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Abstract

Various problemshave beenencounteredn using Ackermanns function to
measurehe efficiency of procedurecallsin SystemimplementationLanguages.
Although measurementsave beenmadeof some60 systemsthe onespresented
hereareincludedonly whencomparisonsrepossible.For corventionalmachine
design|t is possibleto drav someconclusion®ndesirabldnstructionsetfeatures.
A surprisingresultfrom the analysisis thatimplementationquality is far more
importantthanthe overheadsmplied by languagedesign.
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1 INTRODUCTION

In the designof SystemimplementatiorLanguagesefficieng is a prime considera-
tion becaus®therwiseprogrammersvill beforcedto useconventionalassemblyan-
guages.lt is well known that procedurecalling in conventionalhigh-level languages
is relatively expensve, and hencethis aspectof SystemimplementationLanguages
(SILs) is worth specialattention. Measurementsising Ackermanns$ function have
beenmadewith thisin mind[1]. In this papercomparisonaremadebetweertheim-
plementation®n the samemachinearchitectureby examinationof the machinecode
produced.Several machinearchitecturesirealsocomparedor their suitability astar
getmachinedor recursve languages.The architectureshosenfor this studyarethe
IBM 360/370,ICL 1900, DEC PDP11,DEC10, Burroughsstackmachinesand the
CDC CyberSeries.Althoughotherresultshave beenobtained furtheranalysisis not,
in generalworthwhiledueto thelack of comparatie dataon the samearchitecture.

2 COLLECTING THE DATA

Theshortnatureof thetestcombinedwith its ‘unusual’ characteristickasencouraged
languagémplementorgo try it out on their favourite SIL. Currently, datais available
onabout60 systems—égarge samplewhichin itself makesamoredetailedcomparison
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worthwhile. Larger testswhich have beenconstructedecentlyhave beenmuchless
successfuin collectingdata.

Problemshave arisenwith the informationreceved at the National PhysicalLab-
oratory (NPL). Sometimeghis hasexcludeda listing of the machine-codg@roduced.
Evenwhena codelisting is available,it is sometimesn a form which makesanalysis
awkward (octaldumpor without sourcenames) Whenoneis not familiar with thema-
chine,following low-level listingsis quite difficult. Sometimeghe listings of control
routinesare not available, but fortunatelysystemswhich requiresuchsubroutinesare
of lessinterest.In contrastcountingthe instructionsexecutedis straightforward.

In afew casesjt wasnot clearif the testwasactuallyrun or if the timing was
deducedrom aninstructiontiming manual.

3 SPECIFICATION

The ALGOL 60 specificationproved to be accurateandeasyto corvert to ary of the
SlLs consideredIn alanguagewith conditionalexpressionghe codecanbefollowed
exactly, althoughit canbe mademorecompacty writing

Ackermann(m — 1,if n = 0 then 1 else Ackermann(m,n — 1))

for the secondandthird legs. Nobody actually madethis change. A more serious
programchangesinceit couldhave significanteffectsontheefficiengy, is swappinghe
two parametersThis changeallows oneto avoid stackinga parametebeforemaking
theinnercall in thethird leg of the algorithm.Onecodingwasrejectedor thisreason.

LanguagesuchasPASCAL without conditionalexpressiondoseon codesizebut
notoninstructionsxecuted.Languagesvith adynamicRETURNgainasmallamount
on both size andinstructionsexecuted. Theimpactof thesecodingchangess slight
comparedvith the procedurecalling mechanismitself.

The specificationof the machinecodeexamplesis quite difficult sincealine has
to be dravn asto whatoptimizationis legitimate. The following changesreallowed:
thetwo parameterareinterchangedo avoid somestacking the parameterareplaced
in registers thetwo outercallsaremadeby jumpingto thebeginning of the procedure,
checkon stackoverflow is notrequired.Thereasorfor permittingthe ‘interchanging’
of theparameterss thatthe‘order’ is notevidentfrom themachine-codeWith all these
changespnecango furtherandnotethatthereis now only one(recursve) call of the
functionandhencethe stackdepthcanbeusedto determinavhetherarecursve exit or
jumpoutof thefunctionis neededatthe end. This changds notregardedaslegitimate
sincethereis essentiallyno subroutinemechanismieft at all (the return mechanism
becomesan unconditionaljump). This last form of optimizationwas producedby
ProfessoWortmanonthe360but alessambitiouscodingof hisappearsn theanalysis
below.

