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Abstract

Variousproblemshave beenencounteredin using Ackermann’s function to
measurethe efficiency of procedurecalIs in SystemImplementationLanguages.
Althoughmeasurementshave beenmadeof some60 systems,theonespresented
hereareincludedonly whencomparisonsarepossible.For conventionalmachine
design,it ispossibleto draw someconclusionsondesirableinstructionsetfeatures.
A surprisingresult from the analysisis that implementationquality is far more
importantthantheoverheadsimpliedby languagedesign.

KEY WORDSProcedurecall, Recursion,Efficiency, SystemImplementationLan-
guages.

1 INTRODUCTION

In the designof SystemImplementationLanguages,efficiency is a prime considera-
tion becauseotherwiseprogrammerswill be forcedto useconventionalassemblylan-
guages.It is well known that procedurecalling in conventionalhigh-level languages
is relatively expensive, and hencethis aspectof SystemImplementationLanguages
(SILs) is worth specialattention. Measurementsusing Ackermann’s function have
beenmadewith this in mind[1]. In this papercomparisonsaremadebetweentheim-
plementationson thesamemachinearchitectureby examinationof themachinecode
produced.Several machinearchitecturesarealsocomparedfor their suitability astar-
getmachinesfor recursive languages.Thearchitectureschosenfor this studyarethe
IBM 360/370,ICL 1900, DEC PDP11,DEC10,Burroughsstackmachinesand the
CDC CyberSeries.Althoughotherresultshave beenobtained,furtheranalysisis not,
in general,worthwhiledueto thelackof comparative dataon thesamearchitecture.

2 COLLECTING THE DATA

Theshortnatureof thetestcombinedwith its ‘unusual’characteristicshasencouraged
languageimplementorsto try it out on their favouriteSIL. Currently, datais available
onabout60systems—alargesamplewhich in itselfmakesamoredetailedcomparison�
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worthwhile. Larger testswhich have beenconstructedrecentlyhave beenmuchless
successfulin collectingdata.

Problemshave arisenwith the informationreceived at theNationalPhysicalLab-
oratory(NPL). Sometimesthis hasexcludeda listing of the machine-codeproduced.
Evenwhena codelisting is available,it is sometimesin a form which makesanalysis
awkward(octaldumpor withoutsourcenames).Whenoneis not familiar with thema-
chine,following low-level listings is quitedifficult. Sometimesthe listingsof control
routinesarenot available,but fortunatelysystemswhich requiresuchsubroutinesare
of lessinterest.In contrast,countingtheinstructionsexecutedis straightforward.

In a few cases,it wasnot clear if the test wasactually run or if the timing was
deducedfrom aninstructiontiming manual.

3 SPECIFICATION

TheALGOL 60 specificationproved to beaccurateandeasyto convert to any of the
SILs considered.In a languagewith conditionalexpressionsthecodecanbefollowed
exactly, althoughit canbemademorecompactby writing
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for the secondand third legs. Nobody actually madethis change. A more serious
programchange,sinceit couldhavesignificanteffectsontheefficiency, is swappingthe
two parameters.This changeallowsoneto avoid stackinga parameterbeforemaking
theinnercall in thethird leg of thealgorithm.Onecodingwasrejectedfor this reason.

LanguagessuchasPASCAL without conditionalexpressionsloseon codesizebut
notoninstructionsexecuted.Languageswith adynamicRETURNgainasmallamount
on bothsizeandinstructionsexecuted.The impactof thesecodingchangesis slight
comparedwith theprocedurecallingmechanismitself.

The specificationof the machinecodeexamplesis quite difficult sincea line has
to bedrawn asto whatoptimizationis legitimate.Thefollowing changesareallowed:
thetwo parametersareinterchangedto avoid somestacking,theparametersareplaced
in registers,thetwo outercallsaremadeby jumpingto thebeginningof theprocedure,
checkon stackoverflow is not required.Thereasonfor permittingthe‘interchanging’
of theparametersis thatthe‘order’ is notevidentfrom themachine-code.With all these
changes,onecango furtherandnotethat thereis now only one(recursive) call of the
functionandhencethestackdepthcanbeusedto determinewhetherarecursiveexit or
jumpoutof thefunctionis neededat theend.Thischangeis notregardedaslegitimate
sincethereis essentiallyno subroutinemechanismleft at all (the returnmechanism
becomesan unconditionaljump). This last form of optimizationwas producedby
ProfessorWortmanonthe360but a lessambitiouscodingof hisappearsin theanalysis
below.

