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Chapter 1

Intr oduction

The aim of the project that this dissertationdescribeswasto producea systemsuitablefor teachingthe
languageForth.Thiswouldconsistof avirtual processor, calledBeetle,whichwouldrunanANSI standard
Forth compiler, calledpForth (standingfor “portableForth”). Thevirtual processorwould bedesignedto
matchthe needsof a Forth compiler, andwould be implementedin ANSI C, to make the wholesystem
easilyportable.Thecompilerwouldbewritten in a mixtureof virtual processorassemblycodeandForth,
andwouldbeprovidedin compiledform, readyto runonthevirtual processor. A simpledebuggeranduser
interfacewould be providedfrom which the compilercould be run andmonitored.The debuggerwould
alsobeusedto aid theportingof theForthcompilerto Beetle.

The Forth compiler and virtual processorwerebasedon earlierwork by the author, but both were re-
designedandalmostcompletelyrewritten,andextendedto meettheneedsof theproject.

Thenext two sectionsprovideanintroductionto theForth languageandtheBeetlevirtual processor.

1.1 Forth

Forth is an unusuallanguagedevelopedby CharlesMoore, a computerprogrammer, in the late 1960s,
to control a radio telescopeandprovide dataanalysisfacilities.With his system,telescopecontrol,data
acquisitionandstorage,andinteractive analysison a graphicalterminalweresupportedconcurrentlyon
whatwaseventhenasmallcomputer. To thisday, Forth’smainusesarein controlandembeddedsystems,
whereits combinationof compactnessandspeedareunrivalled.

Forth is an interpretedlanguage,thoughnot in theconventionalsense:it providesan interactive environ-
mentin whichcodemaybeenteredandexecutedimmediately, but programsareneverthelesscompiled.

Forth is stack-based:it hasa data stack for calculationsandparameterpassing,anda return stack to
hold subroutinereturnaddresses.A rich setof stackoperatorsis provided,andall arithmeticand logic
operationsimplicitly take stackitemsastheirarguments,andreturntheir resulton thestack.

Forth’s implicit useof thedatastackleadsto reversePolishnotationbeingthenaturalform for arithmetic.
For example,thephrase

3 5 -

pushesthenumbers3 and5 onto thedatastack,thensubtractsthetopstackitem(5) from theseconditem
(3), andreturns-2 on topof thestack.

1



2 CHAPTER1. INTRODUCTION

Forth’ssyntaxis extremelysimple.It hastwo sortsof token:theword, whichis any sequenceof non-space
characters,andthenumber, which is any sequenceof charactersthat is not a currentlydefinedword,and
thatmaybeinterpretedasanintegerin thecurrentnumberbase.

TheForth interpretercanbe in oneof two states,interpretingor compiling.Wheninterpreting,wordsin
the input streamareexecuted,andnumbersarepushedon to thedatastack;whencompiling,subroutine
callsto wordsandcodeto pushnumbersonto thestackis compiled.Codeis compiledinto thedictionary ,
which is thecollectionof wordsin thesystem.

Thewords: and; areusedto definenew words.Theword : scansthe input streamfor thenext space-
delimitedtoken,which it usesasthenameof theword to bedefined.It compilesheaderinformationfor
thenew word, includingits nameanda link to thenext word in thedictionary. Typically, it alsocompiles
subroutineentrycode.It thenplacestheinterpreterin compilationmode.Theword; compilessubroutine
exit codeandreturnstheinterpreterto interpretationmode.

Hereis a definition:

: GCD ( n1 n2 -- n3 ) ?DUP IF TUCK MOD RECURSE THEN ;

GCD is a word thatcalculatesthegreatestcommondivisorof two numbers.Thephrase

( n1 n2 -- n3 )

is acomment;theword( scanstheinputstreamuntil it findsaclosebracket,anddiscardstheinputstream
up to thatpoint. This commentis a stack comment: it givesthestack effect of GCD, that is, thenumber
andtypeof thestackitemsit consumesandreturns;in thiscaseit takestwo numbersandreturnsone.

Stackcommentsarewritten

(
���������	��
�
���������

)

where
�����������

and
��������

arestack pictur esshowing the itemson top of a stackbeforeandafter the
instructionis executed.The dashesserve merely to separate

���������	�
from

��������
. Stackpicturesarea

representationof thetop-mostitemson thestack,andarewritten

�������������������������

wherethe
���

arestackitems,eachof whichoccupiesa wholenumberof cells,with
���

beingon topof the
stack.

WhenGCD is executed,thestackshouldlook like this:

n1 n2

Theword?DUP duplicatesthetopitemonthestackif it is notzero,soif n2 is notzero,thenit is duplicated
by ?DUP. Thestackis now

n1 n2 n2

IF thenconsumesn2. IF, like all controlstructures,is a specialsortof word, an immediate word.This
meansthat it is executedeven whenthe interpreteris in compiling mode.Whenexecuted,it compilesa
conditionalbranch,andleavestheaddressof thebranchonthestack.THEN laterusestheaddressto resolve
thebranch.At run-time,theconditionalbranchis takenif thetop of stackis zero.NotethatTHEN is akin
to ENDIF in otherlanguages,notTHEN. As weareassumingthatn2 is notzero,theconditionalbranchis
not taken.Thestackis now
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n1 n2

TUCK copiestheseconditemon thestackunderthefirst:

n2 n1 n2

andMOD takestheremainderwhenthesecondnumberon thestackis dividedby thetopnumber, leaving

n2 (n1 mod n2)

Finally, RECURSE doesexactly that. GCD implementsEuclid’s algorithm using the obvious recursive
method.An iterativeversionis alsopossible:

: GCD ( n1 n2 -- n3 ) BEGIN ?DUP WHILE TUCK MOD REPEAT ;

In this casetheflag generatedby ?DUP is testedandconsumedby WHILE, which performsa conditional
branchto afterREPEAT if theflag is zero;if not,executioncontinues,andwhentheREPEAT is reached,
branchesbackto theBEGIN.

Forth programsaretypically written with many wordswith shortdefinitions.Theseusedto be storedin
blocksof sixteenby sixty-fourcharacters;increasingly, ordinarytext files areused,but theForthcompiler
describedhere,pForth,usesblocks.An advantageof blocksis thatsmallportionsof codecanbecompiled,
tested,edited,deletedfrom the dictionary, and reloadedquickly; the Forth developmentcycle is much
shorterandmoreofteniteratedthanthatof traditionalcompiledlanguages.

Forth is a goodteachinglanguagebecauseit is interactive andits compileris sosimple.It is possibleto
learnthelanguageandunderstandhow its compilerworksin thetime takenjust to learnhow to program
in a modernhigh-level languagesuchasModula-3.Forth is primitive, but not old-fashioned;it enforces
no particularstyle of programming.Also, Forth is extensible:user-definedwords have the samestatus
asprecompiledwords,andnew control structuresanddata-structuredefiningwordscanbe createdwith
ease.Thiscombinationof flexibility andextensibilityallows modernprogrammingmethodssuchasfunc-
tional programmingandobject-orientationto beappliedto Forth in a way that is impossiblein mostother
languages.

1.2 Beetle

Beetleis a simplevirtual processorintendedto run Forth compilers.It hasa byte-codeinstructionset,
calledbForth,mostof whoseinstructionsdirectly correspondto Forth words.As Forth performsmostof
its datamanipulation,suchascalculationandparameterpassing,onadatastack,mostof theseinstructions
manipulateitemsonthedatastackof thevirtual machine.For example,DUP duplicatesthetop itemonthe
stack,and1+ addsoneto thetop item.Otherinstructionsdealwith controlflow, anduseaddressesstored
in theinstructionstream,or manipulatethereturnstack.TheregistersSP (StackPointer)andRP (Return
stackPointer)point to thetop itemonthedataandreturnstacksrespectively. Bothstacksgrow downwards
in memory.

Beetle’sexecutioncycleworksasfollows:aword is fetchedfrom theaddresspointedto by theregisterEP
(ExecutionPointer)into theA (Accumulator)register. EP is thenincrementedby four. Theleast-significant
byte of A is copiedinto the I (Instruction)register, and the instructionrepresentedby that opcodeis
executed.At thesametime,A is shiftedarithmeticallyright by onebyte.Theinstructionsin A arecopied
into I andexecutedin this manneruntil A is empty;thenext bytecopiedinto I will beeither00hor FFh.
Both theseopcodescauseanotherinstructionfetch,andexecutioncontinues.

Beetle’smemoryis byte-addressed;themachineword,calleda cell, is four bytes.



Chapter 2

Preparation

Much of thepreparationrequiredfor theprojectwent into thewriting of theprojectproposal:theproject
hadtobeclearlydefined,andapreciseworkplan,with goalsanddates,written.Thereweremany directions
theprojectcouldhavetaken;thoseoutlinedin thefollowing sectionswerechosenandfitted together.

Also requiredwerea thoroughknowledgeandunderstandingof the ANSI Forth standard[1]. This was
initially readat thestartof theproject,sothattheimplicationsfor Beetle’sdesignwereunderstood;it was
againconsultedduringthedevelopmentof pForth.

The restof this chapteris concernedwith the planningof the project.First, the old Forth compilerand
virtual processorspecificationaredescribed,thenthechangesandimprovementsto themthatwereneeded,
andfinally thepartsof theprojectthatwereentirelynew.