Theoriginal ALGOL 60 procedureandthe machine-languagequivalentcodedin
ALGOL 60 areasfollows:

integer procedure Ackermann(mn);
valuem, n; integer m, n;

Ackermann=if m=0then
n+1
eseif n=0then



Ackermann(m-11)
else
Ackermann(m-1Ackermann(mn-1));

integer procedure Ackermann(mn);
valuem, n; integer m, n;
comment machine-languagequivalent;
begin
integer procedure innerack;
start:if m=0then
innerack=n+1
elseif n=0then
begin
n:=1;m:=m-1;
goto start
end
else
begin
comment stackm (andreturnaddress);
stack[stp]:= m; stp:=stp+1,
n:=n-1;
n :=innerack;
stp:= stp- 1; m:= stack[stp} 1;
goto start
end;

integer array stack[1:1000];

integer stp;

stp:=1,

comment s, p, m, n, andresultof innerackkeptin registers;
Ackermann=innerack

end;

4 HOW GOOD ISTHE TEST?

Thereare four seriousobjectionsto the test. The first is thatrecursionitself is not a

commonrequiremenandhencemeasuremertdf theprocedurealling overheadshould
not userecursion. However, in almostall casesthe SIL's have a procedurecalling

mechanisnwhichsupportsecursion With theModularl, CORAL 66is moreefficient

with recursiorthanwithout, althoughthisis certainlyexceptional. Theauthorhasbeen
told thateventhe PL/I optimizerdoesnot takeadwantageof non-recursionRecursion
is oftenthe simplestwayto achieve re-entrantode.

The secondobijectionis thatit cannotmeasurehe overheadin languagesvhich
supportmorethanonecalling corvention. A goodexampleof the two-call strat@y is
LIS[2] which hasACTION's (simpleandcheap)and PROCEDURES (asusual). The
recursionforcesthe use of the more generalcalling methodwhich one would hope
couldbe avoidedwith mostcallsin practicalcases Othertestsarebeingdesignedor
simplecasesincludingoneswhereopencodecouldbe generated.



Thethird objectionto thetestis that somevery unusualoptimizationis possible.
Onecompiler(Bliss, opt) remavesthe recursionon the two outercalls by performing
a jump to the begginning of the procedure.The gain madewasabout20 per centand
hencedoesnot seriouslyunderminethe value of the test. Optimizationis madeeasier
becausall the working storeof the procedurecanbe keptin registerson almostall
machines. It is clear that resultsfrom ary one small procedurecannottestall the
aspect®f procedurecall whenoptimizationis takeninto account.

A fourth objectionis thatthe testusesonly value parametersindnot variable(or
name/addresg)arametersHowever, statisticsgivenon p. 90 of Referencel give the
percentag®f valueparameteras88 andhencethe objectionis not serious.Sincethe
secondeg of thealgorithmis rarely executed the comple third leg is very important.
Thenestedunctioncall in this leg is certainlynot typical andcould causea compiler
to generatdessefficient code.

Otherminor objectionsarethatthetestis too smallandthatexcessie stackspace
is requiredto giveareasonabléme interval for measuremeniThe4K addressindjmit
problemon the 360 meanghata clever compilercanrun this testmoreefficiently. An
exampleof this is the IMP compiler but the improvementis only 15 instructionsper
call. The excessie stackspacecanbeovercomeby repeatinga call for asmallcasein
aloop andcalculatingthe time per call slightly differently (from the codinggivenin
Referencel).

5 FURTHER ANALYSIS

Thereare several problemswith making a more detailedanalysisof the code pro-
duced. The numberof instructionsexecutedper call is clearly dependentiponthe
architecture—somemachinedefinitely have morepowerful instructionsthanothers.
Evenwithin onemachinerange(say 360), the numberof instructionsexecutedis not
necessarilyagoodcomparisonOnecompilermaygeneratenoreregisteronly instruc-
tionsgiving quickercode. This differenceis partly reflectedin the sizefigures. There
is someuncertaintyaboutthe sizesincethe pooling of constantsnakesthe allowance
for themhardto determine.With this test, the codecan containan untypically high
proportionof jumps. Sucha codecanupsetthe instructionlook-aheadand pipelining
onthefastercomputers.