Theoriginal ALGOL 60 procedureandthemachine-languageequivalentcodedin
ALGOL 60 areasfollows:

integer procedure Ackermann(m,n);
value m, n; integer m, n;

Ackermann:= if m = 0 then
n + 1

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

Ackermann(m-1,Ackermann(m,n-1));

integer procedure Ackermann(m,n);
value m, n; integer m, n;
comment machine-languageequivalent;
begin
integer procedure innerack;
start: if m = 0 then

innerack:= n + 1
else if n = 0 then

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 IS THE TEST?

Therearefour seriousobjectionsto the test. The first is that recursionitself is not a
commonrequirementandhencemeasurementof theprocedurecallingoverheadshould
not userecursion. However, in almostall cases,the SIL’s have a procedurecalling
mechanismwhichsupportsrecursion.With theModular1,CORAL 66is moreefficient
with recursionthanwithout,althoughthis is certainlyexceptional.Theauthorhasbeen
told thateventhePL/I optimizerdoesnot takeadvantageof non-recursion.Recursion
is oftenthesimplestway to achieve re-entrantcode.

The secondobjectionis that it cannotmeasurethe overheadin languageswhich
supportmorethanonecalling convention. A goodexampleof thetwo-call strategy is
LIS[2] which hasACTION’s (simpleandcheap)andPROCEDURE’s (asusual).The
recursionforcesthe useof the moregeneralcalling methodwhich onewould hope
couldbeavoidedwith mostcalls in practicalcases.Othertestsarebeingdesignedfor
simplecases,includingoneswhereopencodecouldbegenerated.
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The third objectionto the test is that somevery unusualoptimizationis possible.
Onecompiler(Bliss, opt) removestherecursionon the two outercallsby performing
a jump to thebeginning of theprocedure.Thegainmadewasabout20 per centand
hencedoesnot seriouslyunderminethevalueof thetest.Optimizationis madeeasier
becauseall the working storeof the procedurecanbe kept in registerson almostall
machines. It is clear that resultsfrom any one small procedurecannottest all the
aspectsof procedurecall whenoptimizationis takeninto account.

A fourth objectionis that the testusesonly valueparametersandnot variable(or
name/address)parameters.However, statisticsgivenon p. 90 of Reference4 give the
percentageof valueparametersas88 andhencetheobjectionis not serious.Sincethe
secondleg of thealgorithmis rarelyexecuted,thecomplex third leg is very important.
Thenestedfunctioncall in this leg is certainlynot typical andcouldcausea compiler
to generatelessefficient code.

Otherminor objectionsarethat thetestis too smallandthatexcessive stackspace
is requiredto giveareasonabletimeinterval for measurement.The4K addressinglimit
problemon the360meansthata clever compilercanrun this testmoreefficiently. An
exampleof this is the IMP compiler, but the improvementis only 15 instructionsper
call. Theexcessive stackspacecanbeovercomeby repeatinga call for a smallcasein
a loop andcalculatingthe time per call slightly differently (from thecodinggiven in
Reference1).

5 FURTHER ANALYSIS

Thereare several problemswith making a more detailedanalysisof the codepro-
duced. The numberof instructionsexecutedper call is clearly dependentupon the
architecture—somemachinesdefinitelyhave morepowerful instructionsthanothers.
Even within onemachinerange(say360), thenumberof instructionsexecutedis not
necessarilyagoodcomparison.Onecompilermaygeneratemoreregister-only instruc-
tionsgiving quickercode.This differenceis partly reflectedin thesizefigures.There
is someuncertaintyaboutthesizesincethepoolingof constantsmakestheallowance
for themhardto determine.With this test, the codecancontainan untypically high
proportionof jumps. Sucha codecanupsettheinstructionlook-aheadandpipelining
on thefastercomputers.