2.1 Original components

2.1.1 Forth compiler

TheForth compilerwasoriginally written for Acorn RISCOS,which runson theARM processor. It was
written to comply looselywith the Forth-83standard[5] (the standardassumesa 16-bit machineword,
while theARM hasa 32-bit machineword). Thelanguageextensionsaddedto performfile-handlingand
otherI/O followedthestructureof RISCOS,asthestandardprescribedonly line-orientedconsoleI/O and
block-basedmass-storage,wheredatais storedin numbered1024-byteblocksratherthanfiles. Several
machine-specificoptimisationshadbeenbuilt into thecompiler, tying it firmly to theARM architecture.
Thecompilerwasgeneratedby a BBC BASIC programfrom assemblyandForth sourcecode,the latter
beinginterpretedby a crudepartialForthcompilerwritten in BBC BASIC.

TheANSI standardcontainsmany extensionsto Forth-83,coveringareassuchasexceptionhandling,local
variablesand floating-pointarithmeticwhich were not coveredby previous standards.In addition, the
languageis specifiedin termsof its semantics,ratherthana concreteexecutionmodelasusedin previous
standards.This resultsin many subtlechangesto establishedfeaturesof thelanguage.

TheANSI standardrequiresmany implementation-definedbehavioursanddependenciestobedocumented.
Theoriginalcompilerwasnotdocumented.

2.1.2 Virtual processorspecification

Beetlewasalsobasedon the Forth-83standard,andthe original versionof the compiler. It hadnotable
deficiencies:therewasno provision for addressexceptionchecking,it was tied strongly to a particular

4
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compiler, andit containedno optimisationsto improve executionspeed.No standardI/O wasprovided;
althoughnot a normal part of a processorspecification,this is useful for a virtual processorwhich is
intendedto beportable.

Most seriously, thespecificationlackedanexternalinterface,a standardmeansby which otherprograms
mightcontrolBeetle.

2.2 Changesrequired

2.2.1 Forth compiler

Thenatureof thechangesrequiredto theForth compilerweresuchthat it wasalmostentirely rewritten.
It wasfelt to beworth changingthecompilerincrementallyratherthanwriting a completelynew version
becauseat all timesa working versionof the compilerwould be availablefor testing.This is especially
usefulasForth is aninteractive language,soa completecompileris mucheasierto testthanonewhich is
incomplete.

The first setof changeswas intendedto make the compiler’s architecturemoreeasilyportableto other
machinearchitectures.This consistedof removing ARM-basedoptimisationssuchas a loop stackfor
holding the index andincrementof Forth’s DO...LOOP construct,andsegregatingmachine-dependent
code,suchasthecachingof stackitemsin registers,from therestof thecompiler. A few dependenciessuch
astheuseof twos-complementarithmeticwereretained:thenew compilerwould requiretargetmachines
to have thesecharacteristics.Suchenvironmentaldependencieswerechosento allow a simplerandmore
efficient implementationof the compiler, while reducingits portability aslittle aspossible;for example,
almostall moderncomputersusetwos-complementarithmeticin hardware.

Thesecondsetof changesmadethecompilerANSI conformant.Someoptionalfeaturesspecifiedin the
standardwere addedto easethe additionof the cross-compiler(seebelow); otherswere addedsimply
becauseit madetheothernecessarychangeseasierto make.

As oneof the aimsof the ANSI standardis to make Forth sourcecodemoreportablebetweendifferent
compilers,someof thechangesnecessaryto improveportabilitycouldbeeffectedby changesto make the
compilerANSI conformant.Thusthefirst two setsof changesweremadein parallel.

The third setof changesaddedthe ability to performcross-compilation,so that pForth could recompile
itself to rununderBeetle.

2.2.2 Virtual processorspecification

Beetlewasmodified in five main ways:first, an exceptionmechanismincluding addresscheckingwas
added,secondly, it waschangedto reflecttheANSI Forth standardratherthantheForth-83standard,so
thatit wouldmoredirectlysupporttheForthcompilerin its new form; thirdly, it waschangedfrom abyte-
streamto aword-streamdesign,to increaseefficiency; fourthly, anexternalinterfacewasspecified,sothat
programsimplementingit would provide a well-defined,standardinterfaceto clients.Finally, the entire
specificationwascarefullyrewritten to bemorepreciseandclearer, anderrorswereremoved.
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2.3 Newcomponents

2.3.1 Virtual processorimplementation

An implementationof Beetlewasto be written in ANSI C, anddesignedto run on any machinewhich
usestwos-complementarithmeticandsupportsanANSI C compiler;thus,it hadto bewritten in strictly
correctANSI C. FeaturessuchasI/O whicharemachine-dependenthadto beuser-configurablesothatthe
programcouldeasilybeconfiguredandcompiledto run on any appropriatemachine.Little consideration
wasgivento performance:it wasanticipatedthatasthesystemwasnot designedfor intensiveprocessing,
but for teachingForth, its performancewould beadequate.TheC processorhadto be testedon different
machinearchitecturesto ensurethatit reallywasportable.

2.3.2 User interface

SinceForth providesan interactive environment,and sincethe main purposeof Beetleis to run Forth
compilers,only an extremelysimplelow-level interfacewasrequired,primarily to aid debuggingof the
cross-compiler. OnceaForthcompilerfor Beetlehadbeengeneratedsuccessfully, it wouldbepossiblefor
evenlow-level debuggingfacilitiesto bewritten in Forthandrun in theForthenvironment.



Chapter 3

Implementation

3.1 Changesto the Forth compiler

An ANSI compliancedocumentfor pForth, theportableForth compilerthatresultedfrom thechangesto
theoriginalARM compilerwhicharedescribedbelow, is in appendixD.

3.1.1 Overview

Thefirst two setsof changesto thecompiler, to makeits architecturemoreeasilyportable,andto makethe
compilerANSI compliant,werehighly involvedandwerecarriedout in a minutely incrementalmanner,
so arenot easilydiscussedin generalterms.Whenthey werecompleted,it wasstraightforward to write
the metacompiler, andthe compilerwasable to run an ANSI conformancesuitesuccessfully(although
sometestsfailed not becausethe compilerwasnot ANSI conformant,but becausethe testsuitehadan
insufficiently generalinterpretationof thewaysin whichdouble-lengthnumberscanbeimplemented).

3.1.2 Portability and ANSI compliance

Thechangesto theForth compilerto make it portableandANSI compliantwerecarriedout at thesame
time. Oneby one,the 350 or so wordsin the pForth kernelwerecomparedagainstthe standard,where
an equivalentexisted,andweremodifiedso that they behaved asspecified.At the sametime, machine
dependencieswereremoved.

Themostinvolvedchangeswerein theparsingroutines,which wererespecifiedby thestandardto make
themmoreflexible.

Also, to facilitatethe developmentof the metacompiler, the dictionarymechanismwasrewritten so that
morethanonedictionarycouldbepresentin thesystem.

Without giving a full descriptionof both the workingsof Forth compilersand the ANSI standard,it is
almostimpossibleto discussthechangesmorefully withoutbeingincomprehensible.

7
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3.1.3 Metacompiler

3.1.3.1 Assemblerfor bForth

Thefirst partof themetacompilerwasanassemblerfor thetargetmachine,Beetle.Thesourcecode,which
occupiesfour Forthblocks(a “block” is sixteenlinesof sixty-fourcharacters),is givenin appendixE.

In thefirst sectionof code,avocabularyissetupfor theassembler, andthenumberof bitsperaddressunit is
foundandstoredin theconstant/BITS (pronounced“per-bits”). ThenthewordsCODE andEND-CODE,
which begin andendan assemblerdefinition,aredefined.INLINE modifiesan assemblerdefinition so
that whenit is compiled,the machine-codeof the definition is expandedinline, ratherthancompiling a
subroutinecall. This is mainlyusedfor theprimitiveassemblerwordssuchasDUP: thesecontainonly one
machineinstructionin theirdefinition,andit wouldbeludicrousto compileasubroutinecall to themevery
time they areused.

The variableM0 resemblesthe identically namedBeetleregister; it points to addresszero in the target
compiler, andis subtractedfrom all addressescompiledby thecross-compiler.

The words FITS andFIT, are usedto compile immediateoperandsfor Beetle instructionssuchas
BRANCHI (seesectionA.3.1); FITS determineswhetheran operandwill fit in the remainderof an in-
structioncell, andFIT, assemblesanimmediateoperand.

OPLESS, OPFUL andOPADR createwordsto assembleinstructionswith no operand,a numericoperand,
andanaddressoperandrespectively. Thesetogetherwith thewords0OPS, which makesrepeatedcallsto
OPLESS, andBOPS, which callsOPADR, are thenusedto definean assemblerword for eachmachine
instruction.Thesearenamedafter themachineinstructions,but precededwith “B” for “Beetle” to avoid
confusionwith Forthwordswith thesamenames.

3.1.4 pForth for Beetle

pForth for Beetleis constructedasfollows.First, theassembleris loaded.Next, anew vocabulary is setup
for the metacompiler. Thevariouspartsof the metacompilerareloaded,anda new dictionaryis defined
for thetargetcompiler, togetherwith a new hashtable(links to all thewordsin thepForth dictionaryare
storedin a hashtable).

A specialvocabulary is set up for transientwords.Thesearewords that are normally executedduring
compilation,suchastheForthcontrol-structurewords(seesection1.1).Thetransientformsof thesewords
compilecodefor Beetle,but executeon theARM versionof pForth.Also amongthetransientsarewords
to createconstantsandvariables.Thesealsomustcompilerun-timecodethatworksonBeetle.