5.1 THE 360 FAMILY

Thearchitectureof the360 Serieds well known. The machinehas16 general-purpose
registersin whichintegerarithmeticis performed All addressings offsetfrom thesum
of two registers,andmay be further modifiedby a 12-bit numberin long instructions.
Instructionsare2, 4 or 6 byteslong andaddressings alwaysat byte level. Henceto
accesdhe Ith elementof aninteger array one must multiply | by four. A subsetof
integerinstructionss availablefor 16-bit operands.

Language Compiler |Instr/call Size(bytes) Source

Assembler BAL 6 106 D. B. Wortman
RTL/2 ICI 14.5 102 J.Barnes

IMP Edinburgh 19 140 P. D. Stephens
BCPL Cambridge 19 116+ M. Richards
ALGOL 60 Edinurgh 21 128 P. D. Stephens

+ denoteghe useof subroutines.



5.1.1 Assembler

The360machinecodeexampleis tightly codedby having an‘inner’ subroutinewvhich
merelycallsitself andhencecanbeassumedo have variousregistersset. Theregisters
includethe constantsl and4 so thatalmostall the instructionsin the innerloop are
short(2 bytes)andfast. The two outercalls merelyjump to thefirst instructionof the
innersubroutinavithout stackinga returnaddressin theinnercall, thereturnaddress
(24 bits) andthe valueof m (8 bits) is stackedn oneword. Thisis only legitimateif
it canbe shawn thatm is limited to 8 bits (ascould be statedin a rangedeclarationn
PASCAL).

Thesizeis mainlyin theinitialization codeincluding constanvaluesfor theregis-
terson entryto themain (outer)subroutine.

512 RTL/2[3]

RTL/2 performsrelatively well by a carefully designedsubroutindinkage. The code
analyzecheremakesno checkon the availability of stackspacealthoughan optionfor
thisisimplementedThelastparameters left in aregisterandtheresultof thefunction
is alsoleft in aregister The compilerkeepsm andn in registerswhenpossibleso
that compactcodeis produced.The storemultiple andload multiple instructionsare
usedto presere theold ervironmentin the proceduresntryandexit coderespectiely.
SinceRTL/2 requiresno display (merelylocalsandglobals)nor permitssecondorder
working store, stackmaintenances very straightforward. In fact, two registersare
used,onefor localsandthe otherfor thetop of the stackto push/popparameters.
Apartfrom the 102bytesfor instructions,about20 bytesof constantareplacedin

thecode,apparentiyto assistin diagnostics.

513 IMP

The IMP languageis essentiallya supersebf ALGOL 60 with featuresto makeit
suitableasa SIL[5]. The languagerequiresa completedisplay which is heldin the
general-purposeegisters. This stratgy imposegestrictionson the staticblock struc-
ture of programsas well asinhibiting the use of the registersin expressionswithin
deeplynestedorograms.

The IMP languageallows oneto specifya routineasshort in which casethe 4K
byte addressingproblemis avoided. The programanalyzechereis without short and
is 16 byteslonget

The codeusesthe storemultiple instructionjust beforethe call to dumpboththe
parametersindthe displayin the stack. A load multiple instructionis usedafter the
returnto recover the old environment. This techniqueproducesa longer calling se-
guencethan RTL/2 but executesmuchthe samenumberof instructions. SincelMP
usesafull display the store/loadnultiple instructionsdump/restorenoreregistersand
hencetakeslongerthanRTL/2. Although both compilersdo register optimization, it
appearghat RTL/2 is maginally more successfuln termsof codespaceby loading
the parameterbeforethey arestrictly required.

5.14 BCPL

The BCPL compiler producescodethat is broadly similar to that of RTL/2. Both
languagesio not needa full display and use storemultiple at the begginning of the
routineto dumptheparameterandtheervironment.Onedifferencds thatBCPL uses



a smallrun-timesubroutinefor proceduresxit (insteadof load multiple to restorethe
old ervironment). The quality of the codeis not quite asgoodasthe othersystemsso
far—for instancetheresultof the functionis storedin corethreetimesoncefor each
leg of Ackermann.