5.1 THE 360 FAMILY

Thearchitectureof the360Seriesis well known. Themachinehas16 general-purpose
registersin whichintegerarithmeticis performed.All addressingis offsetfrom thesum
of two registers,andmaybefurthermodifiedby a 12-bit numberin long instructions.
Instructionsare2, 4 or 6 byteslong andaddressingis alwaysat byte level. Henceto
accessthe Ith elementof an integer array, onemustmultiply I by four. A subsetof
integerinstructionsis 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 Edinburgh 21 128 P. D. Stephens

+ denotestheuseof subroutines.
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5.1.1 Assembler

The360machinecodeexampleis tightly codedby having an‘inner’ subroutinewhich
merelycallsitself andhencecanbeassumedto havevariousregistersset.Theregisters
includethe constants1 and4 so thatalmostall the instructionsin the inner loop are
short(2 bytes)andfast. Thetwo outercallsmerelyjump to thefirst instructionof the
innersubroutinewithout stackinga returnaddress.In theinnercall, thereturnaddress
(24 bits) andthevalueof

�
(8 bits) is stackedin oneword. This is only legitimateif

it canbeshown that
�

is limited to 8 bits (ascouldbestatedin a rangedeclarationin
PASCAL).

Thesizeis mainly in theinitializationcodeincludingconstantvaluesfor theregis-
terson entryto themain(outer)subroutine.

5.1.2 RTL/2[3]

RTL/2 performsrelatively well by a carefullydesignedsubroutinelinkage. Thecode
analyzedheremakesnocheckon theavailability of stackspacealthoughanoptionfor
this is implemented.Thelastparameteris left in aregisterandtheresultof thefunction
is also left in a register. The compilerkeeps

�
and

�
in registerswhenpossibleso

that compactcodeis produced.Thestoremultiple andloadmultiple instructionsare
usedto preserve theold environmentin theprocedureentryandexit coderespectively.
SinceRTL/2 requiresno display(merelylocalsandglobals)nor permitssecondorder
working store,stackmaintenanceis very straightforward. In fact, two registersare
used,onefor localsandtheotherfor thetop of thestackto push/popparameters.

Apart from the102bytesfor instructions,about20bytesof constantsareplacedin
thecode,apparentlyto assistin diagnostics.

5.1.3 IMP

The IMP languageis essentiallya supersetof ALGOL 60 with featuresto makeit
suitableasa SIL[5]. The languagerequiresa completedisplaywhich is held in the
general-purposeregisters.This strategy imposesrestrictionson thestaticblock struc-
ture of programsas well as inhibiting the useof the registersin expressionswithin
deeplynestedprograms.

The IMP languageallows oneto specifya routineasshort in which casethe4K
byteaddressingproblemis avoided. Theprogramanalyzedhereis without short and
is 16 byteslonger.

The codeusesthe storemultiple instructionjust beforethecall to dumpboth the
parametersandthe displayin the stack. A load multiple instructionis usedafter the
return to recover the old environment. This techniqueproducesa longercalling se-
quencethanRTL/2 but executesmuch the samenumberof instructions. SinceIMP
usesafull display, thestore/loadmultiple instructionsdump/restoremoreregistersand
hencetakeslongerthanRTL/2. Although both compilersdo registeroptimization,it
appearsthat RTL/2 is marginally moresuccessfulin termsof codespaceby loading
theparametersbeforethey arestrictly required.

5.1.4 BCPL

The BCPL compiler producescodethat is broadly similar to that of RTL/2. Both
languagesdo not needa full display andusestoremultiple at the beginning of the
routineto dumptheparametersandtheenvironment.Onedifferenceis thatBCPLuses
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a small run-timesubroutinefor procedureexit (insteadof loadmultiple to restorethe
old environment).Thequality of thecodeis not quiteasgoodastheothersystemsso
far—for instance,theresultof the function is storedin corethreetimesoncefor each
leg of Ackermann.

5.1.5 ALGOL 60

This compilerwasproducedby modifying the Edinburgh IMP systemandhencethe
codeis very similar. The only changesare that minor registeroptimizationsarenot
performed.Theregisteroptimization,althoughit increasedthespeedof execution,ac-
tually producedbiggercode.HencetheALGOL 60 codeis marginally morecompact.

5.2 THE ICL 1900 FAMILY

The ICL 1900 Serieshasa relatively simple instructionset. Eight integer registers
areprovidedbut only 3 areavailablefor addressmodification.Theword lengthis 24
bits: instructionsand integersoccupyoneword, floating point numberstwo words.
Within an instruction,12 bits areavailablefor addressingeitherthefirst 4K wordsof
theprogramor 4K wordsoffsetfrom anindex register.