Thesourcecodefor theBeetleversionof pForth,which is almostidenticalto theARM versionexceptfor
themachine-dependentwords,is now loaded;thanksto thetransientwords,it compilescorrectly, building
a binaryimage.A few patchesto addressesin theimagearethenmade.

Someaddresseswerenot relocated(by having M0 subtractedfrom them)duringcompilation,andarenow
relocated.Finally, the binary imageis saved in a Beetleobjectfile, usinga Forth versionof the Beetle
interfacecall save object (seesectionA.4.3).

3.2 Redesignof Beetle

Thespecificationfor Beetleresultingfrom theredesignis in appendixA. Thechangeswhich constituted
theredesignaredetailedbelow.
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3.2.1 Exceptions

Originally, Beetlehadno exceptionmechanism.This resultedin two weaknesses.Most importantly, there
wasno provision for checkingfor addressreferencesoutsideBeetle’s addressspace,an obvious safety
measurewhich caneasilybe built into mostvirtual processors.If madeoptional,it neednot even lower
performance.Also, a generalexceptionmechanismsimplifiesthe implementationof Forth’sCATCH and
THROW exceptionhandlers.Finally, theability to stopBeetleandreturncontrol to theprogramthatcalled
it is necessary. Thiscanbeusedfor signallingerrors,for signallingthatBeetlehasfinished,for communi-
catingresults,or to make thecallingprogramperformsomeservicefor Beetle.

Two differentexceptionmechanismsweredesigned:onewhichredirectstheflow of controlwithin Beetle,
allowing thebForthprogramto handletheexception,andonewhichstopsBeetle,andreturnscontrolanda
reasoncodeto thecallingprogram.Beetleonly generatesinternalexceptions;thebForthexceptionhandler
maythenraiseanexternalexceptionif necessary.

InternalexceptionsusetheTHROW instruction,previouslynamedABORT (seesection3.2.4.1),whichsup-
portstheANSI standardExceptionwordset.Its actionis to saveEP in theregister’BAD (“tick-bad”), then
put the contentsof the register’THROW (“tick-throw”) into EP, which causesa branchto the exception
handlingroutine.Conventionally, a numberis placedon thedatastackindicatingthenatureof theexcep-
tion beforeTHROW is executed.An advantageof this designis that virtual processorexceptionsarethe
sameasForthcompilerexceptions,andmaybehandledby high-level codein exactly thesameway.

The externalexceptionmechanismis implementedby the instructionHALT, which returnsthe top item
on thedatastackasa reasoncodeto theprogramthatcalledBeetle(or to thecalling environmentfrom a
stand-aloneBeetle).

3.2.2 Addresschecking

The registersCHECKED and-ADDRESS (“not-address”)were addedto control address-checking.The
valueof CHECKED determineswhetheror notaddresscheckingis performed.If it is, thenwhenanaddress
exceptionoccursthe addresswhich causedthe exceptionis placedin -ADDRESS. An exceptionis then
raisedwith THROW (seesection3.2.1).

Addresscheckingis performedonall addressesprocessedby Beetle.Thesefall into two mainclasses.The
first consistsof addresseswhicharepassedasparametersto bForth instructions,eitheron thedatastackas
with @, which fetchesa cell from memory, or in theinstructionstream,aswith BRANCH, which performs
anunconditionalbranch.Thesecondconsistsof addresseswhichBeetlecalculatesitself, suchasthevalue
of EP, which is incrementedbeforeeachinstructionfetch,andmaystrayoutsideBeetle’saddressspace.

3.2.3 Word-streamexecutioncycle

Theoriginal Beetledesignuseda straightforwardbyte-codeinstructionset,with cell-sizedoperandsap-
pearingin theinstructionstream.While thismaybeareasonabledesignwhenimplementedonaneight-bit
processor, it would be inefficient on currentprocessorswhich often take at leastas long to load a byte
asa four-byte word. It wasdecidedthat the opcodeswould be fetcheda cell at a time. The instruction
Accumulatorregister, A, wasintroducedto hold thecurrentcell beingdecoded.As a result,branchesare
constrainedto cell-alignedaddresses.

Having adoptedacell-basedexecutioncycle,threefurtherquestionshadto beaddressed.First,how should
operandsberepresentedin the instructionstream?Usingunalignedoperandswould make decodingslow,
but usingalignedoperandswould wastespace,andalsoslow Beetledown, asit would have to perform
more instructionfetches.Secondly, how would executioncontinueover gapsin the instructionstream?
Thirdly, how couldthisschemebemadeto work onbothlittle-endianandbig-endianmachines?
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3.2.3.1 Operands

Two stepsweretaken to make operandsspace-efficient.First, all instructionswhich take operandsin the
instructionstreamweresplit into two instructions.Thefirst loadstheoperandfrom theaddressin EP. Fig-
ure3.1shows therelevantregistersjustbeforeaninstructionOP  , which takesits operandfrom memory,
is executed.

Registers Program

A 100h

104h

!"!"# !"!"# !�!$# %$& %"& '$(  % � % �
)+*I

'$(  
EP 104h , , , , ,

, , ,�-
Operandfor OP  

Figure3.1: Instructionwith operandin memory

The secondtakes the currentvalueof A as its operand.This works as follows: when the instructionis
placedin memory, theoperandis placedin theremainderof thecurrentcell. Whenthis cell is loadedinto
A, theoperandsits in themostsignificantbytes.Dependingon wherethe instructionwhoseoperandit is
wasassembled,theoperandmayoccupy one,two or threebytes.Justaftertheinstructionis decoded,A is
shiftedarithmeticallyright by onebyte.Its valueis now thatof theoperand,which is signed,astheeffect
of shifting A arithmeticallyis to sign-extendthe operand.It may now be usedby its instruction.Figure
3.2 shows the stateof the registersjust beforean instructionOP . , which takesan immediateoperand,is
executed.

Registers Program

A 100h
/�/ # /�/ # /�/ # /�0 # /�0 # '$( . % � % �

I
'$( .

EP 104h

1111 2
Operandfor OP .

Figure3.2:Instructionwith immediateoperand

Secondly, it wasobservedthatthereis no needto leave a gapwhenstoringcell-sizedoperands.SinceEP
alwayspointsto the next cell of instructionopcodesor the next cell-sizedoperand,whenan instruction
with a cell-sizedoperandis stored,the remainderof thecurrentcell maystill be filled with instructions,
regardlessof whetherthey take operandsor not. Whenthey cometo be executed,EP will point to their
operandsif they haveone,or to thenext instructioncell whenthecurrentcell is exhausted.

3.2.3.2 Bridging gaps

Althoughmostgapsarerenderedunnecessaryby thetechniquesintroducedin thelastsection,somegaps
maystill appearin the instructionstreamwheretheflow of controldividesandrejoins,asbranchesmust
be to a cell-alignedaddress.The instructionNEXT wasintroducedto cope.NEXT simply loadsthe next
instructioncell from thecell pointedto by EP, andincrementsEP. NEXT hastwo opcodes,00handFFh,
whicharethetwo possiblevaluesof theleast-significantbyteof A onceall theinstructionsin it havebeen
executed.This bytewill be loadedinto I in thenext cycle andNEXT executed.ThusNEXT performsthe
doublefunctionof a no-opfiller anda promptto do thenext instructionfetch.Notethatwhethera gapin
theinstructionstreamis one,two or threebytes,NEXT will bridgeit in onecycle,moving immediatelyto
thenext instructioncell.
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3.2.3.3 Endianness

SinceBeetledealsmainly with cell-alignedcell-sizeddataandprograms,no changesto thespecification
werenecessaryto dealwith thedifferencebetweenbig-endianandlittle-endianprocessors.Thedifficulty
camelaterwhendesigningtheexternalinterface(seesection3.2.6).WhentransferringcodebetweenBee-
tlesof differentendianness,resexing would berequired.Simply reversingtheorderof thebytesin every
cell in a binary imagewould correctlyresex bForth codeandcell-sizeddata.However, it would jumble
byte strings,so the instructionsC@ andC!, which load andstorea byte respectively, weremodifiedto
referalwaysto thesamebytein a cell. Thus,ona little-endianmachinethephrase0 C@ loadsthebyteat
address0, whereason a big-endianmachineit loadsthebyteat address3. After resexing, theseaddresses
hold thesamebyteon thedifferentmachines.Beforethis change,accessingthesamebytewith bothbyte
andcell operatorswasprohibited;thechangeallowedtherestrictionto beremoved.

TheregisterENDISM wasaddedto storetheendiannessof thecurrentBeetle.It is usedto determinethe
mannerof byteaddressing,andto compareagainsttheendiannessof savedbinaryimages,sothatit canbe
decidedwhetherresexing is necessarywhenthey areloaded.

3.2.4 Support for the ANSI standard

Beetlewasoriginally designedto supportForth-83standardForth compilers.In 1994theANSI standard
waspublished,andit wasdecidedthattheForthcompilerto beusedin thisproject,pForth,shouldcomply
with the new standard.Thus,Beetlehad to be modifiedaccordingly. The moresubstantialchangesare
detailedbelow.