515 ALGOL 60

This compilerwas producedby modifying the Edinburgh IMP systemand hencethe
codeis very similar. The only changesare that minor register optimizationsare not
performed.Theregisteroptimization,althoughit increasedhespeedf execution,ac-
tually producedbiggercode.Hencethe ALGOL 60 codeis maginally morecompact.

52 THEICL 1900 FAMILY

The ICL 1900 Serieshasa relatively simple instructionset. Eight integer registers
areprovided but only 3 areavailablefor addressnodification. Theword lengthis 24
bits: instructionsand integersoccupyone word, floating point numberstwo words.
Within aninstruction,12 bits areavailablefor addressingitherthe first 4K words of
the programor 4K wordsoffsetfrom anindex register

Language Compiler Instr/call Size(bytes) Source
Assembler PLAN 7.5 57 W. Findlay
ALGOL 68-R Malvern(noheap) 28 153 P. Wetherall
PASCAL Belfast 32,5 129+ W. Findlay
ALGOL 68-R Malvern(heap) 34 162+ P. Wetherall

5.2.1 Assembler

The 1900machinecodeimplementatioris a straightforwardcodingof the algorithm.
As before,the outercalls arereplacedby jumpsandonly theinner call stacksa link
andoneparametein two words. Only oneregisterneedgo beinitialized andhencea
significantspacegainis madeover the 360 coding.

522 ALGOL 68-R

Thetwo ALGOL 68-R versionsare identicalin the codefor Ackermannitself. The
differencelies in the fact that with the completeprogramas written, the loadercan
determinethat no heapis required. Under thesecircumstancessix instructionsare
omitted from the procedureentry codewhich are otherwisenecessaryo checkthat
stackspaces still available. Without the heap,no explicit softwarecheckis madeon
the stackheightsincethe hardwaregprotectionmechanisnmon the machinecanfault the
program.

The ALGOL 68-R systemusesa completedisplaywith storageallocatedat block
level. The display cannot,of course,be held in registersand henceit is placedin
the innermostblock. Copyingthis display on procedureentry accountsfor most of
theoverheadon procedurecall. Thesizeof thedisplaycouldbereducedoy allocating
storageatprocedurdevel, ashasbeendoneby asecondALGOL 68 compilerproduced
atMalvern (but notreleased).



523 PASCAL

The1900PASCAL system[6Jusesadifferentmethodof handlingthedisplaythanAL-
GOL 68-R.Althoughacompletedisplayis necessaryt will besmallerbecausstorage
canonly be allocatedat procedurdevel. This restrictionhasa disadwantageto users
thatdeclarationgannotbemadeso‘local’ aswith alanguagewith blocks. Themethod
of handlingthedisplayis by back-chainingrom the currentlevel. To setup thechain
on procedureentry, the easiesimethodis to pick up the pointerbeforethe call. The
numberof instructionsthatthis will requiredependsiponthedifferencein staticlevel
betweerthe call andthe procedureIn the caseof Ackermann the pointeris not nec-
essanyatall sincethe proceduras at globallevel—however, the 1900implementation
doesnot spotthis.

ThisPASCAL systendoesnotusealoaderandin consequencajumptableis used
to link to thetwo subroutinegor entryandexit. Theuseof subroutineproducesnore
compactcodethanALGOL 68-R. In spiteof the checkon the stackheight, PASCAL
oughtto give slightly fastercodethan ALGOL 68-R but the extra jump instructions
stopthis. A similar quality codeto ALGOL 68-R would give aboutsix instructions
fewer percall.

5.3 THE PDP11 FAMILY

The PDP11Serieshasa relatively large instructionsetfor a minicomputerwith a 16-
bit word length. Like the 360, byte addressings used,necessitatingnultiplicationby
two in mary high-level languageconstructs.Although all instructionsare 2 bytes,a
literal can(andmust)be placedaftertheinstructionunlessall the operandsrewithin

the six general-purposeegisters.A wide selectionof addressingnodesareavailable,
including auto-incremenandauto-decrementit is difficult to producecompactcode
onthePDPIIsinceordinarystoreaccessnvolves4 bytes—2for theinstructionandtwo
for theliteral (address)lt is very easyto useary registerasastackaddressegister—in

factregister6 is usedin this way for interrupthandling.

