsspecifiedby valuecannot
beseparatedfrom theuseof non-formals.

It is possibleto seehow many timeson averageeachformal is accessed.The operationsTFI, TFAI,
TFR andTFAR correspondto a formal which hasanappropriateCheckArithmetic operation.Hencethe
averagenumberof referencesto arithmeticcall by nameparametersis 4.46(49).

The repeateduseof arrayscalledby namecanbe found from the ratio TFA/(CAR + CAI + CAB) =
29.4(52).

(TFA is in factusedin assignmentsto formalBooleans,andalsoin theuseof formalswitches,but their
frequency is solow thatthis canfairly safelybeignored.)

2.3.7 Expressions as actual parameters

Thecalling sequencewith anexpressionasa parameterconsistsof a subroutinestartingwith Block Entry
andendingwith End Implicit Subroutine(RR 2.5.4.3). Although Block Entry occurson entry to blocks
(RR 2.2.3)andalsowith EndImplicit Subroutinein switchdeclarations(RR 2.4.2)theseoccurrencesare
negligible in comparisonto theirusein expressionparameters.Thetotalnumberof parameterswhichcould
have hadexpressionsasparametersis known from therelevantcheckoperations,namelyCSI, CSR,CA,
CL, CSB,CSL andCB. However in thecaseof CA, CL andCB theexpressioncouldhave beenevaluated
morethanonce,andsothecountsof therelevanttakeformaloperationsmustbeaddedinstead(TFI, TFR,
TFB, TFL, TFAI, TFAR). (Theuseof TFA in theassignmentto formalbooleansis againignored.)

Hencethepercentage(on thebasisof execution)of expressionparametersis 35.2(16).

2.3.8 Unconditional Jumps

TheUnconditionalJumpcodeappearsin about7 differentcontexts asfollows:
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Context Frequency Variance
1 197 (51)
2 98 (51)
3 2 067 (34)
4 0 (-)
5 94 (105)
6 19 528 (29)
7 2 594 (23)

TOTAL 24 578 (20)

Table6: Unconditionaljumpsby context

1. After Call BLock (RR2.2.7)andsohasexactly thesamecountasCBL

2. After Block Entry (RR2.2.8)in orderto jump roundprocedurebodies.For two or moreconsecutive
proceduresthereis only theonejump,soallow abouthalf theCBL countfor this.

3. Jumproundelse in conditionalexpressionsor conditionalstatements(RR 2.1.5and2.1.6). If the
conditionalstatementsalwayshadandelse onewouldexpecta countof abouthalf of If FalseJump
for this.

4. Jumproundswitchdeclarations(RR 2.4.2). Onewould expectcountfor this to bemuchlessthan
CBL andsonegligible.

5. Jumpto endof switchdeclarationafterevaluatinga switchdesignator(RR 2.4.2). Samefrequency
asTakeSwitchAddress.

6. Jumproundactualoperations(RR 2.5.3)Exactly the sameas the Call Functionplus Call Formal
Functioncount.

7. Jumproundaddresscalculationof control variablein for loop (RR 2.6.1). This is thesameasthe
countfor Call FunctionZeroin this context.

But sinceCall FunctionZero can arise in the call of procedureswithout parameters,this must be
subtracted(see3.5.1).

Sinceonly thejumpsof type3 cannotbeestimatedwith any accuracy, thetotal jumpcountcanbeused
to find their frequency, completingthetable6.

The ratio of 3 to If FalseJumpis 13.3%(variance21). Sincethis is significantly lessthanhalf, it
appearsthatconditionalstatementsaremorecommonthanexpressionsandthattheelse clauseis oftennot
present(or theconditionis usuallyfalse,which seemsunlikely).

Notethatalargenumberof transfersin fact implicit, suchasRETURN,andFor Return,and,of course,
theevaluationof expressionparameterswhich startswith BE andendswith EIS.

2.3.9 Analysis of arithmetic variable store and fetch

Onewould clearly like to know theproportionof real to integer fetchsandstoresandalsotheproportion
of arrayelementaccessingto simplevariables.Unfortunatelytheoperationcodesdonotgive thesefigures
directly, for instanceINDex AddressandINDex Resultdo not give thedimensionof thearraysaccessed.
Soa very approximateanalysishasbeendone.

Sincethebooleanvariables(asopposedto relationaloperators)areusedvery rarely, only integerand
realquantitiesareconsidered.Moresignificantlytheuseof formalsin theoperationTakeFormalAddress
is omitted althoughan allowancehasbeenmadefor this by adjustingthe TakeRealAddressandTake
IntegerAddressfiguresfor arrayaccessing.Thefact thatINDex Resultis usedin switchesis alsoignored.

Thefor loopcontrolcodeis dealtwith ratherdifferentlyfrom otherstatements,sotheeffect thishason
thecountsshouldberemoved.Making theassumptionthatmostof thefor loopsareof theform:
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Use Proportionaspercentage Variance
Integer 57.0 7
Real 43.0 9
Fetch 77.3 2
Store 22.7 6

1) Integersassubscripts 24.5 6
2) Integerin controlloop 16.0 17

3) Integerarrayfetch 2.8 20
4) Integerarraystore 1.8 29
5) Realarrayfetch 9.2 9
6) Realarraystore 5.6 13

7) Integerfetchexcluding1 and2 9.4 24
8) Integerarraystoreexcluding2 2.3 18

9) Realfetch 20.7 17
10) Realstore 7.6 16

Table7: Variableusage

for i := 1 step 1 until n do
we have thatTIA is usedtwice andTIR oncefor every FORS2operation.Reducingthesecountsby the
appropriateamountwe have (TIA) modified= 16 800,(TIR) modified= 111000.

If onefurtherassumesthatsubscriptexpressionsinvolveonly onesimpleintegervariable,andthatthe
averagearraydimensionis 1.26(seesection4.1.2) then:= (INDA + INDR) � 1.26.

Theresidueof theTIR is thus80 400.
Soa largeproportionof integerwork is involvedin fetchingsubscripts.
TheoperationsTIA andTRA areusedto fetcharraywords,andTFA is usedexclusively for this (again

ignoringformalbooleansetc.).SinceINDA or INDR is executedfor eacharraywordfetch,onecanreduce
TIA andTRA by proportionto allow for this.

(TIA) corrected= 7 630,(TRA) corrected= 24 800.
Thesefiguresshouldthereforerepresentthe approximatefrequency of storingto simple integer and

realvariables.
Theseresultscanbesummarisedin thefollowing way.
Total useof simpleandarrayvariables= 329000operations/million.
By makingvariousassumptionsabouttheuseof variablestable7 canbeconstructed.

3 Whetstone Algol static analysis

3.1 Introduction

The WhetstoneAlgol systemin useat this laboratoryis the oneworking underthe PROMPT operating
systemprovided by ICL. The compiler readsthe Algol text off the disc and compilesthe programin
its own corearea. After successfulcompilation,threeitemsare written backto the disc. First thereis
the WhetstoneAlgol interpretive codeasdescribedin [1] secondlythereis a referencetablegiving the
correspondencebetweensyllablenumbersin theinterpretivecodeandtheAlgol text (it is usedto give the
positionsof run-timefailure),andlastly thereis themachine-coderesultingfrom thecompilationof code
procedures.

The compiler is not load andgo, so thereis a separaterunningphasein which a controllerprogram
readstherelevantblocksfrom thediscandinterpretstheWhetstoneAlgol code.In fact, any programcan
readthisinformationoff thediscsoit ispossibletowrite anAlgol programto “anticompile”theinterpretive
codeof any program.
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Operation Addressfield
UnconditionalJump pointsto Call Function

30
‘string’

ParameterSTring pointsto ‘string’
ParameterIntegerConstant pointsto ‘30’

Call Function

Table8: Exampleof procedurecall

3.2 The anticompiler

This programmakesa singlepassthroughthe interpretive code,printing out thecodein a binary format
togetherwith the instructionin thetextual form for instance,TakeIntegerResult.Theprogramwill anti-
compileseveralprogramsoneaftertheother, printing out thetotalnumberof operationsfor eachprogram
andfinally the total for all theprograms.Theanticompilationitself is not asstraightforwardasmight be
hoped.Eachelementaryoperationis of theform	 function��	 operand�
wherethe function is 8 bits andtheoperanda multiple of 8 bits which is determinedby the function. So
thedecodingtableusedby theanticompilerconsistsof thesizeof theoperandandtext for eachfunction.
The complicationcomeswith procedureparameterswhereexplicit constantsandstringsarestoredwith
thecodeandsomustbeavoided.Thiscanbedoneby inspectingtherelevantparameteroperationswhich
precedetheCall Functionor Call FormalFunctionoperation.

Example
Algol: write text (30, ‘string’ ) producestheinterpretivecodein table8.
So the actionof the anticompileris asfollows. Eachoperationsis decodedin a simplemanneruntil

anUnconditionalJumpoperationis met. Simpledecodingcontinuesunlessthis pointsto a Call Function
or Call FormalFunctionoperation.In thecaseof a functioncall a backwardscanis madeof theparam-
eteroperations(the numberof parametersis in the operandpart of the call function instruction). When
theparameteroperationis a ParameterBooleanConstant,ParameterRealConstant,or ParameterInteger
Constantthe six syllablesof the constantareskippedOver. If the operationis ParameterSTring, thena
skip is madeto the next whole word, the string is printedin Algol basicsymbol form, andanotherskip
to thenext wholeword is madeto get theanticompilerbackin step.Themostcomplex caseis whenthe
parameteroperationis ParameterSubRoutine.Thena sequencebeginning with Block Entry andending
with End Implicit Subroutinemustbe decoded.Sincethis canincludea function call, variousvariables
usedin decodingthefirst functioncall mustbestacked,andthenunstackedby theEndImplicit Subroutine.
NotethatEndImplicit Subroutinecanoccurin switchesandin this caseno unstackingmustbedone(the
stackdepthis thenzero).

3.3 Use of the anticompiler

40programswereanalysedusingtheanticompiler, butonly thetotalnumberof operationsfor eachprogram
wasprinted. Theanticompilerworkedat about120elementaryoperationspersecondor aboutonethird
the speedof the WhetstoneAlgol compiler. This meantthat this staticanalysiswassubstantiallymore
expensive in computertime thanthedynamiccountsusedin section2. For this reasononly 40 programs
weretaken.

The40 programshadthefollowing meanvalues:ProgramText size6.05discblocksor about389048
bit words,Sizeof machinecode1097words,Sizeof interpretivecode1031words,Numberof operations
1934,Numberof syllablesfor eachoperation3.3.

Themainoutputwasthefrequency perthousandof theelementaryoperations(printedin AppendixA).
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3.4 Remarks on the operation counts

Althoughonly 40programswereexamined,thestaticcountsarenotsoveryunreliable.Thereasonfor this
is thatthereis no equivalentof a small“computeloop” to have a largeeffect on thecountswhich happens
with thedynamiccounts.

Someof thecountsarebestexpressedin so many operationsper program.For instance,the average
programcontains

� 2.5Blocks(from Call BLock)

� 30 codeprocedures(from R DOWN + B DOWN + I DOWN)

� 2 standardfunctions(from abs,sqrtetc)

� 36 procedures(from ProcedureEntry)

Theparameteroperationsdo appearin thestaticcountsbut not in thedynamiconesincethey arenot
executeddirectly.

Although thestaticanddynamiccountsdo not comefrom thesameseriesof programs,the ratio be-
tweenthe two doesshow the expectedbehaviour. An obvious exampleis FORS1andFORS2. These
necessarilyhavethesamestaticcount,but thedynamiccountfor FORS2is naturallyverymuchlargerthan
that for FORS1. So,becauseof the for loop mechanismin FORS1,For Block Entry, andFor Statement
Endhave a higherstaticcountto dynamiccountratio. Similarly becauseof theproceduremechanismin
UnconditionalJump,Call FunctionandREJECThave a high ratio. The ratio givesa compilerwriter an
indicationof thosepartsof compiledcodeoutputon which he shouldconcentratein reducingcodesize
ratherthanexecutiontime.