3.2.4.1 ABORT THROWn out

Previously, therewasan instructionABORT which branchedto the bForth routineat the addressin the
register’ABORT. This supportedthe primitive ABORT mechanismof Forth-83,which restartsthe Forth
interpreter, returningcontrol to theuserin theeventof anerror. The’ABORT registerprovideda means
for applicationsto changetheroutinerunby ABORT. TheANSI standardExceptionwordset(CATCH and
THROW) allows applicationprogramsto handleerrorsin muchthe sameway astheCATCH andTHROW
constructof LISP. This canbe handledby theABORT mechanism,soABORT wasrenamedTHROW and
’ABORT ’THROW. AlthoughTHROW usesexceptioncodeswhileABORT did not,thecodeis notdealtwith
by theinstructionitself, but by theexceptionhandlingroutineto whichTHROW causesa branch.

3.2.4.2 Division conquered

TheForth-83standardprescribedflooreddivision, in which thequotientis alwaysroundedtowardsminus
infinity, andtheremainderhasthesamesignasthedivisor. Thisgeneratesunfamiliarresults:10 3 -7 gives
-2 remainder-4 ratherthanthemoreusual-1 remainder3. TheForth-83standardteampreferredfloored
division asit removesinconsistenciesaroundzeroin signeddivision, but thepreviousForth-79standard
prescribedthemoreusualsymmetricdivision.As bothwerestill in widespreadusewhentheANSI standard
wasdefined,it requiredthatbothmethodsof divisionbemadeavailable.

It wasdecidedthat Beetleshouldstill useflooreddivision, partially becausepForth relied on it, but the
symmetricdivision instructionS/REM wasintroduced.

3.2.4.3 LEAVE not granted

The Forth-83standardprovided two wordsfor exiting a DO...LOOP (seesection3.2.5.2)prematurely:
LEAVE, whichcausesabranchto theendof theloop,andLEAP, whichexits thecurrentword.TheANSI
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standardreplacedLEAP by UNLOOP, which simply discardsthe currentloop parameters.ThusLEAP is
equivalenttoUNLOOP EXIT, andLEAVE toUNLOOP followedby abranch.Having separateLEAVE and
LEAP instructionswasnow felt to beunnecessaryandbothwereremoved.

3.2.4.4 Cellsand addressunits

To easethewriting of portableprograms,theANSI standardcontainswordsdesignedto manipulatecell-
alignedaddresses:for example,CELLS convertsanumberof cellsinto anumberof addressunits(typically
bytes),andCELL+ addsthesizeof a cell in addressunits to anaddress.Instructionsto performsomeof
thesefunctionswerealreadyavailable,but named4*,4+ andsoon;they wererenamedor new instructions
addedasappropriate.

3.2.5 Simplification and portability

Beetlehadbeenbasedheavily on theold pForth compiler. It wasfelt that its designcouldbesimplified,
bothto removesomeidiosyncrasies,andto makeportingeasier.

3.2.5.1 Halving doubles

TraditionallyForth compilershave useda 16-bit cell size,and32-bit doublenumbershave beenusedfor
high precisionarithmetic.Beetlewasoriginally designedto supportdoublenumbers,but it wasfelt that
64-bit precisionwasunnecessaryandonly complicatedthe design,and the doublenumberinstructions
wereremoved.

3.2.5.2 Removing the loop stack

As well assubroutinereturnaddresses,thereturnstacktraditionallyholdstheindex andcountof theForth
DO...LOOP construct,which is like theFOR statementof languagessuchasPascalandBASIC. Beetle
provideda third stackfor this purpose,which allowed greaterfreedomin the useof the returnstackfor
temporarystorageof datavalues,but sincetheANSI standardspecificallyprohibitssuchusein standard
programs,theloopstackwasfelt to beredundant,andwasremoved.

3.2.5.3 Arithmetic right shift

Thearithmeticright shift instruction>> wasfoundto beunusedin thepForthcompiler, andwasremoved.
Theinstruction2/, whichperformsa right shift by oneplace,remains.

3.2.6 External interface

To allow implementationsof Beetleto bewrittenwhichcouldbeusedby otherprogramsin awell-defined
way, anexternalinterfacehadto bespecified(seesectionA.4.3).Thiswassplit into threeparts:

3.2.6.1 Object module format

An object moduleformat was specifiedso that binary imagesof Beetle’s memorycould be saved and
reloaded.
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3.2.6.2 Library format

Beetleprovidesan instructionLIB to accessinput andoutput functions.Usersmay write their own li-
braries.A standardformat for librarieswasdefinedto allow usersto addthemto a Beetlein a consistent
manner.

A standardlibrary containingterminalI/O functionswasalsoaddedto thespecification.Thefunctionsare
basedonwordsfrom theANSI Forthstandard.

3.2.6.3 Calling interface

A language-independentcalling interfacewhich allows programsto make a Beetleexecute,eithercontin-
uouslyor single-stepping,aswell asto saveandloadbinaryimagesandloadlibraries,wasdefined.

A call to save an executablestand-aloneBeetlewasalsodefined,aswasthe behaviour of a stand-alone
Beetle,sothatprogramswritten for Beetlecouldbemadeinto stand-aloneapplications.

3.2.7 Recursion

Two instructions,RUN andSTEP, wereaddedto mimic theinterfacecallswhichcauseBeetleto executea
program,or singlestep.Thismakesit easierfor debuggersfor bForthprogramsto runonBeetlethemselves.

3.3 Implementation of Beetlein ANSI C

TheANSI C implementationof Beetleis describedin appendixB.

Themostimportantconsiderationin thedesignandimplementationof C Beetlewasthatit should,if possi-
ble,work whencompiledwith any ANSI C system.Oneconcessionwasmadeto easeof implementation:
C Beetleonly worksonANSI C systemswhich usetwos-complementarithmetic.Sincethisappliesto the
overwhelmingmajorityof modernC compilersandcomputers,it wasnot thoughtto beaheavy restriction.

3.3.1 Omissions

C Beetledoesnot meetthe full specificationfor anembeddedBeetle:it omitssomefeatureswhich were
consideredto be eitherof limited usein a portableBeetle,or difficult to implementportably. Theseare
detailedin sectionB.2.

Thefollowing featureswereomittedbecausethey wouldhavebeendifficult to renderportably:

The OS instruction is intendedfor directaccessto theoperatingsystem,andthuscannotbeimplemented
portably. TheLIB instructionalreadyprovidesoperating-systemindependentaccessto servicessuch
asI/O.

The save standalone()interface call would be difficult to implementin a mannerwhich is both useful
andportable:while it couldmerelywrite anexecutableshellscriptwhich passesthedesiredbinary
imageto anembeddedC Beetle,this would not give eitherof the intendedbenefitsof stand-alone
Beetles,which areincreasedspeed(theBeetleinterpretercanbea hand-optimisedcustomwritten
version)andsmallersize.

The load library() interface call is notusefulonaportablesystemasit is difficult to implementportable
librarieswithin therestrictionsimposedby thelibrary file format.
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The instructionsRUN andSTEP (seesection3.2.7)wereomittedbecausetherewasnot enoughtime to
implementandtestthemproperly.

3.3.2 Portability

Althoughtheonly requirementof C Beetleis thattheC compilerusetwos-complementarithmetic,it does
containseveral othermachinedependencies.Theseareisolatedin the headerfile bportab.h, andare
detailedin sectionB.3.1.

Typesmust be definedto matchBeetle’s fundamentaltypes,the byte and cell. The endiannessof the
machineon which Beetleis to becompiledmustbespecified,asalthoughthis canbediscoveredat run-
time, thebyte loadandstoreinstructionscanbecompiledmoreefficiently if theendiannessis known in
advance.WhethertheC compilerusesflooredor symmetricdivisionmustalsobespecified.

Finally, macrosmustbe suppliedthat performan arithmeticright shift (the ANSI C standarddoesnot
specifythatthe>> operatormustdo thisonsignedtypes,only thatit may),andcall a C functiongivenits
address(astypevoid (*)()).

Codeis providedthat testsmostof thesesettings,thusenablinga programusinganembeddedBeetleto
checkthattheBeetlehasbeencompiledcorrectly.

In bportab.h theendiannesssettingis usedto defineamacroFLIP(x)whichreturnsx onlittle-endian
machines,andx with the leastsignificanttwo bits invertedon big-endianmachines.This is usedby the
byteaddressinginstructionsC@ andC!. Beetleis thusslightly lessefficientonbig-endianmachines,but the
differenceis slight in comparisonwith theotheroverheadsintroducedby theC compiler, andin practice
theseinstructionsaccountfor lessthan3%of instructionsexecuted(seetable4.1).

Macrosare also definedto perform floored and symmetricdivision. They both usethe C division and
remainderoperators,/ and%, with the resultsadjustedfor the form of division that theC compilerdoes
notuse.

3.3.3 Calling interface and registeraccess

Themainheader, whichprovidestheexternalinterfacetoBeetlegivenin sectionA.4.3,isbeetle.h. This
providesfunctionprototypesfor theinterfacecalls,andglobalvariablesfor theregisters.Theregistersare
mostlyC variables,andareaccessedassuch,exceptfor two which are#defined constants.Theseare
ENDISM andCHECKED, whichareprohibitedfrom changingwhile Beetleis runningby thespecification.

An extracall wasaddedto theinterface,init beetle()(seesectionB.3.4).This,whenpasseda pointerto a
bytearray, its size,andaninitial valuefor EP, initialisesBeetle’sregisters,usingthearrayasthememory. It
alsochecksthatBeetlehasbeencompiledproperly, andhaltswith adviceon how to changebportab.h
beforerecompilingif not.