Language Compiler Instr/call Size(bytes) Source

Assembler PAL 7.5 32 W. A. Wulf
Bliss CMU,opt 7.5 32 W. A. Wulf
Bliss CMU 10 64 W. A. Wulf
PALGOL  NPL 13 86 M. J.Parsons
BCPL Cambridge 20.5 104 M. Richards
C UNIX 26 62+ P. Klint

Sue-ll Toronto 26.5 176 J.J.Horning
RTL/2 ICI 30.5 70+ J.Barnes

5.3.1 Assembler

Themachinecodingfor thePDP1Ifollowsthesamestrategy asfor theothereasesThe
ability to incrementanddecrementegistersin one 16-bitinstructiongivesa compact
programof 32 bytes.As before,n is keptin aregisterwhile m is stackedwith thelink

ontheinnercall. The stackingof thelink is partof the subroutinecall instruction.

532 Blisg7]

The optimizedBliss/11 (i.e. Bliss for the PDP11)coding usesa facility within the
languageo declarea parametefinkage convention. This allows the parameterso be



passedn registersand makesfurther optimizationby the compilerthat mucheasier
Only the declarationof the linkage methodis machine-dependenOther‘tricks’ are
usedto give bettercodeascanbe seenfrom thelisting:

linkage BO1 = Bliss(register= 0, register=1);

macro Inc(Var) = (Var:=.Var+l),
Dec(\ar) = (Var: = .Var1);

routine BO1 Ack(N, M) =
begin
if .M =0then return Inc(N)
Ack(if Dec(N)>0 then Ack(.N, .M) ese 1,
Dec(M))
end;

Although the programis a reasonablyclear expressionof the algorithmit is not
clearthata programmemvho did notknow the machineandsomeof the propertiesof
the compilerwould expressAckermanns functionin this way.

The secondversionfor Bliss/11is a straightforwardencodingof the ALGOL 60
version. The main penaltyis not the speed(instructionsper call) but the doubling
in the codesize. This is causedby addressingore ratherthanusing registers. The
codeusesasinglestackregisterfor bothstackingparameterandaddressingariables.
Thisis straightforwardn the PDP11providedthelanguagesio not have secondorder
working store.

533 PALGOL

TheNPL PALGOL systemis adialectof ALGOL 60 with therestrictionof no second
orderworking storeandacces®nly to localsandglobals. In this way, only onestack
registeris required.Thecompileris asimpleoneandperformsno significantoptimiza-
tion. In particular theincrementanddecrementinstructionsare not used(canthey be
used?— they do not setthe carry bit). All the PDP11compilershave to manipulate
thestackbecausehe‘obvious’ calling sequencglaceghe parameterbeneatththelink
whichis thewrongway roundfor the procedurexit code.

534 BCPL

This compiler producesopencodefor entry and exit but doesnot makevery good

useof the available registers. Several unnecessarilOV instructionsare generated
which hasa significanteffect on the codesize. The codeusestwo registersfor the

stack,onefor localsandthe otherfor pushing/poppingarameterslthoughonly one

is strictly necessaryUnlike PALGOL, the incrementanddecrementnstructionsare

used.Comparatiely smallmodificationgby hand)to the codereducetheinstructions
executedto 13.5percall.

535 C

Thislanguages a dialectof BCPL but with additional'type’ informationaddedo per
mit thedeclaratiorof structureswith differentfield lengths[§. The C codegenerators
evidently designedo producecompactatherthanfastcode.Subroutinesireusedfor



entryandexit. Two registersareusedfor the stackaswith the Cambridgesystem.A
post-processoattemptssomefurther optimizationwhich was successfuin this case.
Codefor the last two legs were combinedgiving the codethat would be generated
from:

Ackermann(m — 1, if n = 0 then 1 else Ackermann(m,n — 1))

53.6 Suell

Thislanguages baseduponPASCAL andrequiresacompletedisplay[d. Thisis han-
dledby back-chainingisingopencodethroughout.Theregistersarenotwell used,so
the codeis very voluminous.Clearly, generalityratherthanspaceor time hasbeenthe
main aimsof the system.With only eightregisters,onecannothold the displaywithin
them,soback-chainingr maintaininga corecopywould seenthe bestmethod.How-
ever, thecodeproducechereshavs the penaltythatcanbeinvolvedif no optimization
is performed.