4 Statistics from the Algol source text

On KDF9, programtext is ordinarily kept on the disc in an internalAlgol basicsymbolcode. For this
purpose,the116 Algol basicsymbolsareextendedby theediting charactersspace,tab andnewline and
alsosomeadditionalcompoundssymbolsneededfor thesystemnamelyKDF9, ALGOL, EXIT, segment,
library, � and � . ThesymbolsKDF9 andALGOL areusedto bracketthebodyof procedureswritten
in machine-code.Thecharacter� terminateseachtext file, while theothersareusedfor otherpartsof the
systemwhich is not relevantto thepresentnote.

AppendixB containsa tableof the frequency of the KDF9 Algol basicsymbolsobtainedfrom 200
programsanda total of 955 599symbols. The programignoredsymbolsappearingbetweenKDF9 and
ALGOL andbetweencomment and;. Theothertwo typesof commentwerenot ignored(end comment
andparametercomments).

A furtherprogramwaswritten to analysisthe lengthof identifiersanddigit sequences.Thelengthof
identifiersis distributedroughly on a negative exponentialso that the probability of having an identifier
of length � is half that of length � ��� . The digit sequencesweresimilarly distributedbut with a local
maximumaroundthemachineaccuracy of 11 decimalplaces.

4.1 Analysis of particular basic symbols

A furthertext analysisprogramwaswritten to examinetheuseof particular‘rare’ symbols.This worked
merelyby printing out every line containingthat symbol. This programwasusedto examinefor loops,
arraybounds,andtheexponentialandintegerdivideoperators.

4.1.1 The for symbol

A total of 824 for loopswereexaminedfrom 37 programs.Theresultsarebestsummarizedby meansof
two tables,9 and10.
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Number Percentage
Onestep - until element 780 94.7

list of expressions 26 3.2
Containingwhile 7 .8

Otherforms 11 1.3

Table9: Overall structureof for loop

Type Number Percentage
(A) 	 constant� step 1 until 	 sv� 414 51.6
(B) 	 sv� 1 until 	 sv� 69 8.6
(C) 	 other� step 1 until 	 sv� 69 8.6
(D) 	 constant� step 1 until 	 other� 66 8.2
(E) 	 constant� step 1 until 	 constant� 55 6.8
(F) otherloopswith step 1 9 1.1
(A) to (F) thatis, all step 1 loops 682 84.9
(G) 	 sv� step -1 until 	 constant� 20 2.5
(H) 	 other� step -1 until 	 constant� 34 4.2
(I) Otherformswith step -1 36 4.5
(G)+(H)+(I) thatis, all step -1 loops 90 11.2
(J) Otherformswith step 	 constant� 8 1.0
(K) Otherformswithout constantstep 22 2.7

Table10: Classificationof step - until elements

Sincetheanalysisprogramonly printedout oneline of text, in somecasesall thesymbolsbetweenfor
anddo werenot output. This happenedonly with lists of expressionswhich weretoo long for a line, in
which caseit wasassumedthatthelist continuedwithouta step - until or while element.

For similar reasons,the typesof variablesusedin the for loopsarenot known althoughthe simple
variablesarethoughtto beintegersexceptin two or threecases.

Theonly typeof loop which is worthwhile analysingfurtheris thestep - until element.The803step
- until elementswereclassifiedinto groupsby thecomplexity of thethreeexpressions.Thethreetypesof
expressionsconsideredare

1. 	 constant� = explicit constant,possiblywith a sign

2. 	 sv� = simplevariable

3. 	 other� = expressionbut not thelasttwo

The803step - until elementscanbeclassifiedin table10.

4.1.2 Use of the : symbol

Linescontainingthis symbolwereprintedout to determinevaluesof thearrayboundpairsin arraydecla-
rations.

A total of 272 boundpairs were found from 47 programs. Of these137 hadboth boundsconstant
(possiblysigned).Theelowerboundswereasfollows:

� lowerbound= 0, 57 times

� lowerbound= 1, 208times

� otherconstant6 times(in fact,alwaysequalto -1),

12



Numberin list Total count
1 127
2 31
3 24
4 10
5 4
6 5
7 4
8 6
9 1
13 1

Table11: Bound-paircounts

� otheronce.

Thedimensiondistribution wasasfollows:

� 161onedimension

� 54 two dimensions

� 1 threedimensionsandno others

Sotheaveragearraydimensionwas1.26.
Thedistributionof thenumberof arraysdeclaredwith onebound-pairlist wasasin Table11.

4.1.3 The
�

operator

A total of 524
�

symbolswere found in 76 programs. 416 of thesesymbolswere not (apparently)in
commentor afterthefinal endof theprogram(a systemfeature).Theseoperatorswereusedasfollows:

� �
2: 269occurrences

� �
3: 21 occurrences

� �
4: 3 occurrences

� �
5: 7 occurrences

� other101occurrences

Unfortunatelyit is not possibleto tell with the101othercasesthetypeof theexponenti.e. integeror
realor thatof thebase.

4.1.4 The � operator

Thiswascomparatively rarecomparedwith thelastthreesymbols.Only 63occurrenceswerefoundin 146
programs.Theseweredividedup asfollows:

� divisionby constant:29,

� testto seeif variableis divisibleby a constant,for instance� � ����� � � : 25,

� general:9.
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5 Weighting factors for the simple statements

5.1 Introduction

In a previous report[3], theauthorcouldnot assignweightingfactorsto the simplestatementsusedin a
timing comparison.Henceit wasnot possibleto give anoverall figureof performance,sincethe relative
significanceof eachof thestatementswasnot known.

Thecountspresentedin section2 doallow oneto estimateweightsfor thesestatements.Sothissection
givesan exampleof how the operationcountscanbe used. As in the restof this paper, the weightsare
calculatedseven timesfor eachsetof counts. As before,the resultsareusuallygiven in the form of an
averageandvarianceasa percentageof thesevenfigures.

Eachof the simplestatementscanbe thoughtof asa numberof elementaryoperations.Clearly one
wishesto find weightsfor eachof thestatementssothattheweightedsumof all theelementaryoperations
is ascloseaspossibleto the countsgiven in AppendixA. The degreeof matchshouldbe measuredin
termsof computingtime ratherthanoperationnumbers.Although this could be consideredasa simple
minimising problem,the weightscanbe estimatedmoreeasily, sincemany of the operationcodesonly
occurin oneor two statements.

It mustbeemphasisedthat,dueto theverywidenaturalvariationin Algol programs,theweightscannot
berelieduponwith any accuracy (asis indicatedby thevariance).

5.2 Operation codes for the simple timing statements

A list of the operationcodescorrespondingto the simplestatementsfollows. The operationin brackets
representsexecutedcodeplacedapartfrom theopencodeof thestatementitself.

1. ��� � � �"! , code:TRA ‘x’, TRC ‘1.0’, ST.

2. ��� � � , code:TRA ‘x’, TIC 1, ST.

3. ��� �$# , code:TRA ‘x’, TRR ‘y’, ST.

4. ��� �$# �&%
, code:TRA ‘x’, TRR ‘y’, TRR ‘z’, +, ST.

5. ��� �$# � %
, code:TRA ‘x’, TRR ‘y’, TRR ‘z’, � , ST.

6. ��� �$# � % , code:TRA ‘x’, TRR ‘y’, TRR ‘z’, /, ST.

7. '(� � � , code:TIA ‘k’, TIC 1, ST.

8. '(� � � �"! , code:TIA ‘k’, TRC ‘1.0’, ST.

9. '(� �$) �&*
, TIA ‘k’, TIR ‘l’, TIR ‘m’, +, ST.

10. '(� �$) � *
, code:TIA ‘k’, TIR ‘l’, TIR ‘m’, � , ST.

11. '(� �$) � *
, code:TIA ‘k’, TIR ‘l’, TIR ‘m’, � , ST.

12. '(� �$) , code:TIA ‘k’, TIR ‘l’, ST.

13. ��� �+) , code:TRA ‘x’, TIR ‘l’, ST.

14. ) � �$# , code:TIA ‘l’, TRR ‘y’, ST.

15. ��� �$# �-,
, code:TRA ‘x’, TRR ‘y’, TIC ‘2’,

�
, ST.

16. ��� �$# �-.
, code:TRA ‘x’, TRR ‘y’, TIC ‘3’,

�
, ST.

17. ��� �$# � %
, code:TRA ‘x’, TRR ‘y’, TRR ‘z’,

�
, ST.

18. / �102�43 � � � , code:TIA ‘e1’, TIC 1, INDA, TIC 1, ST.
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19. / , 02�156�43 � � � , code:TIA ‘e2’, TIC 1, TIC 1, INDA, TIC 1 , ST.

20. / . 02�156�156�43 � � � , code:TIA ‘e3’, TIC1, TIC1, TIC1, INDA, TIC 1, ST.

21. ) � � / �102�43 , code:TIA ‘l’, TIA ‘e1’, TIC1, INDR, ST.

22. begin real 7 ; end, code:CBL, UJ,BE, RETURN.

23. begin array 7 [1:1]; end, code:CBL, UJ,BE, TIC1, TIC1, MSF, RETURN.

24. begin array 7 [1:500]; end, code:CBL, UJ,BE, TIC1, TIC ‘500’, MSF, RETURN.

25. begin array 7 [1:1, 1:1]; end, code:CBL, UJ,BE, TIC1, TIC1, TIC1, TIC1, MSF, RETURN.

26. begin array 7 [1:1, 1:1,1:1]; end, code:CBL, UJ,BE, TIC1, TIC1, TIC1, TIC1, TIC1, TIC1, MSF,
RETURN.

27. begin goto abcd;abcd:end, code:TL ‘abcd’, GTA, TRACE ‘abcd’.

28. begin switch ss:= pq; goto ss[1]; pq: end, code: CBL, UJ, BE, UJ, BE, DSI, TL ‘pq’, UJ, ESL,
EIS,TSA ‘ss’, TIC 1, INDR, GTA, TRACE ‘pq’, RETURN.

29. ��� �$8 �9�;: #1< , code:TRA ‘x’, UJ,PR‘y’, CF ‘sin’. (TRACE ‘sin’, PE,CSR,‘sin’.)

30. =?> 8 insteadof 8 �@� .

31. 7BA 8 insteadof 8 �9� .

32. /6�1C insteadof 8 �9� .

33. ) � insteadof 8 �@� .

34. 86DFEHG insteadof 8 �9� .

35. 7 E = G 7B� insteadof 8 �9� .

36. 8 �JIK� insteadof 8 �9� .

37. /6� G �9/ E insteadof 8 �@� .

38. C ! , code:CFZ ‘p0’, REJECT.

(TRACE‘p0’, PE,RETURN).

39. C � :9� < , code:UJ,PR‘x’, CF ‘p1’, REJECT.

(TRACE‘p1’, PE,CSR,RETURN).

40. C , :9� 5 # < , code:UJ,PR‘x’, PR‘y’, CF ‘p2’, REJECT.

(TRACE‘p2’, PE,CSR,CSR,RETURN).

41. C . :9� 5 # 5 % < , code:UJ,PR‘x’, PR‘y’, PR‘z’, CF ‘p3’, REJECT.

(TRACE‘p3’, PE,CSR,CSR,CSR,RETURN)

It hasbeenthoughtworthwhileto addoneadditionalcalculationto thelist of Algol statements.This is
the loop codeinvolvedin for i := 1 step 1 until n do. The reasonfor this is that this codecanbegivena
significantweightandthelengthof time is calculatedasa by-productof timing theotherstatements.It is
alsoshown thatsomecompilersoptimisestep1 to reducethis time whereasothersdo not. Theadditional
code,notationalfor case42: gives

42. loop timeFORS2,TIC1, LINK, TIA, LINK, TIR, LINK, FR.
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5.3 Calculation of the weighting factors

Denotetheweightsby anarray wt[1:42]. Many of theweightscanbedeterminedfrom singleoperations.