Language Compiler Instr./call Size(bytes) Source
Assembler PLAN 7.5 57 W. Findlay
ALGOL 68-R Malvern(no heap) 28 153 P. Wetherall
PASCAL Belfast 32.5 129+ W. Findlay
ALGOL 68-R Malvern(heap) 34 162+ P. Wetherall

5.2.1 Assembler

The1900machinecodeimplementationis a straightforwardcodingof thealgorithm.
As before,the outercalls arereplacedby jumpsandonly the inner call stacksa link
andoneparameterin two words.Only oneregisterneedsto beinitialized andhencea
significantspacegainis madeover the360coding.

5.2.2 ALGOL 68-R

The two ALGOL 68-R versionsare identical in the codefor Ackermannitself. The
differencelies in the fact that with the completeprogramas written, the loadercan
determinethat no heapis required. Under thesecircumstances,six instructionsare
omitted from the procedureentry codewhich are otherwisenecessaryto checkthat
stackspaceis still available. Without theheap,no explicit softwarecheckis madeon
thestackheightsincethehardwareprotectionmechanismonthemachinecanfault the
program.

TheALGOL 68-Rsystemusesa 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 thedisplaycouldbereducedby allocating
storageatprocedurelevel,ashasbeendoneby asecondALGOL 68compilerproduced
atMalvern(but not released).
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5.2.3 PASCAL

The1900PASCAL system[6]usesadifferentmethodof handlingthedisplaythanAL-
GOL 68-R.Althoughacompletedisplayis necessary, it will besmallerbecausestorage
canonly be allocatedat procedurelevel. This restrictionhasa disadvantageto users
thatdeclarationscannotbemadeso‘local’ aswith alanguagewith blocks.Themethod
of handlingthedisplayis by back-chainingfrom thecurrentlevel. To setup thechain
on procedureentry, the easiestmethodis to pick up the pointerbeforethe call. The
numberof instructionsthatthis will requiredependsuponthedifferencein staticlevel
betweenthecall andtheprocedure.In thecaseof Ackermann,thepointeris not nec-
essaryatall sincetheprocedureis at global level—however, the1900implementation
doesnot spotthis.

ThisPASCAL systemdoesnotusealoaderandin consequenceajumptableis used
to link to thetwo subroutinesfor entryandexit. Theuseof subroutinesproducesmore
compactcodethanALGOL 68-R. In spiteof thecheckon thestackheight,PASCAL
ought to give slightly fastercodethanALGOL 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

ThePDP11Serieshasa relatively large instructionsetfor a minicomputerwith a 16-
bit word length.Like the360,byteaddressingis used,necessitatingmultiplicationby
two in many high-level languageconstructs.Although all instructionsare2 bytes,a
literal can(andmust)beplacedaftertheinstructionunlessall theoperandsarewithin
thesix general-purposeregisters.A wide selectionof addressingmodesareavailable,
includingauto-incrementandauto-decrement.It is difficult to producecompactcode
onthePDPllsinceordinarystoreaccessinvolves4 bytes—2for theinstructionandtwo
for theliteral (address).It is veryeasyto useany registerasastackaddressregister—in
fact register6 is usedin thisway 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 thePDP11followsthesamestrategy asfor theothereases.The
ability to incrementanddecrementregistersin one16-bit instructiongivesa compact
programof 32bytes.As before,

�
is keptin a registerwhile

�
is stackedwith thelink

on theinnercall. Thestackingof thelink is partof thesubroutinecall instruction.

5.3.2 Bliss[7]

The optimizedBliss/11 (i.e. Bliss for the PDP11)codingusesa facility within the
languageto declarea parameterlinkageconvention. This allows theparametersto be
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passedin registersandmakesfurther optimizationby the compiler that mucheasier.
Only the declarationof the linkagemethodis machine-dependent.Other‘tricks’ are
usedto givebettercodeascanbeseenfrom thelisting:

linkage B01= Bliss(register= 0, register= 1);

macro Inc(Var)= (Var:= .Var+l),
Dec(Var) = (Var: = .Var-1);

routine B01Ack(N, M) =
begin
if .M = 0 then return Inc(N)
Ack(if Dec(N)8 0 then Ack(.N, .M) else 1,

Dec(M))
end;

Although the programis a reasonablyclearexpressionof the algorithmit is not
clearthata programmerwho did not know themachineandsomeof thepropertiesof
thecompilerwouldexpressAckermann’s functionin thisway.