537 RTL/2

The codegeneratoffor the PDP11is ratherlesssuccessfuthanthatfor the 360. The
systemaimsat producingcompacttodeandhenceusessubroutinegor entry andexit.
However, thesesubroutinegreenteredria a TRAP instructionratherthantheordinary
subroutinecall. Although this is mawginally more compact,the speedoverheadin
decodinga TRAP instructionis significant, this being the main causeof its relative
slowness. This is the only PDP11systemto inserta checkon the size of the stack,
incurringanadditionaloverhead.n factthe systemrecordsthe amountof stackspace
used,nvolving 6 instructionsaltogether

54 THE DEC10 FAMILY

The DEC PDP10Seriesis a 36-bit architecturewith a very extensie instructionset.
Pushand pop instructionsare available to manipulatestacksprovided the addresss
within one of the 16 registers. Hardwareis also available to addresdields within a
word. An analysishasbeenproducedshawving thatit is difficult to exploit suchalarge
instructionsetandsomary registers[1Q.

Language Compiler Instr/call Size(bytes) Source

Assembler PAL 5 85 J.Palme

Bliss CMU 15 103+ W. A. Wulf

541 Assembler

This coding is roughly equivalentto the other machinecode examples. The outer
calls arereplacedby jumps, leaving the oneinnerrecursve call. The fact thatonly
five instructionsarerequiredper call is a consequencef therich instructionset—for
instance,one candecrement register and jump unconditionallyin oneinstruction.
The stackingordersallow oneto handletherecursve call in threeinstructions.

54.2 Blisg11]

This codingis a straightforwardcornversionof the ALGOL 60. Two subroutinesare
usedfor procedureentryandexit for settingandrestoringernvironments.The compiler



doesnotdotheoptimizationof the Bliss/11compileralthoughthereloadingof register

valuesis avoided. Thecompilerdoesnot seemnto beableto exploit therich instruction

setin thewaythatis possiblewith handcoding. Two registersareusedfor addressing,
onefor localsandtheotherfor pushing/poppingarameters.

55 THE BURROUGHSFAMILY

The two Burroughsmachines—th&5500and B6700—arenot compatiblebut share
a commondesignphilosophy Both are naturally programmedn ALGOL 60 and,
indeed the codinggivenby the compileris the only concevableone. The B5500has
fixedlengthinstructionsof 12 bits (4 perword) whereaghe B6700hasvariablelength
instructions. Both instructionsetsare stack organized,but the B5500 only permits
accesgo localsandglobalswhile the B6700hasa completedisplayin hardware lt is

difficult to makeary comparisorbetweernthesemachinesand corventionalhardware
becausehe basicapproachs so different. The advantagesn termsof codesizeand
instructionsexecutedareapparent.

Language Compiler |Instr/call Size(bytes) Source

ALGOL 60 XALGOL 19.5 57 R. Backhouse
ALGOL 60 XALGOL 16 57 G. Goos
5.5.1 B5500

The fact that both the Burroughsmachinesgive the samesize of codeis just luck
sincethe binary machinecodeis very different. Stackaddresseare usually 10 bits
andareloadedinto the stackin oneinstruction. Similarly, a valueor descriptormay
alsobeloaded. The otherpossibility for the top 2 bits of aninstructiongivesa 10-bit
addressleseperationcode. This givescompactcode exceptfor commonoperations
suchassubtractingoneor testingfor equalitywith zerowhich takestwo instructions.
The only improvementthat could be madeto the code by handcodingis removing
threeinstructionsat the endof the procedurewhich storesthe resultof the functionin
alocalvariableandthenreloadst into the stack.