� wt[28] = 94 (105)from TakeSwitchAddress.

� wt[27] = 2010(51) from thefrequency of GoTo Accumulator1.

The
�

operatorappearsin the threestatements15, 16 and17. So the frequency for
�

mustbe split
betweenthesethreeas the weights. The last statement�L� �M# � %

is very differentfrom the othertwo
sinceit mustbe implemented(in general)by calling the ln andexp routines.Also, thereis no statement
involving (integer)

�
(integer)which is ratherdifferentsinceeventhetypeof theansweris now known until

execution,sinceit dependson thesignof theexponent.Thefiguresgivenin 4.1.3canbeusedto estimate
thesplit betweenthestatements.Saythathalf of thegeneralcasesare

�
(integer)andis to beassignedto

the first two statements.Also group
�

3, 4, 5 under
�

3 andthenaddthe half from the generalcasein
proportionto thepreviousweights.Thisgivesasplit of 315:35:50,from which onehas

� wt[15] = 2780(59).

� wt[16] = 309(59).

� wt[17] = 442(59).

In section4.1.2 the observed proportionof one, two and threedimensionalarray declarationswas
161:54:1.Splitting theonedimensionaldeclarationin half, the frequency of MSF canbeusedto weight
statement23,24,25 and26. Thisgives,

� wt[23] = 59 (49).

� wt[24] = 59 (49).

� wt[25] = 39 (49).

� wt[26] = .73(49).

Unfortunatelythis meansthat Call BLock is oversubscribedsincethe ratio Make StorageFunction:
Call BLock is 1.25:1which cannotbepreserved by thestatements.For this reasonit would seembestto
put theweightfor statement22 to zero.

� wt[22] = 0 (0).

Theweightfor statement38 is determinedby theCFZcountin thiscontext, asgivenin section2.3.5.1,
so

� wt[38] = 788(104).

Theweightsfor statements39, 40 and41 canbe obtainedby matchingthe PEandcheckoperations.
Sinceonly CheckandStoreRealappearsin thestatements,it seemsreasonableto matchthetotal countof
all thecheckoperations,that is, theaveragenumberof parameters.Of course,PEandCSRhave already
appearedin thestandardfunctioncallsandsoonly theremainingweightneedbeassigned.Thisgivestwo
conditionson thethreeweightssotakearbitrarily theweightfor 39 and40 to bethesame.Sowe have

� wt[39] = 2316(87).

� wt[40] = 2316(87).

� wt[41] = 6053(28).
1Otheroperationsarewt[6] (/), wt[11] (DIV), wt[29] (sin), wt[30] (cos),wt[31] (abs),wt[32] (exp), wt[33] (ln), wt[34] (sqrt),

wt[35] (arctan),wt[36] (sign)andwt[37] (entier).

16



Statement42 canbeweighteddirectly from theFORS2frequency so

� wt[42] = 17 800(21).

Thestatementsinvolving INDex AddressandINDex Result(18 to 21) cannotbedealtwith very well,
sinceit is impossibleto keepboththe INDA/INDR ratiosandthedimensionratio correct.So thetotal of
INDA andINDR is split amongstthe four statementsto keepthedimensionratioscorrectandtaking the
sameweightfor 18 and21. Thisgives

� wt[18] = 23 796(7).

� wt[19] = 15 962(7).

� wt[20] = 296(7).

� wt[21] = 23 796(7).

To assignweightsto thestatements4, 5, 9 and10onerequiresanestimateof theproportionof realand
integeruseof theoperators+ and � . Theestimateusedis basedupontheanalysisgivenin section2.3.9.
Thecategories3), 4) and8) aretakenasanestimateof theuseof integers,and5), 6), 9) and10)asthatfor
reals.Thisgives

� wt[4] = 26 694(16).

� wt[5] = 31 212(12).

� wt[9] = 4 300(23).

� wt[10] = 4 978(17).

Theeightremainingstatementsarenotcharacterizedby anoperationssincethey only involvestoreand
fetchoperation.In fact,thestoreandfetchinstructionsarealreadyoverweighted,which is basicallydueto
the fact that the42 statementsaresomewhat shorterthanis typical of mostprograms.On theotherhand
abouttenpercentof theelementaryoperationsremainunaccountedfor. Thetotaldiscrepancy of about40
000is thereforedividedamongsttheremainingstatements.

An examinationof a numberof programsby handhasshown that integersoccurnot infrequentlyin
realexpressions(asin statements2 and13) but thattheconverseis muchlesscommon.Soarbitrarily take
thefollowing weights

� wt[1] = 10 000.

� wt[2] = 7 000.

� wt[3] = 10 000.

� wt[7] = 3 000.

� wt[8] = 500.

� wt[12] = 5 000.

� wt[13] = 4 000.

� wt[14] = 500.

Thecompleteweightmatrix is reproducedin AppendixC.
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5.4 Comments on the Algol mix

Timesfor thesimplestatementsareavailablefor 18 systemswhich aretabulatedin AppendixD. This is
doublethenumberthatwaslistedin [3]. Also, someof thetimeshave beenrevisedbecauseof alterations
to thesystemor improvedaccuracy of themeasurement.

Two methodsareavailableto assesstheperformanceof thesystem.Thetechniqueusedin [3], which
doesnotgiveweightsto thestatements,andnix figurebasedupontheweightmatrix givenin AppendixC.

The table with the unweightedmeasure,andthe seven mix figurestogetherwith the averageof the
sevenappearsin AppendixE.

5.4.1 Notes on the machine times

Atlas This compilerproducesopencodefor almosteverythingexceptgoto’s. Thesubroutineused
for goto’s is a generalonecateringfor formal labelsandjumpsout of blocksandswitches.Consequently
this time is very long. In contrast,mostof theothertimesarevery good. The large numberof registers
on Atlas (about90) meansthat a displaycanbe maintainedin these. This makesprocedureentry very
straightforwardin all cases.The generalprocedureentry mechanismis usedfor the standardfunctions.
This hasa noticeableeffect on abs,signandentierwhich couldbedoneby a few instructionscompiledin
line. Onedifficulty with not treatingthestandardfunctionsasordinaryproceduresis that it maynot then
bepossiblefor theuserto redefinethem,at leastby independentcompilation(if this exists).

The compilerdoesvirtually no optimisation,but producesvery acceptableresultswithout. It is one
of the few compilersnot to treatstep 1 asa specialcaseso the for loop control codeis very slow. One
difficulty is that the machine-codeproducedis very long, althoughthis is partly dueto the long address
lengthof the machine(24 bits) which is not usedvery fully. The sizeof themachine-codeis ratherless
critical on apagedmachine.Thetiming wasdoneby F.R.A. Hopgoodat theAtlasComputerLaboratory.

KDF9 - Kidsgrove Algol compiler Thiscompileris describedin moredetailin [2]. It wasproduced
ratherearlyin thedevelopmentof Algol compilersandcontainsoptionalfacilities for optimisation.Unfor-
tunatelythesefacilitieswereratherover-ambitiousandin consequencesometimesfail to translateprograms
or eventranslatethemincorrectly. This hasmeantthatoptimisationhasnot beenusedvery much. There
is no interruptconditionon KDF9 for overflow sothis systemchecksoverflow on eachassignment.This
makestheshortstatementssignificantlylargerthanthoseof EgdonAlgol which makeno suchcheck.

Proceduresareclassifiedto seeif opencodecanbe producedfor procedureentry andexit. This is
successfulfor thestandardfunctionsandthedummyproceduresp0, p1, p2 andp3. However, otherpro-
ceduresexceptinput-outputonesareunlikely to be sosimple. Thetime takenfor complex proceduresis
slightly longerthanEgdonAlgol. Thismeansthattheweightedfiguresmayberatheroptimistic. Without
optimiser, no specialcodingis usedfor step 1 andso the loop time is long. The time for �&� �N# � %

is
lessthanthatof (ln + exp). This is becausetherun-timesystemspotsthat

%
is integral (actually1.0) and

performsthecalculationby repeatedmultiplication.

Egdon Algol compiler on KDF9 This compilerwasproducedvery much later than the last one.
Although it wasproducedvery quickly it relies on someof the experiencegainedwith the Kidsgrove
compiler. No optimisationin a globalsensehasbeendonealthoughsubscripthandlingis betterandstep 1
is doneby specialcoding.Themachine-codeproducedin substantiallymorecompactthanthatof thelast
compiler.

Thestandardfunctionsaretreatedspecially, abs,signandentieraredoneby opencodeandtherestuse
the“external” Fortrancalling convention. This is quickerthantheordinaryprocedurecalling mechanism
which is usedfor p0, p1, p2 andp3. Unfortunatelyabouthalf the weightassignedto p0 etc is for input-
outputprocedureswhicharecalledby thisexternalmechanism.Consequentlythemix figuremayberather
pessimistic.

The timing wasdoneby Dr. M.D. Pooleat CulhamLaboratory, UKAEA, but the shorterstatements
weretimedby executionof a numberof copiesof themachinecodesequencesasdescribedin [3].
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ICL 4130 (2 O s and 6 O s) and ICL 503 Thecompilersfor the first two machinesareidentical,and
the compiler for the 503 wascodedfrom the sameoverall logic as the 4130one. Hencethe times for
the statementsshow a rathersimilar pattern.Subscript checkingis donein all threecases,but the4130
hasspecialhardwareto enablethis to be donerapidly. This is not true of the 503 ascanbe seenfrom
the residualmatrix. Thecodingof theprocedureln in all threecasesis abouttwice aslong asmight be
expected.The4130compilerevidently optimises

�
2 and

�
3 but the503onedoesnot. Simpleprocedures

aredealtwith very quickly on the503which is thoughtto be dueto languagerestrictionsallowing fixed
locationsto beusedfor parametersandlinks.

RREAC This machine(andcompiler)wasproducedat theRoyalRadarEstablishment,Malvern. It
wasnever commerciallyproduced,so the figuresarenot of wide interest. The compilerassignsstorage
at procedurelevel (techniqueis describedin [2]). This meansthat begin real a, end producesno code.
The time takenfor this hasbeensetat onemicrosecondotherwiseit would introducea singularity into
theunweightedanalysis.TheKidsgrove Algol compileralsoassignsstorageat procedurelevel but does
producecodefor block entry. This codeis unnecessaryif theblock containsno arraydeclarationsbut is
neverthelessgenerated.

Thetiming wasdoneby S.N.Higginsof theRoyalRadarEstablishment.

1907 (2 O s) Thesetiming figureswere producedsometime ago. The compiler (XALE) hasnow
largely beensupersededby (XALT) which is thenext oneto beconsidered.However, thesetimesarethe
samefor thesimplestatements,andthe2O s 1907is morewidely availablethanthemachineuponwhich
theXALT timingsweredone.Theresidualsvary very little, sotheweightingis not very critical ascanbe
seenfrom thevariousmix figures.

Thefasttimefor '(� � � �"! is apparentlydueto thefact thatthetypeconversionis doneatcompiletime.
This is not very important,but the converseconversionof integersappearingin real expressionsis much
morecommon.Doing this conversionwouldusuallygive identicaltimesfor �P� � � �"! and �P� � � , which
canbeseento benotalwaysthecase.

Thereis apparentlysomespecialcodingin theln functionwhich givesa fasttime for ln(1.0)which is
ratherunfortunate.