3.3.4 Inter preter

The contentsof the executionloop is implementedin the obvious manner:first, I is set to the least-
significantbyteof A andA is shiftedarithmeticallyonebyte to theright, thena largeswitch statement
decodesthe opcodeandperformsthe appropriateaction.If an invalid opcodeis found, the appropriate
exceptionis raised.

The implementationof the instructionset is discussedbelow. Wherea group of instructionshasbeen
implementedin a similar manner, suchasthe logical operatorsAND, OR, XOR andINVERT, only oneis
described.Theinstructionsaresplit into sectionsundertheheadingsusedin sectionA.3. Thespecification
of eachinstructionwhoseimplementationis describedis quotedfrom sectionA.3 with the C codethat
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implementsit (thecodethatchecksthevalidity of addressesis omitted).SeesectionA.3 for anexplanation
of theinstructionspecificationlayout.

3.3.4.1 Stackmanipulation

OVER ( 4 � 4 � 
�
 4 � 4 � 4 � )

Placeacopy of 4 � on topof thestack.

SP--;
*SP = *(SP + 2);

The simplestackoperatorssuchasDUP, SWAP andOVER shuffle the topmostitemson the stack.Here,
OVER first decrementsthestackpointerto make roomfor thestackitem to becopied,thencopiesit from
what is now the third positionon the stack(SP + 2). The stackpointerSP hastypeCELL * in the C
implementation,sothatSP is nota Beetleaddress,but a C pointer.

ROLL ( 4�564�5 )�7 ����� 4�8�9 
�
 4�5 ):7 ����� 4�8;4�5 )

Remove 9 . Rotate9=< 1 itemson thetopof thestack.If 9?> 0 ROLL doesnothing,and
if 9@> 1 ROLL is equivalentto SWAP. If therearefewer than 9A< 2 itemson thestack
beforeROLL is executed,the memorycells which would have beenon the stackwere
there 9?< 2 itemsarerotated.

temp = *(SP + *SP + 1);
for (i = *SP; i > 0; i--) *(SP + i + 1) = *(SP + i);

*++SP = temp;

ROLL is the mostcomplex stackoperatorto implement:to rotatethe 9 th item on the stackto the top it
mustfirst becopied,thentherestof thestackshuffleddown, beforereplacingit on topof thestack.

?DUP ( 4 
�
6B
| 4�4 )

Duplicate4 if it is non-zero.

if (*SP != 0) C SP--; *SP = *(SP + 1); D
?DUP is a conditionaloperator. The implementationis obvious,but relieson the fact that C meansthe
samethingby zeroasBeetle:acell with all bitsclear. ThefactthatC takesa low-level view of datatypesis
oftenexploitedin C Beetleto maketheimplementationsimpler. It is importantthatthis is realised,because
in a few casesthecorrespondencebreaksdown, andtheC implementationmustbethoughtthroughmore
carefully.

>R ( 4 
�

)

R: (

�
 4 )

Move 4 to thereturnstack.

*--RP = *SP++;

Hereweseetheuseof thereturnstackpointerRP, which is usedin exactly thesamewayasSP.

3.3.4.2 Comparison

> ( E � E � 
�
F�HGI�J )�HGH�J
is trueif andonly if E � is greaterthan E � .

SP++;
*SP = (*SP > *(SP - 1) ? B TRUE : B FALSE);
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Theconditionaltestssuchas> canbeimplementeddirectlywith theCequivalents.Two symbols,B FALSE
andB TRUE, aredefinedin the headerfile bportab.h to be Beetle’s valuesfor falseand true flags,
becauseC usesthevalue1 for trueratherthanacell with all bits set,asBeetleuses.

3.3.4.3 Arithmetic

1 (

�
 7 )

Leaveoneon thestack.

*--SP = 1;

Thebenefitof requiringthattheC compilerusetwos-complementnumberrepresentationandarithmeticis
thatno translationis neededwhenloadingandstoringnumbersto andfrom Beetle.Here,theconstant1
hastheobviousdefinition.

+ ( E � | 9 � E � | 9 � 
�
 E & | 9 & )

Add E � | 9 � to E � | 9 � , giving thesum E & | 9 & .
SP++;

*SP += *(SP - 1);

+, likemostof thearithmeticoperators,leavesonelessitemonthestackthanit consumes,soit mustincre-
mentthestackpointer(SP++). BecausetheC compilerandBeetlebothusetwos-complementarithmetic,
+ canuseC’sadditionoperatordirectlyonvaluesin Beetle’smemory.

/MOD ( E � E � 
�
 E & EHK )

Divide E � by E � , giving thesingle-cellremainderE & andthesingle-cellquotientEHK .
temp = MOD(*(SP + 1), *SP, i);
*SP = DIV(*(SP + 1), *SP);

*(SP + 1) = temp;

/MOD usesthemacrosDIV(a, b) andMOD(a, b, t) to performthedivision andremainderopera-
tions.Thesearedefinedso that they producea flooredquotientregardlessof theC compiler’s methodof
division.Thevariablei is usedby theMOD macroasa temporaryvariable.

MAX ( E � E � 
�
 E & )

E & is thegreaterof E � and E � .
SP++;

*SP = (*(SP - 1) > *SP ? *(SP - 1) : *SP);

Findingthemaximumof two numbersrequiresa branchon mostprocessors,eventhoughit is a common
operation.Oneof theadvantagesof avirtual processoris thattheinstructionscanperformcomplex actions,
becausecomplex operationsmaytake up little memoryin aninterpreter, whereasalgorithmiccomplexity
is almostinevitably relatedto gatecomplexity in realprocessors.

3.3.4.4 Logic and shifts

AND ( 4 � 4 � 
�
 4 & )

4 & is thebit-by-bit logical “and” of 4 � with 4 � .
SP++;

*SP &= *(SP - 1);
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Thelogicaloperatorsareimplementedin thesamesimplemannerasthearithmeticoperators,againusing
C’s equivalents.

LSHIFT ( 4 � 9 
�
 4 � )

Performa logical left shift of 9 bit-placeson 4 � , giving 4 � . Putzerointo theleastsignif-
icantbitsvacatedby theshift. If 9 is greaterthanor equalto 32, 4 � is zero.

SP++;
*(SP - 1) < 32 ? (*SP <<= *(SP - 1)) : (*SP = 0);

Thelogical shiftscannotjustuseC’s operators,becauseBeetle’s specificationsaysthatthevaluereturned
whentheshift is greaterthanthirty-two placesmusthave all bits cleared,whereastheC standardleaves
thevalueimplementation-defined(asdoestheANSI Forthstandard).Thusthetest

*(SP - 1) < 32

is introduced,andthecode

(*SP = 0)

to copewhentheshift is greaterthan32.

3.3.4.5 Memory

@ (
L
��M�M��N
�
 4 )

4 is thevaluestoredat
L
��M�M��

.

*SP = *(CELL *)(*SP + M0);

The instruction@ fetchesa cell from memory. TheC codefor it demonstrateshow Beetleaddressesare
manipulatedwith C pointers:M0 is a pointerof typeBYTE *, andthuspointerarithmeticcanbeusedto
give a pointerto a Beetleaddressby addingit to M0. This pointercanthenbecastasCELL * sothatthe
cell’s contentscanbefetched.

3.3.4.6 Registers

SP@ (

�
OI
��M�M��

)L
��M�M��
is thevalueof SP.

SP--;
*SP = (CELL)((BYTE *)SP - M0) + CELL W;

SP@ is themostcomplicatedof thefour instructionswhichsetandreadthevaluesof thetwo stackpointers.
First,SP-- makesroomfor thevaluebeingreadonthestack.Next, theBeetleaddressof SP is calculated
from theC pointerby pointersubtraction.As SP is aCELL *, it mustfirst becastto BYTE * sothatM0
canbesubtractedfrom it. Finally, CELL W, thenumberof bytesin a cell, is added,asit is thevalueof SP
beforedecrementingthatis required.
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3.3.4.7 Control structur es

BRANCH (

�


)

LoadEP from thecell it pointsto, thenperformtheactionof NEXT.

EP = (CELL *)(*EP + M0);
NEXT;

BRANCH causesanunconditionalbranchby assigningto EP, theexecutionpointer. Theaddressmustbe
convertedfrom Beetleform to aC pointerusingthesamemethodas@. ThenthemacroNEXT is executed,
whichhasthesameeffectastheNEXT instruction(seesection3.3.4.10).

BRANCHI (

�


)

Add A P 4 to EP, thenperformtheactionof NEXT.

EP += A;
NEXT;

BRANCHI is differentfrom BRANCH in two ways:its operandis in A, andit is adisplacementin cells,not
anabsoluteaddress.Thishappensto makeits implementationmuchsimpler.

(DO) ( 4 � 4 � 
�
 )
R: (


�
 4 � 4 � )
Movethetop two itemson thedatastackto thereturnstack.

*--RP = *(SP + 1);
*--RP = *SP++;

SP++;

(DO) illustratessimplemanoeuvringbetweenthereturnanddatastacks.Notethatthetwo itemsendupin
thesameorderon thereturnstackasthey werein on thedatastack;theobviousmanipulation

*--RP = *SP++; *--RP = *SP++;

reversestheorder.

(LOOP) (

�


)
R: ( E � | 9 � E � | 9 � 
�
 | E � | 9 � E & | 9 & )

Add oneto E � | 9 � ; if it thenequalsE � | 9 � , discardbothitemsandaddfour to EP; other-
wiseloadEP from thecell to which it pointsandperformtheactionof NEXT.