The secondversionfor Bliss/11 is a straightforwardencodingof the ALGOL 60
version. The main penalty is not the speed(instructionsper call) but the doubling
in the codesize. This is causedby addressingcoreratherthanusingregisters. The
codeusesasinglestackregisterfor bothstackingparametersandaddressingvariables.
This is straightforwardon thePDP11providedthelanguagesdonothavesecondorder
workingstore.

5.3.3 PALGOL

TheNPL PALGOL systemis a dialectof ALGOL 60 with therestrictionof no second
orderworking storeandaccessonly to localsandglobals.In this way, only onestack
registeris required.Thecompileris asimpleoneandperformsnosignificantoptimiza-
tion. In particular, theincrementanddecrementinstructionsarenot used(canthey be
used?— they do not setthe carrybit). All thePDP11compilershave to manipulate
thestackbecausethe‘obvious’ callingsequenceplacestheparametersbeneaththelink
which is thewrongway roundfor theprocedureexit code.

5.3.4 BCPL

This compiler producesopencodefor entry andexit but doesnot makevery good
useof the available registers. Several unnecessaryMOV instructionsare generated
which hasa significanteffect on the codesize. The codeusestwo registersfor the
stack,onefor localsandtheotherfor pushing/poppingparametersalthoughonly one
is strictly necessary. Unlike PALGOL, the incrementanddecrementinstructionsare
used.Comparatively smallmodifications(by hand)to thecodereducetheinstructions
executedto 13.5percall.

5.3.5 C

This languageis adialectof BCPLbut with additional‘type’ informationaddedto per-
mit thedeclarationof structureswith differentfield lengths[8]. TheC codegeneratoris
evidently designedto producecompactratherthanfastcode.Subroutinesareusedfor
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entryandexit. Two registersareusedfor thestackaswith theCambridgesystem.A
post-processorattemptssomefurther optimizationwhich wassuccessfulin this case.
Codefor the last two legs were combinedgiving the codethat would be generated
from:
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5.3.6 Sue-11

This languageis baseduponPASCAL andrequiresacompletedisplay[9]. This is han-
dledby back-chainingusingopencodethroughout.Theregistersarenotwell used,so
thecodeis veryvoluminous.Clearly, generalityratherthanspaceor timehasbeenthe
mainaimsof thesystem.With only eightregisters,onecannothold thedisplaywithin
them,soback-chainingor maintainingacorecopywouldseemthebestmethod.How-
ever, thecodeproducedhereshows thepenaltythatcanbeinvolvedif no optimization
is performed.

5.3.7 RTL/2

Thecodegeneratorfor thePDP11is ratherlesssuccessfulthanthat for the360. The
systemaimsatproducingcompactcodeandhenceusessubroutinesfor entryandexit.
However, thesesubroutinesareenteredvia aTRAPinstructionratherthantheordinary
subroutinecall. Although this is marginally more compact,the speedoverheadin
decodinga TRAP instructionis significant, this being the main causeof its relative
slowness. This is the only PDP11systemto inserta checkon the sizeof the stack,
incurringanadditionaloverhead.In fact thesystemrecordstheamountof stackspace
used,involving 6 instructionsaltogether.

5.4 THE DEC10 FAMILY

The DEC PDP10Seriesis a 36-bit architecturewith a very extensive instructionset.
Pushandpop instructionsareavailable to manipulatestacksprovided the addressis
within oneof the 16 registers. Hardwareis alsoavailable to addressfields within a
word. An analysishasbeenproducedshowing thatit is difficult to exploit sucha large
instructionsetandsomany registers[10].

Language Compiler Instr./call Size(bytes) Source
Assembler PAL 5 85 J.Palme
Bliss CMU 15 103+ W. A. Wulf

5.4.1 Assembler

This coding is roughly equivalent to the other machinecodeexamples. The outer
calls arereplacedby jumps, leaving the oneinner recursive call. The fact that only
five instructionsarerequiredpercall is a consequenceof therich instructionset—for
instance,onecandecrementa register and jump unconditionallyin one instruction.
Thestackingordersallow oneto handletherecursive call in threeinstructions.