ALGOL 60 at Royal Radar Establishment Thesetimesareincludedfor comparisonwith thenext
oneswhich are for an Algol 68 compileron the samecomputer. As alreadystatedthis compiler is an
enhancementof theoneusedfor the1907(it is XALT Mark 1D). Storageis assignedat procedurelevel,
sothezerotime for begin reala; endhasbeenincreasedslightly to avoid thesingularity. Themachineis a
dual-processor1907.This is slower (usingonly oneprocessor, of course)thananordinary1907dueto the
logic time requiredto overcomeproblemsof clashesof accessto thecore-store.

The reasonfor somedifferencesfrom the 1907times is not known. For instance,the long time for
'Q� �R) � *

anddeclaringan array with 500 elements. The array declarationtime may be due to an
initialisationto checkfor non-assignmentasa postmortemfacility.

Thetimesweremeasuredby Dr. C.T. Sennettat theRoyalRadarEstablishmentandarenot thoughtto
beveryaccurate(10%error).

Algol 68 at the Royal Radar Establishment Thenext two setsof timesarenot for asubsetof Algol
60,but for Algol-like languagesin advanceof Algol 60. Hencethecomparisonis notnecessarilyafair one.
SinceAlgol 68 containsmany morefeatures,it would seemunlikely (at first sight) that thesestatements
couldbe compiledany better. Storagecannotapparentlybeassignedat procedurelevel so thestatement
begin real a; end doesproducesomeexecutablecode. The proceduremechanismis simplersinceit is
never necessaryto generatea “thunk” for a parameter(see[8] for anexplanationof this). Thetimesgiven
aretheoneswhich applywhen“garbagecollection” is not necessary— a reasonablerestrictionsincethis
is notnecessaryin Algol 60 (withoutdynamicown arrayswhich mostsystemsomit).

Theswitchhasbeenreplacedby a casestatement,otherwisethecodingof thestatementsis straight-
forward. Theproceduresabs,signandentiercanbereplacedby operators— which allows thecompiler
writer to useopencodewithoutviolatingany redefinitionfacility.
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Thetimeswereproducedby Dr. C.T. Sennettat theRoyalRadarEstablishmentandarenot thoughtto
beveryaccurate.

AlthoughtheAlgol 60 timescomeout fasterwithout takingtheweightsinto account,theAlgol 68 fig-
uresaresignificantlyfasterby about20%whentheweightingis done.This is mainlydueto theprocedure
times.

Algol W on an IBM 360/67 at Stanford University As with thelast times,thesefiguresarenot for
Algol 60 but for a languagewhich is a directdevelopmentof Algol 60 (see[2] and[5]). Similar remarks
applyto thecodingof thestatements:theswitchwasdoneby a casestatementandabs,signandentierare
codedby theuseof operators.

As with theothercompilers,arrayaccessingtime is in thefastestmode,which in this caseis without
subscriptchecking. The time for the casestatementincludeda boundcheckon the casenumber. The
shorterinstructionsequenceswere takenfrom the sumof the averageinstructiontimesas given by the
manual.Thelongeronesweretimedusingaprogramby E. Satterthwaiteat StanfordUniversity.

At leasttwo majorenhancementshave beenmadeto thecompilersincethetiming testwasfirst done.
So,to a certainextent, thecompilerhasbeentimedto do well with this test. The improvementmadehas
beenabout50%,mainly with procedureentry.

Theselasttwosetsof times,showsthatradicaladditionscanbemadeto anAlgol-like languagewithout
having a detrimentaleffect upon the executionof the Algol-60 features. Indeed,due no doubt to the
competenceof the compiler-writing teams,thesenew languagesdo distinctly betterthantheir Algol 60
counterparts.

Algol 60 in an IBM 360/65 at University College, London From the point of view of instruction
executionspeedsthis machineis virtually the sameasthe360/67at Stanford.The contrastin execution
speedof thestatementsis rathersurprising.

Thiscompiler, andthenext threeto beconsidered,apparentlydo checkingof formal-actualcorrespon-
denceof parametersat run-time. This makesprocedureentryvery slow. In addition,on entry to a block
thecompilerrequests(in general)core-storefrom thesupervisor. Althoughtheoperatingsystemusesfixed
partitions,this supervisorcall obviously increasesthe time substantially. It canclearly be seenthat the
standardfunctionsdo not involve thismechanism.

Thecompileroptimisesconstantsubscripts,asdoestheALCOR compiler. This is ratherunfortunate
sinceit really invalidatestheweightinggivento thearrayaccessstatements(giving themix toooptimistic
a value). However, thepoorprocedure/blockentryperformancedegradesthesystemalarmingly. It must
berememberedthatabouthalf theweightassignedto procedureswasfor input/output. If this is doneby a
fastermechanism,thenthemix figurewill bepessimistic.memix figuresvary very widely becauseof the
unevenperformanceof thestatements.

The times were obtainedby Miss J. Garrett for Dr. P.A. Sametof University College, London, in
January1969.

The Norwegian compiler for the CDC 3600 Timing figuresfor this systemweresentto theauthor
by PerM. Kjeldasat theKjeller ComputerInstallation,Norway.

Fromtheresidualmatrix,onecanseethatthiscompilergivesapoorperformancewith procedureentry,
but unlike the360/65givesgoodresultsfor block entry. Onewould imaginethata smallamountof work
on thecompilerto improve �S� �T# �(, 5 �S� �U# �(.

andgoto would beworthwhile. Thefastblock entry
times,which hasa noticeableeffect on the unweightedanalysishaslittle effect with the mix sincethe
weightto thesestatementsarevery low. Hencethis doeslittle to stopthedegradationin performancedue
to theproceduretimes.I have beentold thattheprocedureentrytimesarelongdueto optimisationof call
by namewhentheactualparameteris a simplevariable. This seemsunfortunate,sincevalueparameters
aresomuchmorecommon(see2.3.5).

CDC 6600 Of the machinesconsideredin this report, this is usuallyacknowledgedto be the most
powerful. Theperformanceof theAlgol systemis verydisappointing.
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Most of thesimpleassignmentstatementsarevery fast,althougharrayaccessingis not quitesogood.
Thestatements�S� �Q# �(, 5 �P� �U# �(.

areparticularlynoteworthy. Block entry is ratherpoor, but this is
not too significantfor themix calculation.The time for goto is not good. This is thoughtto be dueto a
division of theprograminto blockswhich meansthatjumps,even implicit ones,aredoneby a subroutine
which hastherelevantstorageinformation.

The standardfunctionsare not particularly fast, althoughthe generalprocedureentry mechanismis
obviouslynotused.This is presumablybecauseof theextra calculationinvolvedto getthe60 bit precision
of the6600.

Improvementshavebeenmadeto thecompilerto makeprocedureentryfaster(byabout50%).However
thisconsistsof removing someparameterchecking.Thisseemsof doubtfulbenefitsinceit is verydifficult
to testall possiblecallsof proceduresin orderto beconfidentthatthecheckingcanberemoved.Clearlyit
is very muchbetterif theparametercheckingcanbedoneatcompiletime.

Thetimeswereproducedby A.G. Bell whenhewasat C.D.C.FranceandaredatedMay 1969.

Univac 1108 (Standard compiler) The times for thesestatementsshow a similar patternto the
360/65with poor procedureandblock entry times. In fact, subscriptcheckingwas done,so the array
accessingstatementsareabout50% longerthanthey would be otherwise.This clearly degradesthe mix
figures,sincesubscriptcheckinghasnot, in general,beendonewith theothersystems.

In UnivacAlgol, variablesincludingarrayvariables,areinitialisedto zeroon declaration.This clearly
putsanadditionaloverheadontheblockentrystatements— particularlythedeclarationof anarrayof 500
elements.Thishasratheranunfortunateeffect on theanalysis.It makesthestatementfactorfor declaring
the 500 word arrayabout25% morethanthat for an arrayof oneelement. Sincethis andthe Algol 60
compileratRREaretheonly compilersto givedifferenttimesfor thesestatements,it upsetsrathera lot of
theotherfigures.A moreelaboratemathematicaltechniquecouldpossiblyalter this, but would hardlybe
worthwhile.

The procedureentry times are poor due to parametercheckingat run-time. No type conversion is
allowedfor parameters,for instance,arealvalueparametermaynothaveastheactualparameteraninteger.
The input/outputfacilities arenot doneby proceduresbut by Fortran-typestatements.Hencethe weight
associatedwith input/output givento theprocedurecallswouldgivea pessimisticvaluefor themix figure.

In contrast,thestatementsinvolving, andthestandardfunctionsarevery fast.
Thetimeswereproducedby Dr. M.D. Poolewhenhewasat theNationalEngineeringLaboratorywith

thecompilerdatedApril 1968.

The B5500 Algol Compiler As is well known, the computerhasspecialhardwareto facilitate the
executionof Algol 60. In fact, thereis no assembler(in theordinarysense)availablefor the5500andso
Algol is usedinstead.Thismeansthatthedesignaim of B5500Algol hasbeento provideeffective access
to themachinesfacilities ratherthanprovidea strict Algol 60 system.

Only two registersareavailablefor the top of thestack. This means,from the point of view of core-
accessing,the 5500 doeslittle betterthan a one-addressmachinewith evaluationof expressions. The
instructionlengthon the5500is only twelve bits which meansthatcodeis extremelycompact,typically
onethird thesizeof mostothersystems.

Oneconsequenceof the 5500architectureis that arraydeclarationinvolvesa supervisorcall. This
accountsfor the very long time for thesestatements.The statements�V� �W# �S,

and �V� �W# �X.
are

optimisedby usingthe“bit pattern”techniquefor exponentiationwith any integerlessthan1024(see[7]
page399).

Thestackmechanismhasa substantialeffecton theprocedureentrymechanismwhich is relatively the
fastestwhereno specialcodinghasbeendone(ason 2 and6). A restrictionon B5500Algol makesthe
procedureentrymechanismsomewhat simpler— namelyvariablesdeclaredin oneprocedurecannotbe
accessedin a procedurenestedwithin this.

Thetimeswereproducedby Mr. J.Thomasof thePostOfficeTelecommunicationsHeadquarters.

ALCOR - Illinois compiler on the 7094/1 at NEUCC Copenhagen This compileris describedin
[6]. It is oneof thefew Algol compilersto do extensive for loopoptimisation.Timesweretakenwith this
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in actionsincethis is necessaryto suspendsubscriptchecking.As with the360/65,this really invalidates
the weight assignedto the arrayaccessingstatements,giving an optimistic valueto the mix. Clearly, to
assesstheperformanceof thearrayoptimisationonewould requiresomedetailedstatisticsin theoverall
structureof Algol programs.Unfortunatelythis reportdoesnot givesuchinformation.

Apart from procedureentry, the timesarefairly consistent.abs,signandentierappearto bedoneby
opencodeandpresumablyln(1.0)hasbeencodedexceptionally. Thegeneralprocedureentrymechanism
hasobviously not beenusedfor thestandardfunctions.Sinceinput/outputis Fortran-like ratherthanby
procedurecalls, the mix figure may be somewhat pessimistic.Parametercheckingis apparentlydoneat
compiletime,sothereasonfor theslow procedureentrytimesis notclear.

Thetimeswereproducedby Dr. E. HansenatNEUCCin October1969.An additionaltestshowedthat
programswith heavy arrayaccessingcanrun threetimesquickerwith theoptimisationratherthandoing
thesubscriptcheck.

ICL 4/70 This computeris a memberof thesystem4 rangeof ICL andis compatiblewith the360
series.It is themostpowerful of thegenerallyavailablemachinesin this range.