552 B6700

With this machine,variable lengthinstructionsare used,the addresslessnesbeing

8 bits. Specialinstructionsare available for loading 0 and 1 makingthe codemore
compact. This gainis offset by additionalspaceneededn the longerinstructionsto

addressa completedisplay (5 bits). The displayis updatedby the procedurecalling

instructionswithout ary explicit code. No improvementto the codegeneratedeems
possible. A small pieceof optimizationis performedby removing the storing and

reloadingof theresultof thefunction.

56 THE CDC 6000/CYBER SERIES

The CDC Seriessacrificessimplicity in designfor the needto producevery high-
speedorocessorsWithin a 60-bit word, instructionsare 15 or 30 bits long but cannot
overlapword boundaries.Henceit is sometimesecessaryo pad out with dummy
instructions—amountingto 20 per centof the codein somecasesJumpscanonly be
to thebeginningof wordboundariesPre-normalizatiomatherthanpost-normalization
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makesthe generatiorof accuratecodeawkward asdoesthe absencef integer multi-
ply onthe earlymemberof therange.Eightgeneral-purposesgistersandeightindex
registersare provided, but the registersaredividedinto ‘fetch’ and‘store’ type. Data
canonly befetchedinto onetypeandstoredfrom the othertype. This meanghatmore
instructionsarerequiredfor storeacces&nda higherpremiumis paid for keepingcal-
culationswithin theregisters.In generaljnstructionsinvolving differentregisterswill
beexecutedn parallelon thefastermachines—a challengeor agoodcodegeneratar

Language Compiler Instr/call Size(bytes) Source
Assembler Compass 155 83 W. M. Waite
AssemblerOpt  Compass 9.5 60 D. Grune
PASCAL 3.4 Zurich 38.5 232 N. Wirth
ALEPH Amsterdaml7.1 41.5 292 D. Grune
Mini-ALGOL 68 Amsterdam 51 292 L. Ammeraal

5.6.1 Assembler

This codinghasbeenproducedo follow ascloselyaspossiblethe othermachinecode
examples. The extra numberof instructionsare mainly due to the lack of power of
individualinstructionson the 6000 Series.Several registerto registerinstructionsare
requiredwhich would be unnecessargn morecorventionalarchitecturesbummyin-
structionsare not includedin the executioncountbut contribute to the space. There
is a smallerpercentagef dummyinstructionswith handcoding becausemoreinfor-
mationis keptin registers(permitting15-bitinstructionsto be usedwith no alignment
problems).

5.6.2 Assembler, Opt

This versionwasproducedoy very carefuluseof the registersbut following the same
logic asabove. Dummy instructionswere avoided aswere several registerto register
instructions. This exampleillustratesthe differencethat canarisewith machine-lgel
codingdueto the amountof effort spent.Dr. Grunemadethe following obsenration:
‘This is probablynotthelimit. By abandonin@ll senseof decenprogramming could
possiblycombineM andthe returnaddressnto a floating point numbey andthenby

judicioususeof thefloating pointdivide instruction,| could. . . etc:

5.6.3 PASCAL

This compiler producesgood codefor a difficult machine. The languagerequiresa
completadisplaywhichis back-chainedput unlike 1900PASCAL, thechainis avoided
with globalprocedureglike Ackermann).Parametersrepassedhroughregisters(in
this case).Sincethe subroutingénstructionplaceghelink within thecodeareathecall
is handledby anordinaryjump precededy settingthelink in aregister Theabsence
of conditionalexpressiondoses6 per centon spaceanda further 11 per centis lost
throughdummyinstructionsfor padding.

A checkon the stackis necessarybut this is performedtwice, onceat the begin-
ning of the procedureandthenon the innerrecursve call becausehe stackmustbe
incremented.This is a very cautiousapproach—thesualmethodadopteds to make
the checklessoften but ensure50 or sowordsareleft spare.As the addressefor the
checkarein registersthe penaltyis quite smalf.

1| have beentold thatthe March 1976releaseof the compilerno longergenerateshe secondstacktest
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564 ALEPH[12]

This languagds designedor compilerwriting ratherthanbeinggeneralpurpose Al-
thoughthe languagedoesnot requirea full displayandhasno secondorderworking
store,flexible global arraysareavailable. Sucharraysgive someflexibility in storage
allocationwithout adwersely affecting the procedurecalling mechanism.Parameters
arepassedhroughregisters,andsothe comparatiely unoptimizedcodeis quite effi-
cient. Thecodeincludesa stackoverflon check.