5.4.2 Bliss[11]

This coding is a straightforwardconversionof the ALGOL 60. Two subroutinesare
usedfor procedureentryandexit for settingandrestoringenvironments.Thecompiler
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doesnotdotheoptimizationof theBliss/11compileralthoughthereloadingof register
valuesis avoided.Thecompilerdoesnotseemto beableto exploit therich instruction
setin thewaythatis possiblewith handcoding.Two registersareusedfor addressing,
onefor localsandtheotherfor pushing/poppingparameters.

5.5 THE BURROUGHS FAMILY

The two Burroughsmachines—theB5500andB6700—arenot compatiblebut share
a commondesignphilosophy. Both are naturally programmedin ALGOL 60 and,
indeed,thecodinggivenby thecompileris theonly conceivableone. TheB5500has
fixedlengthinstructionsof 12bits (4 perword)whereastheB6700hasvariablelength
instructions. Both instructionsetsare stackorganized,but the B5500 only permits
accessto localsandglobalswhile theB6700hasa completedisplayin hardware.It is
difficult to makeany comparisonbetweenthesemachinesandconventionalhardware
becausethe basicapproachis so different. Theadvantagesin 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. Stackaddressesareusually10 bits
andareloadedinto the stackin oneinstruction. Similarly, a valueor descriptormay
alsobe loaded.Theotherpossibility for the top 2 bits of an instructiongivesa 10-bit
addresslessoperationcode. This givescompactcodeexcept for commonoperations
suchassubtractingoneor testingfor equalitywith zerowhich takestwo instructions.
The only improvementthat could be madeto the codeby handcoding is removing
threeinstructionsat theendof theprocedurewhich storestheresultof thefunction in
a local variableandthenreloadsit into thestack.

5.5.2 B6700

With this machine,variablelength instructionsare used,the addresslessonesbeing
8 bits. Specialinstructionsareavailable for loading0 and1 making the codemore
compact.This gain is offset by additionalspaceneededin the longer instructionsto
addressa completedisplay(5 bits). The display is updatedby the procedurecalling
instructionswithout any explicit code. No improvementto thecodegeneratedseems
possible. A small pieceof optimization is performedby removing the storing and
reloadingof theresultof thefunction.

5.6 THE CDC 6000/CYBER SERIES

The CDC Seriessacrificessimplicity in designfor the needto producevery high-
speedprocessors.Within a 60-bit word, instructionsare15 or 30 bits long but cannot
overlapword boundaries.Henceit is sometimesnecessaryto padout with dummy
instructions—amountingto 20 percentof thecodein somecases.Jumpscanonly be
to thebeginningof wordboundaries.Pre-normalizationratherthanpost-normalization
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makesthegenerationof accuratecodeawkwardasdoestheabsenceof integermulti-
ply ontheearlymembersof therange.Eightgeneral-purposeregistersandeightindex
registersareprovided,but the registersaredividedinto ‘fetch’ and‘store’ type. Data
canonly befetchedinto onetypeandstoredfrom theothertype.Thismeansthatmore
instructionsarerequiredfor storeaccessanda higherpremiumis paidfor keepingcal-
culationswithin theregisters.In general,instructionsinvolving differentregisterswill
beexecutedin parallelon thefastermachines—achallengefor agoodcodegenerator.

Language Compiler Instr./call Size(bytes) Source
Assembler Compass 15.5 83 W. M. Waite
Assembler, Opt Compass 9.5 60 D. Grune
PASCAL 3.4Zurich 38.5 232 N. Wirth
ALEPH Amsterdam17.1 41.5 292 D. Grune
Mini-ALGOL 68 Amsterdam 51 292 L. Ammeraal

5.6.1 Assembler

Thiscodinghasbeenproducedto follow ascloselyaspossibletheothermachinecode
examples. The extra numberof instructionsaremainly due to the lack of power of
individual instructionson the6000Series.Several registerto registerinstructionsare
requiredwhich wouldbeunnecessaryonmoreconventionalarchitectures.Dummyin-
structionsarenot includedin the executioncountbut contribute to the space.There
is a smallerpercentageof dummyinstructionswith handcodingbecausemoreinfor-
mationis keptin registers(permitting15-bit instructionsto beusedwith no alignment
problems).