Thetimesshow acompletelydifferentpatternto any of theothermachines.If '�� � � 5 '(� �&) ��* 5 'Y� �) � * 5 '�� �Z) is takenasa measureof thespeedof doingintegerworking, thenthecomputeris quitefast.
However thestandardfunctionssin,cos,exp, ln, sqrtandarctanareon averagetwiceaslongasonewould
expector five timesslower thantheaverageperformanceof the integerstatements.Hencethetime taken
for any benchmarkis likely to dependcritically on theproportionof integerto realworking. Surprisingly
thebasicfloatingpointassignmentstatementsappearto executeatabouttheexpectedspeed.Theslowness
of thestandardfunctionscouldbedueto extremecareovernumericalaccuracy or lackof hardwareto deal
with guardbits requiredto maintainaccuracy in thecalculation.

The timeswereproducedby thePostOffice CommunicationsHeadquarterstakingsubstantialcareto
getfiguresconsistentto five percentandagreeingwith themanufacturersspecificationfor theinstruction
times.

5.4.2 The relationship of the Algol mix to the Gibson Mix

A measuresometimesusedfor computerprocessorperformanceis theGibsonmix. Thisis ameasureof the
rateof executionof instructionswheresomeallowanceis madefor theaddressingstructureof themachine.
Gibsonmix figuresareoftenquotedby manufacturersin thetechnicalspecificationof themachine.Weights
areassignedto aboutadozenmachineinstructionsin calculatingthemix in averysimilarwayto theAlgol
mix.

If theGibsonMix is regardedasa measureof processor“hardware”performance,andtheAlgol mix
asa measureof this plus thecompiler, thentheratio shouldgive someindicationof theefficiency of the
compiler.

Theratio for machinesfor which theGibsonMix figurewasavailableis in thefollowing order.

1. ALGOL W 360/67

2. B5500

3. ICL 4130(6O s)

4. ALCOR 7094/1

5. ICL 4130(2O s)

6. ICL 503

7. ICL 1907 ( 2O s )

8. KDF9 - Egdon

9. CDC 3600
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10. Atlas

11. ICL 4/70

12. KDF9

13. Univac1108

14. IBM 360/65

15. CDC 6600

A majorcontributory factorto thesubstantialdifferences(a factorof 8 differencebetweenthetop and
thebottom)is theeasewith which a machinearchitectureallowsoneto compileefficient code.Producing
acompilerfor theB5500(at leastwith therestrictionsimposedby themachine)is substantiallyeasierthan
for mostothercomputers.In contrast,it is verydifficult to makegooduseof theautonomousaccumulators
on theCDC 6600without increasingcompilationtimesinordinately. CDC have clearlydecidedto put the
majorpartof their compiler-writing expertiseinto solvingthisproblemfor thecompilationof FORTRAN.

It is possibleto calculatea machineinstructionmix from the Algol mix. To do this, one takesa
hypotheticalone-address(say)computerandcompiles(by hand)the42 statements.This shouldbe done
on the basisof a simplecompilerwithout extensive optimisation— otherwisefor � := 1 step 1 until �
do �Z� �W# ; could be optimisedto �Z� �W# , andconstantsubscriptscould be calculatedat compile-time
invalidatingthemix assumptions.FromtheAlgol weightsfor thestatements,weightscanbededucedfor
therelevantmachineinstructions.Thegeneralavailability of theGibsonMix figuresmakesthispreferable
to inventinganothermachineinstructionmix.

The importantadvantageof the Algol mix is that it is measuredthroughthe softwareandso givesa
figureof performancein termsof thehigh level languageprogram.It necessarilytakesfull accountof the
architectureof themachine,sincethis will have hadits effect on thecompiledcodeof theuserprogram.
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A Statistics of each Whetstone Interpretive Instruction

Eaehinterpretiveinstructionis listedin theorderof decreasinguse.

Column 1 givesthe frequency per million executedinterpretive instructions.This is the averageof the
sevenfrequenciesobtainedfrom 155million operations.

Column 2 gives the varianceof the first column as calculatedfrom the seven samples,expressedas a
percentage.So a varianceof ten per centor lessimplies that the first decimaldigit is significant,
whereasa varianceof 100percentsuggeststhatlittle reliancecanbeplacedon thefrequency.

Column 3 givesthestaticfrequency perthousandof eaehinstruction.Hencethis measuresthefrequency
of occurreneeof theinstructionin thecompiledeode.
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frequency variance staticfrequency operation
per million per thousand

129000 10 73.5 TakeIntegerResult
84 200 20 44.2 LINK
68 000 17 29.3 TakeRealResult
55 100 18 48.4 TakeRealAddress
52 200 12 31.0 TakeIntegerAddress
49 000 6 47.5 STore
43 200 4 39.5 TakeIntegerConstant1
39 700 10 26.4 INDex Result
36 200 9 18.9 �
31 000 14 15.7 +
26 300 11 13.4 �
24 600 20 64.8 UnconditionalJump
24 400 39 10.2 TakeFormalAddress
24 200 12 21.8 INDex Address
23 500 22 24.8 TRACE
22 500 33 37.6 TakeIntegerConstant
20 100 26 18.7 ProcedureEntry
19 400 29 46.1 Call Function
19 300 18 10.2 For Return
18 100 26 12.9 CheckandStoreReal
17 800 21 9.7 FORS2
15 400 16 12.8 If FalseJump
13 400 26 13.6 Block Entry
13 200 27 12.3 EndImplicit Subroutine
13 100 26 15.9 CheckandStoreInteger
11 000 27 6.7 /
7 450 13 33.1 REJECT
6 980 26 5.9 =
6 630 25 10.0 TakeIntegerConstant0
6 280 41 14.0 RealDOWN
5 450 44 9.8 TakeRealConstant
5 230 21 3.2 NEGate
3 600 24 2.7 �
3 530 59 2.1

�
3 380 28 12.5 Call FunctionZero
3 290 38 2.1 	
2 730 44 3.6 RETURN
2 700 24 10.2 For Block Entry
2 690 40 1.3 TakeFormalReal
2 510 27 10.2 For StatementEnd

Table12: WhetstoneStatistics,Part1
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frequency variance staticfrequency operation
per million per thousand

2 480 79 2.60 CheckArithmetic
2 330 29 9.70 FORS1
2 230 56 1.80


�
2 180 32 1.20

�
2 010 51 8.90 TakeLabel
2 010 51 7.40 GoTo Accumulator
1 890 42 1.80 TakeFormalAddressInteger
1 820 109 3.50 TakeFormalInteger
1 790 76 2.00 CheckSTring
1 750 49 0.22 SQRT
1 700 93 1.20 TakeFormalAddressReal
1 490 101 0.06 COS
1 390 40 0.19 ABS
1 370 207 1.60 DecrementSwitchIndex
1 330 125 4.60 FORArithmetic
1 030 70 1.20

�
1 020 108 0.06 SIN

987 154 0.81 IntegerDOWN
977 48 2.30 SToreAlso
909 122 0.17 ENTIER
914 86 0.59



890 120 1.60 UP1
884 74 1.30

�
831 92 0.09 EXP
817 85 0.85 TakeBooleanAddress
753 61 0.93 TakeBooleanResult
664 112 1.60 UP2
656 34 4.60 CheckArray Real
644 83 0.13 LN
591 149 0.03 ARCTAN
481 70 1.00 DIV
471 180 0.63 CheckArray Integer
377 91 0.10 FORWhile
197 51 1.30 Call Block
157 49 3.40 MakeStorageFunction
163 194 0.36 Call FormalFunction
124 68 0.31 TakeBooleanConstantFalse
115 107 0.24 �
113 93 0.49 CheckandStoreBoolean
103 92 0.22 DUMMY

Table13: WhetstoneStatistics,Part2
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frequency variance staticfrequency operation
per million per thousand

94 105 0.08 TakeSwitchAddress
85 143 0.03 TakeFormalBoolean
82 82 0.05 SIGN
78 126 0.27 TakeBooleanConstantTrue
59 91 0.06 CheckLabel
43 85 0.08 CopyRealFormalArray
24 170 0.05 CheckBoolean
9 153 0.04 CheckPRocedure
4 56 0.52 FINISH
3 169 0.65 CheckFunctionReal
2 91 0.59 BooleanDOWN
2 208 0.03 CheckandStoreLabel
1 241 — EQUIVALENT
0 0 0.08 EndSwitchList
0 223 — CopyIntegerFormalArray
0 223 — TEST
0 151 0.09 TakeFormalLabel
0 0 — CheckFunctionBoolean
0 0 — CheckFunctionInteger
0 0 — Avoid OwnArray
0 0 — Call FormalFunctionZero
0 0 — IMPlies
0 0 — MakeOwnStorageFunction
0 0 — Call Segment
0 0 — CheckSwitch
0 0 — CheckArray Boolean
0 0 — CopyBooleanFormalArray

— — — ParameterSwitch
— — — ParameterBooleanArray
— — — ParameterBooleanConstant
— — 6.50 ParameterRealArray
— — 0.93 ParameterRealConstant
— — 0.80 ParameterIntegerArray
— — 33.50 ParameterIntegerConstant
— — 0.12 ParameterProcedure
— — 1.90 ParameterFormal
— — 0.16 ParameterLabel
— — 14.10 ParameterString
— — 0.12 ParameterBoolean
— — 8.60 ParameterReal
— — 19.40 ParameterInteger
— — 12.20 ParameterSubRoutine
— — — ParameterFunctionBoolean
— — 0.70 ParameterFunctionReal
— — 0.04 ParameterFunctionInteger

Table14: WhetstoneStatistics,Part3
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Symbol Frequency/million
a 21101
b 7 707
c 11877
d 15597
e 2 537
f 9 064
g 3 115
h 4 621
i 24809
j 7 882
k 5 144
1 8 786
m 12121
n 18652
o 1 172
P 9 776
q 2 685
r 18341
s 14540
t 24664
u 5 106
v 3 518
w 6 446
x 12136
y 6 225
z 1 917

Table15: Lowercaseletters

B Basic symbol frequencies

Thefrequency of Algol basicsymbolsasproducedonKDF9 (seesection4). Programscanusebothlower
anduppercasealphabeticcharactersbut becauseof theonecaseontheline printerlisting, theuseof upper
casecharactersis discouraged.

Thestatisticsarelistedasfollows

1. Lowercaseletters,total frequency 286539/ million.

2. Uppercaseletters,total frequency 50 270/ million.

3. Digits, total frequency of 71 105/ million.

4. Otherbasicsymbolsin orderof decreasinguse
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Symbol Frequency/million
A 3 938
B 1 706
C 2 208
D 2 002
E 3 721
F 2 008
G 951
H 1 123
I 3 831
J 1 093
K 661
L 2 853
M 2 210
N 2 912
O 2 330
P 2 318
Q 404
R 3 344
S 2 282
T 2 703
U 1 270
V 1 393
W 489
X 1 166
Y 1 085
Z 269

Table16: Uppercaseletters

Symbol Frequency/million
0 16402
1 23002
2 10518
3 9 233
4 2 789
5 3 241
6 2 079
7 1 417
8 1 298
9 1 126

Table17: Digits
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Symbol Frequency/million
(space) 143506
(tab) 125162

(new line) 54 026
; 42 232
, 40 770

:= 20 618
( 17 307
) 17 3060 15 3773 15 377
- 7 377� 7 041
+ 7 023

(openstringquote) 6 405
(closestringquote) 6 404

(Stringspace) 4 775
end 4 474

begin 4 473
if 4 137

then 4 137
for 3 534
do 3 534

step 3 411
until 3 411

= 2 807
: 2 795
. 2 721
/ 2 541

procedure 2 169
real 2 117

integer 2 062
else 1 872

value 1 502
goto 1 465

comment 1 438
KDF9 1 277

ALGOL 1 277
array 1 211

Table18: Remainingsymbols,Part 1
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Symbol Frequency/million	 775� 737
� 722[]\ 712�
478�
365�
257�
233

222

� 209
� 206

library 200
string 106
true 102
false 100

Boolean 95� 85
label 51
while 31
switch 19

segment 8
own 3� 0� 0

Table19: Remainingsymbols,Part 2
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C Matrix of statement weights