(*RP)++;
if (*RP == *(RP + 1)) C RP += 2; EP++; D
else C EP = (CELL *)(*EP + M0); NEXT; D

(LOOP) combinesaconditionalstackoperationlike?DUP with a branchlikeBRANCH.

UNLOOP (

�


)
R: ( 4 � 4 � 
�
 )

Discardthetop two itemson thereturnstack.

RP += 2;

UNLOOP performspartof thefunctionof theForthwordLOOP. It is usedwhena loop is exited,to discard
theloop index andlimit.
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3.3.4.8 Literals

(LITERAL) (

�
 4 )

Pushthecell pointedto by EP ontothestack,thenaddfour to EP.

*--SP = *EP++;

(LITERAL) is usedto encodeimmediateconstantsin programs.It pushesthenext cell in theinstruction
streamon to thedatastack.

3.3.4.9 Exceptions

THROW (

�


)

Put the contentsof EP into ’BAD, thenloadEP from ’THROW. Performthe actionof
NEXT.

*(CELL *)(M0 + 8) = BAD = (CELL)((BYTE *)EP - M0);
EP = (CELL *)(*THROW + M0);

NEXT;

As a copy of ’BAD mustbeheldin Beetle’smemory(atM0 < 8), adoubleassignmentis made.Theeffect
of loadingEP from ’THROW is to branchthrougha vectorto theexceptionhandlingroutine.NEXT (see
section3.3.4.10)thenperformsaninstructionfetchafterthebranch.

HALT ( 4 
�

)

StopBeetle,returningreasoncode4 to thecallingprogram.

return (*SP++);

HALT stopsBeetle,consumingtheitemon topof thedatastackandreturningit asthereasoncode.

3.3.4.10 Miscellaneous

(CREATE) (

�
OI
��M�M��

)

PushEP ontothestack.

*--SP = (CELL)((BYTE *)EP - M0);

(CREATE) is usedin therun-timecodeof mostdatastructuresto pushtheaddressof their dataon to the
stack.Sincethecodeto dosois short,it canbearrangedthatthisaddressis EP.

NEXT (

�


)

Loadthecell pointedto by EP intoA, andaddfour to EP.

A = *EP++;

NEXT performsaninstructionfetchby loadingA from theaddressin EP andincrementingEP by onecell.
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3.3.4.11 External access

LIB (
�HQ 4�E 
�
FR Q 4 )

Call library routine E . The parameterspassedandreturneddependon E . If the library
routineis notcurrentlyavailable,raiseexception-257.

if ((UCELL)(*SP) > 8) C *--SP = -257; goto throw; D
else lib((UCELL)*SP++);

LIB’s implementationis almostself-explanatory. The file lib.c implementsthe standardlibrary. Note
that library routinesup to 8 areavailable:althoughthestandardlibrary only containsroutinesup to 3, C
Beetleaddssomefile-handlingroutinesto implementtheForthblocksystem.Thesearenotdocumented.

LINK (
��Q 4 
�


)

Make a subroutinecall to theroutineat theaddressgiven(in thehostmachine’s format,
paddedout to a numberof cells)on thedatastack.Thesizeandformatof thisaddressis
machinedependent.

LINK;

A typicaldefinitionof theLINK(f) macrois

SP++; (*(void (*)(void))*(SP - 1))().

3.3.5 Addresschecking

If CHECKED is setto one,thenall addressesusedby eachinstructionarecheckedbeforethey areused,to
ensurethatthey arebothin range,and,for alignedaddresses,aligned.Themacrosusedto accomplishthis
areCHECKC(a) to checkcharacter-alignedaddresses

if ((UCELL)((BYTE *)(a) - M0) >= MEMORY) C
*(CELL *)(M0 + 12) = ADDRESS = (BYTE *)(a) - M0;
goto invadr;

D

andCHECKA(a) to checkcell-alignedaddresses

CHECKC(a);
if ((unsigned int)(a) & 3) C

*(CELL *)(M0 + 12) = ADDRESS = (BYTE *)(a) - M0;
goto aliadr;

D

wherethebranchesto invadr andaliadr causetheappropriateaddressexceptionsto beraised.

3.3.6 Implementation and testing

Theimplementationcentredaroundthetesting.Eachgroupof instructions(arithmetic,branching,excep-
tions etc.)wasfirst implementedin the single step() interfacecall, anda testprogramwasthenwritten
to testthem.At thesametime, a rangeof routinesusefulfor debuggingwasdeveloped,to performtasks



3.4. DESIGNAND IMPLEMENTATION OFTHE USERINTERFACE 21

suchasdisplayingthestackandassemblingprograms.Someof theselater turnedout to beusefulin the
implementationof theuserinterface(seesection3.4.1).

Whenall theinstructionshadbeenimplemented,therun() , load object() andsave object() interfacecalls
werealsoimplementedandtestedin a similarway.

A sampletestprogramandits outputaregivenin appendixF.

3.4 Designand implementation of the user interface

Theuserinterfaceis describedin appendixC.

Theuserinterfacewasrequiredto haveonly theminimal functionalityneededto debugpForth runningon
Beetle.Thusthemaindesignaimswerethatit should,if possible,beasportableasC Beetle,andsimpleto
implement.Implementationtook two weeksfor themainbulk of theinterface;somedebuggingwasdone
andadditionsmadewhile it wasin usethereafter. Thismadeit by far thequickestcomponentto program.

3.4.1 Commandset

The commandset was thus chosenaccordingto the functionsalreadyavailable amongthe debugging
utilities andtheadditionalfunctionsthatwerevital to theuserinterface’susabilityfor debuggingpForth.

Fromthefirst setcamethestackmanipulationcommands,which popandpushnumbersto andfrom the
stacks,and display the stacks,and the commandsthat load and save object files. From the secondset
cametheregisterandmemoryassignmentanddisplaycommands,includingthememorydumpcommand
DUMP, andtheexecutioncommands.Heretheprogrammingeffort lay in writing theparsingroutines,andin
performingfull errorchecking;theoperationof thecommandsis trivial. Theonlycommandrequiringmuch
additionalprogrammingfor its operationwasDISASSEMBLE. This works ratherlike Beetle’s execution
cycle,but displaystheinstructionsinsteadof executingthem.

Although C’s standardlibrary containsmany functionsfor parsing,someadditionalprogrammingwas
required.First, commandsmaybe abbreviated;a functionwaswritten to comparea string of any length
with all the commandsand find the first with which it matches.The C function strtol was usedto
parsenumbers,andwaswrappedin error-checkingandbasedetectioncode(the userinterfaceusesthe
conventionthathex numbersarefollowedby “h” or “’H”).

Theuserinterfacewasmuchsimplifiedby having only two argumentformatsfor mostcommands:either
a singlenumber, or a pair of numbers.In the lattercase,thenumberscanbeseparatedby a plussign, in
which casethey aretakenasa baseandoffset,or not,whenthey aretakenasthestartandendof a range.
Theseformatsweregeneralenoughto beusedfor thedisassemblecommand,thememorydumpcommand,
andthesaveobjectfile command.Thefile commandsadditionallyrequirea file name.

3.4.2 Err or handling

Theuserinterfacewasdesignedto performcomprehensiveerrorchecks.This oftenintroducesdifficulties
whenescaperoutesfor errorconditionshave to befound,but becauseof theflat structureof theprogram,
this wasnot a problem:mosterror conditionssimply causea prematureexit from the function in which
they occur, andreturnupthecallinghierarchy;errorsin argumentparsingcausealongjmpwhichreturns
to themainloopof theuserinterface,to await anotherline of input.
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3.4.3 Adding commands

The commandsFROM andINITIALISE wereaddedto the designafter the userinterfacehadalready
beenwritten andtested.However, theprogramis simpleenoughthat thesecommandswereaddedeasily
andwithout error: theonly modificationsrequiredwereto addtheir namesto theenumerationandstring
arraythat hold all the commands,to incrementthe variableholding the total numberof commands,and
to addthe codeto implementthe commands.At the last minute,after all the projectprogrammingwas
complete,anothercommand,COUNT, was added,to count how many times eachbForth instructionis
executedwhensingle-stepping.Thiswasaddedin underhalf-an-hour, andworkedfirst time.



Chapter 4

Evaluation

4.1 pForth

The RISC OS versionof the compilerdoesits job, which is to cross-compileitself to run underBeetle.
It is now ANSI compliant,andrunsanANSI conformancesuite,which testsmostof theCoreword set,
successfully. Mostof theotherwordsarethemselvestestedthoroughlyby runningthecrosscompiler.

Similarly, theBeetleversionof thecompilerworks,althoughit cannotcross-compileitself, asthecross-
compileris hard-wiredto compilefrom ARM to Beetle.It too runstheANSI conformancesuitesuccess-
fully.

4.2 Beetle’sspecification

Having continuouslycombedthe specificationfor errorswhile the C implementationwas beingdevel-
oped,the specificationis now aboutascorrectasit could be without beingformalised.But is it a good
specification?Thereareseveralpointsto make.

4.2.1 Design

Only aboutonethird of possibleopcodesareused.This seemswasteful:a whole bit is unusedin every
opcode.Either extra instructionscould be added,or perhapsthe bit could be usedto replacethe EXIT
instruction,andcausea returnfrom subroutine;this methodhasbeenusedon hardwareprocessorswhich
useForth astheir assemblylanguage[7]. But in the formercasethe interpreterwould startto grow, and
loweredlocality of referencemight lower efficiency, while in the latter every processingstepwould be
slowedby the needto checkthe top bit. If new opcodeswereintroduced,shouldthey implementsimple
or complex instructions?For example,implementingmemorymove (the Forth word MOVE) asa single
instructionwould bring enormousperformancebenefits.A vastywildernessis the endof this argument,
whichneedsto beorderedby research.