5.6.2 Assembler, Opt

This versionwasproducedby very carefuluseof theregistersbut following thesame
logic asabove. Dummy instructionswereavoidedaswereseveral register to register
instructions.This exampleillustratesthedifferencethat canarisewith machine-level
codingdueto theamountof effort spent.Dr. Grunemadethe following observation:
‘This is probablynot thelimit. By abandoningall senseof decentprogrammingI could
possiblycombineM andthe returnaddressinto a floating point number, andthenby
judicioususeof thefloatingpointdivide instruction,I could. . . etc.’

5.6.3 PASCAL

This compilerproducesgoodcodefor a difficult machine. The languagerequiresa
completedisplaywhichisback-chained,butunlike1900PASCAL, thechainisavoided
with globalprocedures(like Ackermann).Parametersarepassedthroughregisters(in
thiscase).Sincethesubroutineinstructionplacesthelink within thecodearea,thecall
is handledby anordinaryjump precededby settingthelink in a register. Theabsence
of conditionalexpressionsloses6 per centon spaceanda further 11 per cent is lost
throughdummyinstructionsfor padding.

A checkon thestackis necessary, but this is performedtwice, onceat the begin-
ning of the procedureandthenon the inner recursive call becausethe stackmustbe
incremented.This is a very cautiousapproach—theusualmethodadoptedis to make
thechecklessoftenbut ensure50 or sowordsareleft spare.As theaddressesfor the
checkarein registersthepenaltyis quitesmall1.

1I have beentold that theMarch1976releaseof thecompilerno longergeneratesthesecondstacktest
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5.6.4 ALEPH[12]

This languageis designedfor compilerwriting ratherthanbeinggeneralpurpose.Al-
thoughthe languagedoesnot requirea full displayandhasno secondorderworking
store,flexible globalarraysareavailable. Sucharraysgive someflexibility in storage
allocationwithout adverselyaffecting the procedurecalling mechanism.Parameters
arepassedthroughregisters,andsothecomparatively unoptimizedcodeis quiteeffi-
cient.Thecodeincludesa stackoverflow check.

5.6.5 Mini-ALGOL 68[13]

The languageis a truesubsetof ALGOL 68 includingasmuchaspossiblewithout a
heap.Thecompilerproducesrelatively straightforwardcodewhich on this machineis
ratherlong. A displayis maintainedin storewhichis updatedby copyingonprocedure
entry. A checkis madefor stackoverflow onprocedureentryaswell. Testsfor equality
usesthe general(safe)methodof performingsubtractionboth waysroundandoring
the two results. Testingfor equalitywith zerocan,of course,be performeddirectly
aswith thePASCAL code.A slight gainis madeover PASCAL by useof conditional
expressions.

6 GENERAL COMMENTS

It is difficult to draw many conclusionsfrom thisstudyfor anumberof reasons.Firstly,
thequality of codeproducedvariesconsiderably, eventhoughonly thebettersystems
have beenanalyzed.Secondly, it is not easyto tell why the codeproducedtakesthe
form that it does. Unusedgeneralityin this testmay result in redundantinstructions
whosepurposeis obscure.Lastly, comparisonbetweenmachinerangesis clearlydan-
gerousunlessonehasvery detailedknowledgeof eachrange,which the authordoes
nothave.

Onereasonfor theuserto writeproceduresis to reducethevolumeof machinecode
producedby thecompiler. Thisreductionwill dependupontheorganizationaloverhead
in theprocedurecall, procedureentryandprocedureexit. Making thespaceoccupied
by the procedureentryandexit codesmall is not easy. Theproblemis that theopen
codeprobablyamountsto 4 or 5 instructions,but control routineswould needextra
parameterssothatthespacereductionin their useis hardlyworthwhile.Thecompiler
writer would like to augmentthemachineinstructionrepertoireby two instructionsfor
thispurpose.TheTRAPinstructiononthePDP11andtheundefinedoperationsonthe
DEC10wouldapparentlyprovidethis facility but in bothcasesthedecodingoverhead
is too largefor it to becost-effective.

Theusefulness(to thecompilerwriter) of thesubroutinecall instructionvariescon-
siderablyfrom machineto machine.TheCDC 6000Seriesandmany minicomputers
have a call instructionwhich plantsthe returnaddressin the locationbeforethe 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 returnaddressin a register. This providesthe compilerwriter with a usefulcall
instructionandtheflexibility heneedsfor handlingthereturnaddress.ThePDP11and
DEC10aresomeof thefew machinesto placethereturnaddressin themainmemory

saving two instructionsper call. This illustratesthe problemof keepingperformanceinformation about
softwareup to date.
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in a fashionwhich is acceptableto almostany high-level language.Theonly problem
with the PDP11stackingmechanismis thatwhenparametersandlocal variablesare
alsostacked,thereturnsequenceis awkward.