Table20givesthematrix of statementweightsfrom sevensamplesascalculatedin section5.3.
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10 000.00 10 000.00 10 000.00 10 000.00 10 000.00 10 000.00 10 000.00 ��� � � �"!
7 000.00 7 000.00 7 000.00 7 000.00 7 000.00 7 000.00 7 000.00 ��� � �

10 000.00 10 000.00 10 000.00 10 000.00 10 000.00 10 000.00 10 000.00 ��� �Z#
22 000.00 25 400.00 26 900.00 29 900.00 34 600.00 26 400.00 21 700.00 ��� �Z# ��%
29 100.00 36 200.00 25 000.00 29 100.00 35 400.00 31 500.00 32 200.00 ��� �Z# � %
11 800.00 6 470.00 13 400.00 11 800.00 15 400.00 10 800.00 7 130.00 ��� �Z# � %
3 000.00 3 000.00 3 000.00 3 000.00 3 000.00 3 000.00 3 000.00 '^� � �

500.00 500.00 500.00 500.00 500.00 500.00 500.00 '^� � �1�"!
4 370.00 2 360.00 5 470.00 5 570.00 3 970.00 4 410.00 3 950.00 '^� �_) �&*
5 800.00 3 360.00 5 080.00 5 420.00 4 060.00 5 260.00 5 860.00 '^� �_) � *

725.00 910.00 224.00 947.00 193.00 287.00 83.00 '^� �_) � *
5 000.00 5 000.00 5 000.00 5 000.00 5 000.00 5 000.00 5 000.00 '^� �_)
4 000.00 4 000.00 4 000.00 4 000.00 4 000.00 4 000.00 4 000.00 ��� �$)

500.00 500.00 500.00 500.00 500.00 500.00 500.00 ) � �_#
5 970.00 4 480.00 1 550.00 1 920.00 2 710.00 1 160.00 1 680.00 ��� �Z# �-,

664.00 497.00 172.00 214.00 302.00 129.00 187.00 ��� �Z# �-.
948.00 710.00 246.00 305.00 431.00 184.00 267.00 ��� �Z# � %

23 300.00 23 900.00 25 700.00 24 500.00 20 500.00 23 000.00 25 600.00 / � 0`�43 � � �
15 600.00 16 100.00 17 300.00 16 400.00 13 700.00 15 400.00 17 200.00 / , 0`�156�43 � � �

289.00 298.00 320.00 304.00 255.00 285.00 319.00 / . 0`�156�156�43 � � �
23 300.00 23 900.00 25 700.00 24 500.00 20 500.00 23 000.00 25 600.00 ) � � / � 0`�43

0.00 0.00 0.00 0.00 0.00 0.00 0.00 real 7 ;
32.00 119.00 73.00 66.00 32.00 46.00 40.00 array 7 [1:1];
32.00 119.00 73.00 66.00 32.00 46.00 40.00 array 7 [1:500];
22.00 80.00 49.00 44.00 22.00 31.00 27.00 array 7 [1:1,1:1];
0.40 1.50 0.91 0.82 0.40 0.57 0.50 array 7 [1:1,1:1,1:1];

1 450.00 1 710.00 2 410.00 3 110.00 1 260.00 3 640.00 508.00 goto
0.00 131.00 50.00 306.00 13.00 131.00 29.00 switch

2 600.00 104.00 539.00 646.00 2 860.00 264.00 109.00 ��� �Z8 �9�;: #1<
4 430.00 883.00 555.00 683.00 3 200.00 482.00 232.00 ��� � =?> 8 : # <

747.00 741.00 1 090.00 1 710.00 1 750.00 2 420.00 1 310.00 ��� � 7aA 8 : # <
1 700.00 317.00 449.00 493.00 377.00 2 310.00 167.00 ��� � /6�1Cb: # <

172.00 888.00 31.00 130.00 1 530.00 592.00 1 160.00 ��� �$) �;: #1<
719.00 1 120.00 2 200.00 1 420.00 3 600.00 1 630.00 1 580.00 ��� �Z86DFEHG : # <
257.00 40.00 1.00 370.00 2 710.00 385.00 372.00 ��� � 7 E = G 7a�;: # <
103.00 47.00 2.00 65.00 119.00 22.00 216.00 ��� �Z8 �JIK�;: # <
132.00 20.00 827.00 1 180.00 3 430.00 767.00 9.00 ��� � /6� G �9/ E : # <
308.00 1 020.00 798.00 2 630.00 91.00 573.00 89.00 C !

5 430.00 6 780.00 2 150.00 1 770.00 340.00 192.00 2 070.00 C � :9� <
5 430.00 6 780.00 2 150.00 1 770.00 340.00 192.00 2 070.00 C , :9� 5 # <
7 380.00 2 520.00 6 010.00 7 440.00 6 540.00 7 750.00 4 960.00 C . :9� 5 # 5 % <

13 400.00 21 000.00 17 400.00 15 200.00 14 100.00 18 700.00 24 800.00 loop time

Table20: Matrix of statementweights
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D Observed and estimated statement times

Observedandestimatedtimesfor 18 machines— estimatedtimesareshown in italics.
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ATLAS KDF9 KDF9-EGDON ICL 41302O s ICL 41306O s Statement
6.0 27.3 22.0 18.7 36.0 ��� � � �"!
6.0 118.0 26.5 24.0 44.0 ��� � �
6.0 27.3 22.0 17.0 37.0 ��� �Z#
9.0 45.0 32.7 28.0 56.0 ��� �Z# ��%

12.0 53.0 32.7 47.0 74.0 ��� �Z# � %
18.0 73.0 45.2 80.0 109.0 ��� �Z# � %
9.0 24.3 18.3 11.0 24.0 '�� � �

18.0 93.0 54.6 38.0 66.0 '�� � �1�"!
12.0 40.0 32.7 16.0 35.0 '�� �&) �&*
15.0 53.0 34.0 36.0 70.0 '�� �&) � *
48.0 121.0 1340. 40.0 64.0 '�� �&) � *
9.0 28.0 22.0 11.0 23.0 '�� �&)
6.0 124.0 28.7 21.0 41.0 ��� �$)

18.0 101.0 54.6 38.0 66.0 ) � �_#
39.0 209.0 402.0 55.0 92.0 ��� �Z# �-,
48.0 231.0 435.0 170.0 339.0 ��� �Z# �-.

120.0 288.0 360.0 1700.0 2920.0 ��� �Z# � %
21.0 78.0 38.7 46.0 99.0 / � 0`�43 � � �
27.0 181.0 67.8 60.0 136.0 / , 0`�156�43 � � �
33.0 367.0 247.0 120.0 174.0 / . 0`�156�156�43 � � �
15.0 88.0 42.7 36.0 74.0 ) � � / � 0`�43
45.0 33.0 16.3 350.0 820.0 real 7 ;
96.0 771 226.0 1000.0 2340.0 array 7 [1:1];
96.0 764 226.0 1000.0 2330.0 array 7 [1:500];

156.0 995.0 509.0 1600.0 3790.0 array 7 [1:1,1:1];
216.0 1050.0 600.0 2300.0 5200.0 array 7 [1:1,1:1,1:1];
42.0 31.0 10.0 3.0 5.0 goto

129.0 591.0 465.0 900.0 1990.0 switch
210.0 654.0 547.0 1100.0 1560.0 ��� �Z8 �9�;: #1<
222.0 696.0 595.0 1000.0 1650.0 ��� � =?> 8 : # <
84.0 193.0 22.7 60.0 138.0 ��� � 7aA 8 : # <

270.0 676.0 434.0 700.0 1430.0 ��� � /6�1Cb: # <
261.0 783.0 301.0 1100.0 2020.0 ��� �$) �;: #1<
246.0 422.0 269.0 600.0 1140.0 ��� �Z86DFEHG : # <
272.0 1120.0 1040.0 1100.0 1710.0 ��� � 7 E = G 7a�;: # <
99.0 191.0 32.0 60.0 152.0 ��� �Z8 �JIK�;: # <
99.0 326.0 63.1 80.0 164.0 ��� � /6� G �9/ E : # <
54.0 80.0 276.0 390.0 900.0 C !
69.0 110.0 295.0 410.0 930.0 C � :9� <
75.0 121.0 325.0 430.0 980.0 C , :9� 5 # <
93.0 137.0 356.0 400.0 1010.0 C . :9� 5 # 5 % <
57.0 141.0 62.6 77.3 152.0 loop time

Table21: Statementtimes,Part1
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ICL 503 RREAC ICL 1907 ALGOL60/RRE RREALGOL 68 Statement
20.0 47.0 15.0 15.0 14.0 ��� � �1� !
53.0 98.0 14.0 15.0 54.0 ��� � �
20.0 56.0 14.0 11.3 11.8 ��� �_#
42.0 94.0 23.0 23.0 23.0 ��� �_# �c%
63.0 129.0 31.0 39.0 39.0 ��� �_# � %
87.0 185.0 47.0 72.0 71.0 ��� �_# � %
20.0 45.0 8.0 8.0 8.0 '^� � �

186.0 84.0 8.0 8.0 121.0 '^� � �1� !
36.0 80.0 15.0 12.0 13.0 '^� �_) �&*
85.0 147.0 37.0 78.0 75.0 '^� �_) � *

281.0 410.0 53.0 56.0 45.0 '^� �_) �&*
18.0 53.0 11.0 8.0 8.0 '^� �_)
46.0 107.0 36.0 22.0 44.0 ��� �&)

182.0 92.0 37.0 113.0 122.0 ) � �_#
401.0 676.0 97.0 104.0 180.0 ��� �_# �-,
457.0 750.0 117.0 120.0 213.0 ��� �_# �-.

2970.0 3170.0 232.0 286.0 978.0 ��� �_# � %
216.0 109.0 17.0 29.0 22.0 / � 0`�d3 � � �
347.0 208.0 37.0 71.0 54.0 / , 0`� 5e�d3 � � �
480.0 272.0 57.0 120.0 106.0 / . 0`� 5e� 5e�d3 � � �
236.0 118.0 20.0 29.0 22.0 ) � � / � 0`�d3
210.0 1.0 64.0 0.1 52.0 real 7 ;
910.0 1060.0 357.0 664.0 242.0 array 7 [1:1];
910.0 1060.0 324.0 4200.0 232.0 array 7 [1:500];

1220.0 1590.0 407.0 854.0 352.0 array 7 [1:1,1:1];
1530.0 1960.0 507.0 1010.0 452.0 array 7 [1:1,1:1,1:1];

28.0 58.0 14.0 16.0 16.0 goto
288.0 208.0 109.0 54.0 62.0 switch

1270.0 1120.0 328.0 394.0 692.0 ��� �_8 �@�;: # <
1180.0 1300.0 357.0 404.0 462.0 ��� � =?> 8 : #1<

36.0 97.0 70.0 84.0 22.0 ��� � 7aA 8 : #1<
1340.0 1110.0 386.0 494.0 562.0 ��� � /e� Cf: #1<
1520.0 1710.0 97.0 116.0 462.0 ��� �&) �;: # <
518.0 842.0 357.0 464.0 432.0 ��� �_8eDFEHG : #1<

1730.0 1750.0 490.0 564.0 622.0 ��� � 7 E = G 7a�;: #1<
122.0 195.0 64.0 114.0 72.0 ��� �_8 �`I��;: #1<
211.0 151.0 96.0 164.0 152.0 ��� � /e� G �@/ E : #1<
27.0 255.0 104.0 284.0 72.0 C !
42.0 332.0 187.0 414.0 92.0 C � :@� <
59.0 381.0 232.0 464.0 132.0 C , :@� 5 # <
79.0 430.0 282.0 504.0 162.0 C . :@� 5 # 5 % <