SOD32,anotherForth-orientedvirtual processorwritten in C (no referenceavailable) hasonly thirty-
two instructions,andencodessix of thesein every four-byte cell, togetherwith an optionalreturnfrom
subroutinebit. Yet its codeis only 16% morecompactthanthat of Beetle,which runs40% faster(see
section4.3.3).Thebenchmarkcompiledinto 4,508byteson SOD32,and5,372on Beetle.This compares
with 10,448bytesfor SOD32’s precompileddictionary, and16,596for Beetle’s. C Beetleitself is 24,300
byteslong (for a programwhich simply loadsandrunspForth, andhenceincludesonly the run() and
load object() functions).TheSOD32interpreteris 21,484byteslong.

23
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Somemeasurementsweremadeof instructionusage:the instructionsobeyed during a run of the ANSI
conformancesuitewererecorded,andeachinstruction’s frequency asa proportionof total executionis
shown in table4.1.6,788,027instructionswereexecutedin total.

Instruction % Instruction % Instruction % Instruction %

NEXT00 9.75 DUP 4.15 DROP 1.76 SWAP 3.00
OVER 5.77 ROT 0.53 -ROT 0.30 TUCK 2.16
NIP 0.52 PICK 0.36 ROLL 0.18 ?DUP 0.65
>R 0.83 R> 0.83 R@ 1.90 < 0.11
> 0.96 = 2.49 <> 0.57 0< 0.15
0> 0.09 0= 0.25 0<> 0.00 U< 0.00
U> 0.01 0 0.59 1 0.86 -1 0.19

CELL 0.01 -CELL 0.45 + 2.81 - 0.23
>-< 0.22 1+ 2.19 1- 0.47 CELL+ 2.20

CELL- 0.41 * 0.02 / 0.00 MOD 0.00
/MOD 0.00 U/MOD 0.00 S/REM 0.00 2/ 0.06
CELLS 0.46 ABS 0.00 NEGATE 0.07 MAX 0.00
MIN 0.18 INVERT 0.19 AND 2.40 OR 0.02
XOR 0.17 LSHIFT 0.01 RSHIFT 0.19 1LSHIFT 0.16

1RSHIFT 0.00 @ 3.48 ! 0.31 C@ 2.29
C! 1.00 +! 0.12 SP@ 0.03 SP! 0.00
RP@ 0.00 RP! 0.00 BRANCH 1.42 BRANCHI 0.00

?BRANCH 5.34 ?BRANCHI 0.00 EXECUTE 0.06 @EXECUTE 0.01
CALL 1.36 CALLI 10.50 EXIT 11.93 (DO) 0.70

(LOOP) 0.00 (LOOP)I 1.62 (+LOOP) 0.08 (+LOOP)I 0.75
UNLOOP 0.26 J 0.00 (LITERAL) 1.63 (LITERAL)I 3.39
THROW 0.00 HALT 0.00 (CREATE) 1.66 LIB 0.20
LINK 0.00 RUN 0.00 STEP 0.00 NEXTFF 0.00

Table4.1: Instructionfrequenciesduringexecutionof theANSI conformancesuite

Thetableshowsareasonabledistributionof frequencies:althoughtheoreticallyaninstructionsetin which
eachinstructionhasthe samefrequency of executionis attainable,in practicea roughly inverselinear
degradationof frequency is thebestthatcanbeexpected[6]. Subroutinecall andexit dominate,together
with theNEXT instruction(opcode00h),whichis notsurprising,astheForthcompileris mainlycomposed
of subroutinecalls,andthefunctionof NEXT is performedat leasteveryfourth instruction.Thereasonthat
NEXT hasa frequency of only 9.75%is thatits functionis performedimplicitly by otherinstructionssuch
asCALL, BRANCH and(LOOP); mostof pForth consistsof CALLI instructions.Most of thearithmetic
andcomparisonoperatorsarewell used,althoughit seemsthatsomeof thedivision instructionsmight be
removedwithout lossasnonehasafrequency greaterthan0.01%.However, mostof theinstructionswhose
frequency is lessthan0.01%areinstructionswhich areneeded,but only rarely used,suchasHALT and
theregistermanipulationinstructionsSP@, SP!, RP@ andRP!. Someof thesecouldperhapsbecombined
into a singleinstruction.

NeitherBRANCHI nor ?BRANCHI seemsto beusedmuch.This is becausemostbranchescompiledare
forwardbranches,wheretheForthcompileralwaysusesa non-immediatebranch.This is becauseit com-
pilesmorecodebeforethebranchis resolved(for example,while compilingtheIF...THEN construct),
so it mustensurethatthereis alwaysenoughroomfor thedestinationaddress.Optimisingthecodewhen
thebranchis resolvedwouldbetricky, asotherbranchesandaddressreferenceswouldhaveto bemodified.

NoticethatEXIT is executedslightly morethanCALL andCALLI combined.This is becauseEXECUTE
and@EXECUTE alsocauseasubroutinecall; they take theiraddressfrom thestackratherthantheinstruc-
tion stream.
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It seemsthat it wasa good ideato include instructionsto placeconstantson the stack,andto addand
subtractconstants;1+ andCELL+ areespeciallywell used.

4.2.2 Implementability

Despiteintentionalimprecisionin thespecification,it wasnot possibleto producea full implementation
of Beetlein portableC. Whetherthis is a problemwith thespecificationdependson whethera portableC
implementationis considereddesirable:in a didacticsystemit probablyis. In thatcaseperhapsthespec-
ification shouldbesimplified,retainingonly thosefeatureswhich canberenderedportably, at the lossof
usabilityfor practicalapplications,or perhapsit shouldbelayered,sothatdifferentlevelsof conformance
arelaid out for differentclassesof implementation.

4.2.3 Addresschecking

Thereis still at leastoneareaof ambiguityin thespecification:addresschecking.It is not clearwhether
library routinesoughtto checkaddressesinternally, andit is not clearwhenduring instructionexecution
addressesshouldbe checked. The C implementationdoescheckaddresseswithin library routines,and
performsall addressvalidationbeforeexecutinganinstruction,sothatinstructionsareneverabortedhalf-
way through.Thisoughtto bemadeexplicit.

4.2.4 An embarrassment

Whentakingmeasurementsof instructionexecutionfrequency (seesection4.2.1),it wasfoundthatNEXT
with opcodeFFh wasnever executed.This instructionwasput in the instructionsetto beexecutedafter
negative immediatenumericliterals. However, (LITERAL)I performsthe function of NEXT itself, so
NEXT with opcodeFFh is never executed.The authorcomfortshimself with the thoughtthat, werethe
instructionsetextendedto top-bit-setinstructions,NEXT with opcodeFFhwouldcertainlybeneeded.

4.2.5 Experimentation and generality

For a systemwhich is intendedfor teachingthemechanismsof Forth compilers,it might be arguedthat
Beetleis notgeneralenough:it supportsaparticularmodelof compilation,andit is difficult to seehow rad-
ically differentForthcompilers,with adifferentnumberof stacksor differentmethodsof compilingcontrol
structures,couldbesupportedaseasilyaspForth.If Beetleweredesignedagain,theextremelyspecialised
instructionssuchas(DO), (LOOP) and(CREATE) could be replacedby moregeneralbuilding-block
instructionswhichcouldbeusedto implementa widervarietyof Forthcompilers.

4.3 C Beetle

TheC implementationof Beetleis themostobviouslysuccessfulpartof theproject.Therearethreecon-
siderations:correctness,portabilityandspeed.

4.3.1 Correctness

To checkthat theC implementationof Beetlecorrectlyfulfilled thespecification,eighteentestprograms
wereconstructedandrun asit wasbeingwritten. Oneof thesetogetherwith sampleoutputis shown in
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appendixF. For thefinal versionof Beetleall thetestsruncorrectlyonall threemachinesonwhichBeetle
wastested(seesection4.3.2).

Also, thecorrectnessof many of theBeetlearithmeticandlogic instructionswaseffectivelydouble-checked
by theANSI conformancesuite,whichshoweduperrorsthatthetestprogramshadmissed.

Finally, theability of C Beetleto supporta Forth compilerrunninga complex programsuggeststhat the
implementationis largelycorrect.

4.3.2 Portability

C Beetlewascompiledon threesystems:anAcorn RiscPC runningAcorn RISCOSon anARM610, a
DECstation3100runningDEC ULTRIX on a MIPS R3000,anda SparcStationrunningSolaris2 on four
SuperSPARCs.TheSPARC machinewasbig-endian;theothertwo werelittle-endian.All thetestsandthe
ANSI conformancesuiterunningon pForth workedon all threesystems,exceptfor someof thedivision
testsin theANSI conformancesuite,which failedon theARM versionowing to bugsin theC compiler.
Theobjective of portability seemsto have beenachieved; testingC Beetleon a wider rangeof machines
wouldensurethis.

4.3.3 Speed

Thebenchmarkusedfor all comparisonswasasinglerunof theANSI conformancesuiteonpForth.Three
comparisonsweremade.