Apart from the returnaddress,the main function of the procedureentry andexit
codeis to establishandthenrestoretheappropriate‘environment’. This environment
ensuresaddressibilityto the parameters,local variablesandnon-locals.On the Bur-
roughsmachines,theenvironmentis establishedaspartof theprocedurecall instruc-
tion,but in othermachinesexplicit loadingandstoringof pointersis necessary. For this
purpose,the load/storemultiple instructionsason the IBM 360 areparticularlycon-
venient. If theenvironmentis keptmainly asa displayin core,thena move or block
copyinstructionis moreuseful.However, it sometimeshappensthatsuchinstructions
areineffectivebecauseof theregistersthatmustbesetup first.

Thebestresultsobtainedto datein high-level languagesareasfollows:

Instructions executed ? Languageswith accessto localsandglobalsonly andno
variablearrayspace:

10 instructionspercall Bliss/11

? Full displaybut no variablearrayspace:

30.5instructionspercall MARY(SM4)

? Additional storagemanagementapartfrom a stack:

34 instructionspercall ALGOL 68-R

Space Themostcompactresultshave beenfor B5500andB6700ALGOL with atotal
of 57 bytesof code.

7 ACKNOWLEDGEMENTS

Thiscomparisonwouldnothave beenpossiblewithout thework of all thecontributors
in sendingtheauthorlistingsandtimings. Thetimingsandmachinecodeversionsare
particularlydifficult to produce.Theauthorwould alsolike to thankthemembersof
IFIP WorkingGroup2.4(MachineOrientedHigherLevel Languages)for bothencour-
agementandcriticism of earlierdraftsof this paper. Thehighly perceptive comments
of therefereehasalsopermittedseveral improvementsto bemade.

References

[1] B. A. Wichmann,‘Ackermann’s function: a study in the efficiency of calling
procedures’,BIT, 16,103-110(1976).

[2] J.D. Ichbiah,J.P. Rissen,J.C. HeliardandP. Cousot,‘The systemimplementa-
tion languageLIS’, Technical Report4549E1/ENCII, Louveciennes,1976.

[3] ImperialChemicalIndustries,RTL/2LanguageSpecification, 1974.

[4] B. A. Wichmann,ALGOL60CompilationandAssessment, AcademicPress,Lon-
don,1973.

13



[5] P. D. Stephens,‘The IMP languageand compiler’, ComputerJ. 17, 216-223
(1974).

[6] J. WelshandC. Quinn, ‘A PASCAL compiler for ICL 1900seriescomputers’,
Software—PracticeandExperience, 2, 73-77(1972).

[7] W. A. Wulf, R. K. Johnsson,C. B. Weinstock,S. O. HobbsandC. M. Geschke,
TheDesignof an OptimizingCompiler, AmericanElsevier, New York, 1975.

[8] D. M. Ritchie, C ReferenceManual, Bell TelephoneLaboratories,Murray llill
(undated).

[9] B. L. ClarkandF. J.B. Ham,‘The ProjectSUEsystemslanguagereferenceman-
ual’, Technical ReportCSRG42, Universityof Toronto,1974.

[10] A. Lunde,Evaluationof instructionsetprocessorarchitecture by programtrac-
ing, Ph.D.thesis,Carnegie-MellonUniversity, 1974.

[11] W. A. Wulf, D. B. RussellandA. N. Habermann,‘Bliss: a languagefor systems
programming’,Comm.ACM, 14,780-790(1971).

[12] R. Bosch,D. GruneandL. Meertens,‘ALEPH: a languageencouragingprogram
hierarchy’,Proc. Int. ComputingSymposiumDavos, North-HollandPublishing
Co.,Amsterdam,pp.73-79,1974.

[13] L. Ammeraal,‘An implementationof an ALGOL 68 sublanguage’,Proc. Int.
ComputingSymposium, 1975NorthHollandPublishingCo.,Amsterdam,pp.49-
53,1975.

A Document details

Scannedandconvertedto LATEX, February2002.

14