110.0 146.0 42.7 50.7 53.0 loop time

Table22: Statementtimes,Part2
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ALGOL W 360/67 IBM 360/65 CDC3600 CDC 6600 UNIVAC 1108 Statement
2.1 5.6 4.0 3.0 1.9 ��� � � �"!
9.0 21.7 4.0 2.0 1.9 ��� � �
2.1 4.2 4.0 2.0 1.8 ��� �Z#
4.6 4.4 9.0 2.6 3.7 ��� �Z# ��%
6.5 6.3 11.0 3.0 4.8 ��� �Z# � %
9.4 7.3 18.0 5.2 11.0 ��� �Z# � %
2.1 6.0 4.0 2.4 2.0 '(� � �

38.5 32.4 4.0 2.0 17.9 '(� � � �"!
3.5 15.7 9.0 2.8 2.9 '(� �$) �&*

11.0 22.6 11.0 4.2 4.4 '(� �$) � *
14.9 26.5 24.0 5.6 13.8 '(� �$) �&*
2.1 12.4 4.0 2.2 1.6 '(� �$)
9.0 31.6 4.0 2.0 3.6 ��� �$)

38.5 31.5 9.0 4.6 17.4 ) � �$#
6.2 49.6 124.0 4.2 11.0 ��� �Z# �-,

93.0 54.2 130.0 4.8 10.7 ��� �Z# �-.
209.0 131.0 99.0 22.6 12.4 ��� �Z# � %

5.6 6.7 11.0 13.6 12.6 / �102�43 � � �
12.5 6.9 29.0 17.6 20.4 / , 02�156�43 � � �
19.5 6.8 40.0 19.8 44.4 / . 02�156�156�43 � � �
5.6 5.1 9.0 13.0 13.0 ) � � / �102�43

21.3 327.0 5.0 1ll.0 52.3 real 7 ;
61.5 649.0 65.0 162.0 114.0 array 7 [1:1];
61.5 708.0 65.0 162.0 1020.0 array 7 [1:500];
87.9 685.0 89.0 163.0 126.0 array 7 [1:1,1:1];

114.0 661.0 113.0 166.0 141.0 array 7 [1:1,1:1,1:1];
2.2 7.2 12.0 29.0 1.l goto

11.7 344.0 98.0 153.0 157.0 switch
96.9 83.7 131.0 112.0 42.9 ��� �Z8 �@�;: # <
91.3 72.0 137.0 109.0 44.2 ��� � =?> 8 : #1<
3.0 2.8 23.0 4.2 1.9 ��� � 7aA 8 : # <

104.0 78.0 141.0 113.0 40.8 ��� � /e� Cf: # <
78.1 71.5 130.0 112.0 38.3 ��� �$) �;: # <
74.1 68.5 113.0 103.0 36.8 ��� �Z8eDFEHG : # <
84.7 54.0 159.0 113.0 74.9 ��� � 7 E = G 7a�;: #1<
10.7 25.6 25.0 6.4 5.4 ��� �Z8 �`I��;: # <
46.2 43.3 30.0 90.0 16.4 ��� � /e� G �@/ E : #1<
21.3 373.0 114.0 235.0 73.9 C !
41.9 500.0 246.0 278.0 171.0 C � :9� <
61.3 603.0 362.0 304.0 268.0 C , :9� 5 # <
80.8 726.0 504.0 328.0 362.0 C . :9� 5 # 5 % <
4.9 25.9 18.9 12.6 7.5 loop time

Table23: Statementtimes,Part3
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B 5500 ALCOR 7094/1 ICL 4/70 Statement
12.1 6.5 6.9 ��� � � �"!
8.1 10.0 19.8 ��� � �

11.6 7.5 4.6 ��� �_#
18.8 9.5 9.2 ��� �_# �X%
50.0 15.3 17.5 ��� �_# � %
32.5 16.5 24.7 ��� �_# � %
8.1 6.5 2.5 '(� � �

25.0 30.0 48.5 '(� � � �"!
18.8 11.0 5.1 '(� �$) �c*
35.0 15.0 9.7 '(� �$) � *
34.6 45.0 17.2 '(� �$) �c*
11.6 8.5 3.1 '(� �$)
11.8 6.5 22.2 ��� �&)
26.1 29.5 49.5 ) � �_#
46.6 15.5 102.0 ��� �_# �-,
85.0 33.5 110.0 ��� �_# �-.

1760.0 381.0 582.0 ��� �_# � %
24.0 25.0 14.2 / �10`�d3 � � �
42.8 21.0 25.2 / , 0`� 5e�d3 � � �
66.6 22.0 120.0 / . 0`� 5e� 5e�d3 � � �
23.5 9.0 21.5 ) � � / �10`�d3
22.3 7.0 3.2 real 7 ;

2870.0 308.0 155.0 array 7 [1:1];
2870.0 308.0 155.0 array 7 [1:500];
8430.0 418.0 188.0 array 7 [1:1,1:1];

13000.0 526.0 214.0 array 7 [1:1,1:1,1:1];
31.5 7.8 7.5 goto
98.3 205.0 175.0 switch

598.0 265.0 564.0 ��� �_8 �9�;: #1<
758.0 311.0 571.0 ��� � =?> 8 : # <
14.0 11.5 158.0 ��� � 7aA 8 : # <

740.0 206.0 585.0 ��� � /6�1Cb: # <
808.0 80.0 587.0 ��� �&) �;: #1<
605.0 168.0 470.0 ��� �_86DFEHG : # <
841.0 336.0 755.0 ��� � 7 E = G 7a�;: # <
37.5 16.0 174.0 ��� �_8 �JIK�;: # <
41.1 28.0 233.0 ��� � /6� G �9/ E : # <
31.0 281.0 135.0 C !
39.0 407.0 143.0 C � :@� <
45.0 503.0 150.0 C , :@� 5 #1<
53.0 598.0 358.0 C . :@� 5 # 5 % <
38.5 28.1 49.5 loop time

Table24: Statementtimes,Part4
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E Analysis of the times

In orderto makethis reportself-contained,a brief explanationis givenhereof theanalysiswhich is given
in full in [3].

Thetime for any statementon any machinecouldbeexpectedto betheproductof a factordepending
on themachine( � ) timesafactordependingonthestatement( g ) i.e.

G]h"i�j * h � 8ki

or G h"i �ZE h i � * h � 8 i wherethe E h i areon “average”equalto 1.0.Themethodof calculating
* h and 8 i 2

ensuresthat theproductof theelementsin eachrow or columnof E h"i is equalto 1.0. Missingvaluesfor
thetimesareeatimatedby puttingthecorrespondingvalueof E h"i equalto 1.

Oneabnormalvaluecanupaetthemachineor statementfactors(usuallyboth),but with the18machines
and42 statementsin this reportthe effect is insignificant. For instance,recentsubstantialchangesto the
timesfor many ALGOL W statementsonly alteredthemachinefactorsfor othercomputersby atmostone
percent.

Hencea numbergreaterthanonein the EHh"i matrix givenin AppendixF meansthat thecorresponding
statementon thatmachinetook longerthanexpected.

2The l9m areprintedin AppendixE.
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Timein O s Statement
6.5 �Y� � � �"!

10.4 �Y� � �
6.0 �Y� �$#

10.1 �Y� �$# �&%
14.6 �Y� �$# � %
21.2 �Y� �$# � %
5.1 '�� � �

18.6 '�� � �1� !
8.8 '�� �&) ��*

17.2 '�� �&) � *
29.1 '�� �&) � *
5.7 '�� �&)

11.7 �Y� �+)
25.9 ) � �_#
44.1 �Y� �$# �n,
68.7 �Y� �$# �n.

234.0 �Y� �$# � %
17.2 / � 0`�d3 � � �
29.0 / , 0`� 5e�d3 � � �
48.0 / . 0`� 5e� 5e�d3 � � �
15.9 ) � � / � 0`�d3
17.3 real 7 ;

237.0 array 7 [1:1];
295.0 array 7 [1:500];
337.0 array 7 [1:1,1:1];
414.0 array 7 [1:1,1:1,1:1];

7.4 goto
117.0 switch
228.0 �Y� �$8 �9�;: #1<
231.0 �Y� � =?> 8 : # <
17.4 �Y� � 7BA 8 : # <

226.0 �Y� � /6�1Cb: # <
188.0 �Y� �+) �;: #1<
175.0 �Y� �$86DFEHG : # <
285.0 �Y� � 7 E = G 7B�;: # <
30.9 �Y� �$8 �JIK�;: # <
54.6 �Y� � /6� G �9/ E : # <
84 0 C !

117.0 C � :@� <
142.0 C , :@� 5 # <
166.0 C . :@� 5 # 5 % <
26.8 loop time

Table25: Statementtimesfor anAtlas-poweredmachine
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Unweighted Average
measure, Sevenmix figures mix Machine� � � * h

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 ATLAS
0.276 0.293 0.284 0.281 0.282 0.286 0.290 0.277 0.285 KDF9
0.428 0.344 0.364 0.411 0.389 0.410 0.446 0.429 0.399 KDF9-EGDON
0.347 0.278 0.304 0.346 0.330 0.311 0.367 0.357 0.328 ICL 41302O s
0.176 0.144 0.150 0.171 0.163 0.170 0.182 0.178 0.165 ICL 41306O s
0.244 0.179 0.185 0.186 0.189 0.188 0.194 0.183 0.186 ICL 503
0.183 0.152 0.154 0.167 0.16s 0.165 0.175 0.168 0.164 RREAC
0.629 0.546 0.581 0.595 0.583 0.616 0.627 0.645 0.599 ICL 1907
0.529 0.363 0.363 0.388 0.380 0.450 0.431 0.432 0.401 ALGOL60/RRE
0.506 0.454 0.513 0.521 0.517 0.469 0.531 0.543 0.507 RREALGOL 68
2.380 2.090 2.310 2.370 2.310 2.420 2.490 2.580 2.370 ALGOL W 360/67
1.030 0.518 0.499 0.608 0.553 0.967 0.727 0.694 0.652 IBM 360/65
1.420 0.653 0.691 0.765 0.721 0.981 0.845 0.845 0.786 CDC 3600
2.130 0.912 0.884 1.050 0.966 1.430 1.230 1.200 1.100 CDC 6600
2.440 1.050 1.060 1.140 1.080 1.680 1.300 1.280 1.230 UNIVAC 1108
0.539 0.484 0.526 0.581 0.582 0.461 0.563 0.589 0.541 B 5500
0.955 0.488 0.511 0.590 0.549 0.739 0.674 0.661 0.602 ALCOR 7094/1
0.750 0.568 0.669 0.716 0.686 0.554 0.691 0.729 0.659 ICL 4/70