565 Mini-ALGOL 68[13]

Thelanguagsés a true subsetof ALGOL 68 includingasmuchaspossiblewithout a
heap.The compilerproducegelatively straightforwardcodewhich on this machineis
ratherlong. A displayis maintainedn storewhichis updatedy copyingon procedure
entry. A checkis madefor stackoverflow onprocedureentryaswell. Testsfor equality
usesthe general(safe)methodof performingsubtractionboth waysroundand oring
the two results. Testingfor equalitywith zerocan, of course,be performeddirectly
aswith the PASCAL code.A slight gainis madeover PASCAL by useof conditional
expressions.

6 GENERAL COMMENTS

It is difficult to draw mary conclusiongrom this studyfor anumberof reasonsFirstly,
the quality of codeproducedvariesconsiderablyeventhoughonly the bettersystems
have beenanalyzed.Secondlyit is not easyto tell why the codeproducedtakesthe
form thatit does. Unusedgeneralityin this testmay resultin redundaninstructions
whosepurposeis obscure Lastly, comparisorbetweermachinerangesds clearlydan-
gerousunlessone hasvery detailedknowledgeof eachrange,which the authordoes
nothave.

Onereasorfor theuserto write proceduress to reducehevolumeof machinecode
produceddy thecompiler Thisreductiorwill dependupontheorganizationabverhead
in the procedurecall, procedureentry and proceduresxit. Making the spaceoccupied
by the procedureentry andexit codesmallis not easy The problemis thatthe open
codeprobablyamountsto 4 or 5 instructions,but control routineswould needextra
parametersothatthe spacereductionin their useis hardlyworthwhile. The compiler
writer would like to augmenthe machinenstructionrepertoireby two instructionsfor
this purpose The TRAP instructiononthe PDP11andtheundefinedperation®n the
DEC10would apparentlyprovide this facility but in both caseshe decodingoverhead
is too largefor it to be cost-efective.

Theusefulness$to thecompilerwriter) of thesubroutinecall instructionvariescon-
siderablyfrom machineto machine.The CDC 6000 Seriesandmary minicomputers
have a call instructionwhich plantsthe returnaddressn the location beforethe first
instructionof the subroutine. This is very awkward sinceit inhibits recursion(and
re-entrantcode). The majority of machinesseemto be like the IBM 360 and leave
the returnaddresdsn a register This providesthe compilerwriter with a usefulcall
instructionandtheflexibility heneeddor handlingthereturnaddressThePDP1land
DEC10aresomeof the few machinedo placethereturnaddressn the mainmemory

saving two instructionsper call. This illustratesthe problemof keepingperformancenformation about
softwareup to date.
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in afashionwhich is acceptabléo almostary high-level language The only problem
with the PDP11stackingmechanisis thatwhenparametersndlocal variablesare
alsostackedthereturnsequencés avkward.

Apart from the returnaddressthe main function of the procedureentry and exit
codeis to establishandthenrestorethe appropriatéenvironment’. This ervironment
ensuresaddressibilityto the parameterslocal variablesand non-locals. On the Bur-
roughsmachinesthe environmentis establishedspart of the procedurecall instruc-
tion, butin othermachinegxplicit loadingandstoringof pointersis necessatryor this
purpose the load/storemultiple instructionsason the IBM 360 are particularly con-
venient. If the ervironmentis kept mainly asa displayin core,thena move or block
copyinstructionis moreuseful. However, it sometimesappenshatsuchinstructions
areineffective becaus®f theregistersthatmustbe setup first.

Thebestresultsobtainedto datein high-level languagesreasfollows:

Instructionsexecuted e Languagesvith accesso localsandglobalsonly andno
variablearrayspace:

10instructiongpercall Bliss/11
¢ Full displaybut no variablearrayspace:

30.5instructiongpercall MARY (SM4)
¢ Additional storagemanagemenapartfrom a stack:

34 instructionspercall ALGOL 68-R

Space Themostcompactesultshave beenfor B5500andB6700ALGOL with atotal
of 57 bytesof code.
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