Table26: Performancedata

F Residual matrix

A valuegreaterthanoneindlcatesthat thestatementtook longerthanexpected(asjudgedfrom theother
statementtimes).Valuesin italicsareestimatedandsoareautomaticaly1.0.Theproductof every row and
columnis 1.0(by construction).
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ATLAS KDF9 KDF9-EGDON ICL 41302O s ICL 41306O s Statement
0.927 1.170 1.460 1.000 0.978 ��� � � �"!
0.575 3.130 1.090 0.798 0.743 ��� � �
1.000 1.260 1.580 0.987 1.090 ��� �Z#
0.895 1.240 1.390 0.965 0.980 ��� �Z# ��%
0.821 1.000 0.959 1.120 0.891 ��� �Z# � %
0.851 0.954 0.916 1.310 0.907 ��� �Z# � %
1.760 1.310 1.530 0.745 0.825 '^� � �
0.969 1.380 1.260 0.710 0.626 '^� � �1�"!
1.370 1.260 1.600 0.632 0.702 '^� �_) �&*
0.870 0.850 0.845 0.724 0.715 '^� �_) � *
1.650 1.150 1.970 0.476 0.387 '^� �_) � *
1.580 1.360 1.650 0.669 0.710 '^� �_)
0.513 2.930 1.050 0.622 0.617 ��� �$)
0.696 1.080 0.904 0.509 0.449 ) � �_#
0.884 1.310 3.90 0.432 0.367 ��� �Z# �-,
0.699 0.930 2.720 0.858 0.869 ��� �Z# �-.
0.514 0.341 0.661 2.520 2.200 ��� �Z# � %
1.220 1.260 0.965 0.928 1.010 / � 0`�43 � � �
0.930 1.720 1.000 0.716 0.824 / , 0`�156�43 � � �
0.687 2.110 2.210 0.866 0.637 / . 0`�156�156�43 � � �
0.946 1.530 1.150 0.787 0.821 ) � � / � 0`�43
2.610 0.528 0.405 7.030 8.360 real 7 ;
0.406 0.900 0.409 1.460 1.740 array 7 [1:1];
0.325 0.716 0.328 1.170 1.390 array 7 [1:500];
0.463 0.816 0.647 1.650 1.980 array 7 [1:1,1:1];
0.522 0.703 0.621 1.930 2.210 array 7 [1:1,1:1,1:1];
5.650 1.150 0.576 0.140 0.118 goto
1.100 1.390 1.700 2.660 2.990 switch
0.919 0.792 1.030 1.670 1.200 ��� �Z8 �9�;: #1<
0.962 0.834 1.100 1.500 1.260 ��� � =?> 8 : # <
4.840 3.070 0.560 1.200 1.400 ��� � 7aA 8 : # <
1.200 0.829 0.824 1.080 1.120 ��� � /6�1Cb: # <
1.390 1.150 0.687 2.030 1.890 ��� �$) �;: #1<
1.410 0.667 0.659 1.190 1.150 ��� �Z86DFEHG : # <
0.954 1.080 1.560 1.340 1.060 ��� � 7 E = G 7a�;: # <
3.200 1.7l0 0.444 0.674 0.866 ��� �Z8 �JIK�;: # <
1.870 1.650 0.495 0.508 0.529 ��� � /6� G �9/ E : # <
0.643 0.263 1.410 1.610 1.890 C !
0.588 0.259 1.080 1.210 1.390 C � :9� <
0.528 0.235 0.979 1.050 l.210 C , :9� 5 # <
0.559 0.228 0.916 0.833 1.070 C . :9� 5 # 5 % <
2.130 1.450 1.000 1.000 1.000 loop time

Table27: Residualmatrix,Part1
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ICL 503 RREAC ICL 1907 ALGOL60/RRE RREALGOL 68 Statement
0.752 1.330 1.460 1.220 1.090 ��� � �1� !
7.240 1.720 0.844 0.767 2.620 ��� � �
0.876 1.720 1.470 1.000 1.000 ��� �_#
1.020 1.710 1.440 1.270 1.160 ��� �_# �c%
1.050 1.620 1.330 1.470 1.350 ��� �_# � %
1.000 1.600 1.400 1.800 1.700 ��� �_# � %
0.952 1.670 0.982 0.826 0.790 '^� � �
2.440 0.829 0.271 0.228 3.290 '^� � �1� !
0.999 1.670 1.070 0.723 0.749 '^� �_) �&*
1.200 1.560 1.350 2.390 2.200 '^� �_) � *
2.350 2.580 1.740 1.020 0.787 '^� �_) � *
0.769 1.700 1.210 0.742 0.709 '^� �_)
0.958 1.680 1.930 0.994 1.900 ��� �&)
1.770 0.652 0.899 2.370 2.380 ) � �_#
2.270 2.870 1.380 1.250 2.060 ��� �_# �-,
1.620 2.000 1.070 0.924 1.570 ��� �_# �-.
3.700 2.490 0.625 0.648 2.720 ��� �_# � %
3.060 1.760 0.622 0.893 0.647 / � 0`�d3 � � �
2.970 1.310 0.801 1.290 0.940 / , 0`� 5e�d3 � � �
2.430 1.040 0.746 1.320 1.720 / . 0`� 5e� 5e�d3 � � �
3.630 1.360 0.793 0.967 0.701 ) � � / � 0`�d3
2.960 0.071 2.330 0.003 1.520 real 7 ;
0.936 0.822 0.948 1.480 0.517 array 7 [1:1];
0.751 0.660 0.690 7.530 0.398 array 7 [1:500];
0.881 0.866 0.759 1.340 0.528 array 7 [1:1,1:1];
0.899 0.870 0.770 1.300 0.552 array 7 [1:1,1:1,1:1];
0.977 1.430 1.780 1.740 1.090 goto
0.598 0.325 0.584 0.244 0.267 switch
1.360 0.900 0.903 0.972 1.530 ��� �_8 �@�;: # <
1.240 1.030 0.972 0.926 1.070 ��� � =?> 8 : #1<
0.505 1.020 2.530 2.560 0.641 ��� � 7aA 8 : #1<
1.450 0.903 1.080 1.160 1.260 ��� � /e� Cf: #1<
1.970 1.670 0.325 0.327 1.240 ��� �&) �;: # <
0.727 0.882 1.280 1.400 1.250 ��� �_8eDFEHG : #1<
1.470 1.720 1.080 1.050 1.100 ��� � 7 E = G 7a�;: #1<
0.962 1.760 1.300 1.950 1.180 ��� �_8 �`I��;: #1<
0.942 0.507 1.110 1.590 1.410 ��� � /e� G �@/ E : #1<
0.078 0.556 0.778 1.790 0.433 C !
0.087 0.518 1.000 1.860 0.396 C � :@� <
0.107 0.491 1.030 1.730 0.470 C , :@� 5 # <
0.176 0.474 1.070 1.600 0.492 C . :@� 5 # 5 % <
1.000 1.000 1.000 1.000 1.000 loop time

Table28: Residualmatrix,Part2
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ALGOL W 360/67 IBM 360/65 CDC3600 CDC 6600 UNIVAC 1108 Statement
0.773 0.894 0.878 0.989 0.715 ��� � � �"!
2.060 2.150 0.545 0.409 0.444 ��� � �
0.838 0.727 0.952 0.715 0.735 ��� �Z#
1.090 0.452 1.270 0.552 0.897 ��� �Z# ��%
1.060 0.446 1.070 0.438 0.801 ��� �Z# � %
1.060 0.357 1.210 0.525 1.270 ��� �Z# � %
0.977 1.210 1.110 1.000 0.952 '(� � �
4.940 1.800 0.306 0.230 2.350 '(� � � �"!
0.951 1.850 1.460 0.681 0.806 '(� �$) �&*
1.520 1.360 0.907 0.520 0.622 '(� �$) � *
1.220 0.940 1.170 0.410 1.150 '(� �$) � *
0.877 2.250 0.997 0.823 0.684 '(� �$)
1.830 2.790 0.486 0.365 0.750 ��� �$)
3.550 1.260 0.494 0.379 1.640 ) � �$#
0.335 1.160 3.990 0.203 0.608 ��� �Z# �-,
3.230 0.816 2.690 0.149 0.380 ��� �Z# �-.
2.130 0.578 0.603 0.207 0.129 ��� �Z# � %
0.777 0.403 0.910 1.690 1.790 / �102�43 � � �
1.030 0.246 1.420 1.290 1.710 / , 02�156�43 � � �
0.967 0.146 1.180 0.880 2.250 / . 02�156�156�43 � � �
0.842 0.332 0.807 1.750 2.000 ) � � / �102�43
2.940 19.600 0.412 13.700 1.390 real 7 ;
0.619 2.830 0.390 1.460 1.170 array 7 [1:1];
0.497 2.480 0.313 1.170 8.400 array 7 [1:500];
0.621 2.100 0.375 1.030 0.909 array 7 [1:1,1:1];
0.658 1.650 0.388 0.856 0.831 array 7 [1:1,1:1,1:1];
0.705 1.000 2.290 8.320 0.361 goto
0.238 3.030 1.190 2.780 3.260 switch
1.010 0.379 0.815 1.040 0.458 ��� �Z8 �@�;: # <
0.943 0.322 0.844 1.010 0.467 ��� � =?> 8 : #1<
0.412 0.167 1.83 0.516 0.267 ��� � 7aA 8 : # <
1.100 0.358 0.889 1.070 0.441 ��� � /e� Cf: # <
0.992 0.394 0.985 1.280 0.498 ��� �$) �;: # <
1.010 0.405 0.918 1.260 0.513 ��� �Z8eDFEHG : # <
0.708 0.196 0.793 0.849 0.641 ��� � 7 E = G 7a�;: #1<
0.826 0.857 1.150 0.442 0.426 ��� �Z8 �`I��;: # <
2.020 0.820 0.781 3.520 0.733 ��� � /e� G �@/ E : #1<
0.604 4.600 1.030 5.960 2.140 C !
0.850 4.400 2.980 5.060 3.540 C � :9� <
1.030 4.390 3.620 4.560 4.590 C , :9� 5 # <
1.160 4.510 4.300 4.210 5.300 C . :9� 5 # 5 % <
0.438 1.000 1.000 1.000 0.682 loop time

Table29: Residualmatrix,Part3
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B 5500 ALCOR 7094/1 ICL 4/70 Statement
1.010 0.959 0.803 ��� � �1�"!
0.419 0.916 1.430 ��� � �
1.050 1.200 0.584 ��� �L#
1.000 0.902 0.690 ��� �L# �X%
1.850 1.000 0.899 ��� �L# � %
0.829 0.745 0.878 ��� �L# � %
0.853 1.210 0.362 '^� � �
0.726 1.540 1.960 '^� � � �"!
1.160 1.200 0.433 '^� �$) �&*
1.100 0.831 0.422 '^� �$) � *
0.641 1.470 0.442 '^� �$) � *
1.100 1.420 0.473 '^� �$)
0.544 0.531 1.430 ��� �_)
0.544 1.090 1.440 ) � �_#
0.570 0.335 1.730 ��� �L# �o,
0.668 0.466 1.200 ��� �L# �o.
4.070 1.560 1.870 ��� �L# � %
0.754 1.390 0.622 / � 0`�d3 � � �
0.795 0.691 0.653 / , 0`� 5e�d3 � � �
0.748 0.437 1.870 / . 0`� 5e� 5e�d3 � � �
0.799 0.542 1.020 ) � � / � 0`�d3
0.697 0.387 0.138 real 7 ;
6.550 1.240 0.493 array 7 [1:1];
5.250 0.997 0.395 array 7 [1:500];

13.500 1.180 0.419 array 7 [1:1,1:1];
16.900 1.210 0.388 array 7 [1:1,1:1,1:1];
2.280 1.000 0.757 goto
0.452 1.670 1.120 switch
1.410 1.110 1.850 ��� �L8 �9�;: # <
1.770 1.290 1.860 ��� � =H> 8 : # <
0.435 0.632 6.830 ��� � 7aA 8 : #1<
1.770 0.872 1.950 ��� � /e�1Cb: #1<
2.320 0.407 2.350 ��� �_) �;: # <
1.860 0.9l7 2.020 ��� �L8eDFEHG : #1<
1.590 1.130 1.990 ��� � 7 E = G 7a�;: # <
0.655 0.495 4.240 ��� �L8 �JIK�;: #1<
0.406 0.490 3.20 ��� � /e� G �9/ E : # <
0.l99 3.190 1.201 C !
0.179 3.310 0.9l4 C � :@� <
0.171 3.380 0.794 C , :@� 5 #1<
0.172 3.430 0.712 C . :@� 5 # 5 % <
0.775 1.000 1.390 loop time

Table30: Residualmatrix,Part4
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G Document details

1. Convertedin October2001. The text is muchsuperiorto theoriginal. This reportseemsto be the
lastthatwasproducedwithout a word-processor. Additional commentson thetext have beenadded
asfootnotes.Theestimatedtimesweremarkedwith a star, ratherthanitalics.
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