Thefirst wasbetweenthedifferentmachinesrunningC Beetle.Table4.2shows theresultsof runningthe
benchmarkwith andwithoutaddresschecking.Thetimesshown aretheaverageof threeruns.

System Checkingon Checkingoff
ARM 79s 30s
MIPS 41s 26s

SPARC 9.7s 6.0s

Table4.2:Comparisonof interpretedBeetles

Eventheslowestsystemtakesareasonabletimeto performthetask;thefastest,amodernteachingsystem,
is extremelyquick,anddemonstratesthatBeetleis certainlyfastenoughfor teachinguse,whentypically
many shortprogramsarerun interactively, which would be even fasterthanthe long testsequenceused
here.

It seemsthataddresscheckingslowsBeetledown by at leasta factorof two, althoughthiseffect is masked
on thequickersystemswhich spendmostof thetimeperformingI/O (thesourcefile for thebenchmarkis
readcontinuouslyasthebenchmarkprogresses).

Thesecondtestwasto comparepForthrunningontheinterpretedBeetlewith thenativeARM version.The
latterranthetestin 5.8s.This shouldbecomparedwith theinterpretedversionwithout addresschecking,
asthenativeversionperformsnochecks,andthusis only aboutfivetimesfaster. Consideringtheoverheads
involvedin runninganinterpreterwhichis itself written in acompiledlanguage,Beetleseemssurprisingly
fast.

The last testwasto run the benchmarkon anothervirtual processorrunninga Forth compiler. This was
doneon theSPARC system,usingtheSOD32interpreter(no referenceavailable).Thebenchmarkran in
14s,soit seemsthatBeetleis reasonablyfastfor aninterpreter.
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4.4 User interface

Theuserinterfacedid all that it wassupposedto, but no more.WhendebuggingpForth on Beetle,a text
editordisplayinga hex andASCII dumpof thebinaryobjectfile containingpForth wasalsoused.Then
codecouldbestudiedfrom a disassemblyin theuserinterface,while literal numberscouldbeobservedin
thetext editor, ascouldstrings,especiallytheheaderfieldsof Forthwords,whichcontaintheirnames.

Thus,a unifieddisassemblywith ASCII andhex dumpcommandwouldbeuseful(perhapsevenreplacing
bothDISASSEMBLE andDUMP). A searchcommandwhich could find numbers,stringsandparticular
instructionsin memorywouldbeuseful.Also, althoughSTEP TO providesa singleprimitivebreakpoint,
a properbreakpointmechanismwouldhave madedebuggingeasier. Finally, thesizeof thememorygiven
to Beetleshouldbevariable,for exampleby a command-lineparameterto theuserinterface.

However, especiallyif Beetle’s STEP andRUN instructionswereimplemented,it would be far betterto
write a debuggerin Forth, which would make the functionalityavailablemoredirectly to the Forth pro-
grammer. Perhapstheuserinterfaceshouldbeleft asit is, andonly usedasa tool of lastresort.



Chapter 5

Conclusions

Essentially, theprojecthasbeensuccessful.Whatwaspromisedin theprojectreportwork plan(seepage
71)hasbeendelivered.Thecodeworkscorrectly, andis reasonablyefficient,andthesystemis well docu-
mented.

Therestof thischapterconsistsof somemorespecificreflections.

5.1 Quality

An importantpartof thesuccessof theprojectis thequality of theprogramsanddocumentswhich were
produced.Thematerialcompleted,bothspecificationandprogram,is stable,well-tested,and,apartfrom
pForth,well documented.Many projectswouldrequiremuchadditionalwork afterthedissertationis com-
pletedtomakethemusefulandusable.Thisprojectis alreadyboth,andwouldbecompletedby thecomple-
tion of C Beetlewith thetwo Beetleinstructionsomitted,andthewriting of a teachingmanualfor pForth,
whichwouldbea lengthywork in itself, andis outsidethescopeof a projectsuchasthis.

In total,over 6,500linesof codewereproduced,andover 15,000wordsof documentation(printedasthe
appendices).Thecodewasall thoroughlytested:C Beetleby thesuiteof programswritten to testit and
pForthby theANSI compliancesuite,andby dozensof small testscarriedout on theRISCOSversionas
it wasbeingmadeANSI compliant.Theuserinterfacewastestedextensively in use,aswasC Beetle,by
runningpForth.

Equally importantly, thedocumentationhasbeencarefullyproofed,andits accuracy andclarity checked
severaltimes.

5.2 Exceptionsin C Beetle

Addresscheckingis not actuallyasstraightforward asmight appear. This is becausecheckingwhether
or not a pointerpoints to an array is difficult, if not impossible,in ANSI standardC. Whenwriting C
Beetlecommonsensewasused:pointersarenormally simpleaddresses,andarraysarenormally stored
contiguouslyin memory, soby comparinga pointerwith theaddressesof thefirst andlastelementsof the
array, thecheckcanbeperformed.Thisseemsto work on thesystemsonwhichC Beetlewastested,but is
not guaranteedto work. In a futurevirtual processorwith addresschecking,morethoughtmight begiven
to how to implementit in standardC, andto whetheranotherimplementationlanguagemightbebetter.

Theexceptioncasesof instructionsshouldarguablyhave beentestedasthoroughlyastheordinarycases;
only onetestprogramwasusedto testexceptioncases.
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Testingmight be aidedby a formal specificationfor Beetle.However, formal methodsareexpensive in
termsof time and effort (which is why they are most often usedin the future tense).Moreover, for a
virtual processor, which is a short program,almostall of which shouldbe executedreasonablyoften,
formal methodsmay not help remove bugs,asmostwill turn up in useanyway. Nevertheless,a formal
specificationmaystill helpwith accurateimplementation,andmoreimportantly, improvethequalityof the
design.

5.3 Useof Beetlefor teaching

Theoriginal aim of this project,to producea virtual processorandForth compilerfor teachingForth,has
often beensubmergedbeneathconsiderationsof the individual components.To put the entiresystemto
this use,pForth would needto bedocumentedin thesamedetailasBeetle.pForth would alsoneedto be
extendedto make it a moreusableenvironmentfor developingForth programs.Thenthe systemcould
usefullybeusedfor teachingnot only Forth,but alsotheelementsof virtual processors,especiallyasthe
sourcecodefor Beetleis short(754lines).

5.4 Separation

Oneaspectof thisprojecthasnotbeenmentionedatall sofar. It is thattheprojectwasnot reallya whole,
but wasundertakenasfour separateprojects:thedesignof Beetle,its implementation,theconstructionof
theuserinterfaceusingit, andtheconversionof pForth to runon it.

Althoughthedifferentsub-projectsinfluencedoneanother, aphysicalseparationof codeandfunctionwas
maintainedbetweenthemthroughout.Thebodyof coderesultingfrom theprojectcanbedividedcleanly
into the threeprogramscorrespondingto the threeprogrammingsub-projects.This is a strongindication
thattheprogramshavebeenwell engineered.

Theseparationbetweenthepartsof theprojectarisesfromthestrongwell-definedinterfacesbetweenthem,
which in turn comefrom having designedeachpartof theprojectbeforeimplementingit, andnot letting
the designsmix. Crucial to this wasthat eachpart of the projectwasdocumentedseparately, asthough
four authorswerecollaboratingon theprojectandneededto understandeachother’s components,andas
thoughthisdissertationwouldneverbewritten.
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Appendix A

The BeetleForth Virtual Processor

Abstract

The designof the BeetleForth virtual processoris described.Beetle’s purposeis to provide an easily
portableenvironmentfor ANS Forth compilers:to move a compiler from onesystemto anotheronly
BeetleandtheI/O librariesneedberewritten.Like mostinterpreters,Beetlegainsportability andcom-
pactnessat theexpenseof speed,but it retainsflexibility by providing instructionsto call machinecode
andaccesstheoperatingsystem.

A.1 Intr oduction

Beetleis a simplevirtual processordesignedto enabletheeasyimplementationof ANS Forth compilers,
suchaspForth [10], on differentsystems.It hastwelve registers,two stacks,andaninstructionset,called
bForth, of ninety-two instructions.The instructionset is basedon the CoreWord Setof ANS Forth [1].
This papergivesa full descriptionof Beetle,but certainimplementation-dependentfeatures,suchasthe
sizeof the stacks,arepurposelyleft unspecified,andthe exact methodof implementationis left to the
implementorin many particulars.

Beetleis self-contained,andperformsI/O via theLIB instruction,which providesaccessto a standard
library which mimicsANS Forth I/O words.Theoperatingsystemandmachinecoderoutineson thehost
computermaybeaccessedusingtheOS andLINK instructions.Beetlesupportsthesaving andloadingof
simpleobjectmodules.

Beetlemay exist either as a stand-alonesystem,or embeddedin other programs.A small interfaceis
providedfor otherprogramswishingto controlBeetle.

SinceBeetleis heavily orientedtowardssupportingForth compilers,it is usefulto understandhow Forth
compilersoperatein orderto understandBeetleandto useit properly. An excellentintroductionto Forth
andForth compilersis [3]. An overview of the languageandits compilersis alsoprovidedin [1]. For an
implementationof Beetle,see[9].

A.2 Ar chitecture

Beetle’s addressunit is thebyte,which is eightbits wide.Charactersareonebytewide,andcellsarefour
byteswide. Thecell is thesizeof thenumbersandaddresseson which Beetleoperates,andof the items
placedonthestacks.Thecell sizeis fixedto ensurecompatibilityof objectcodebetweenimplementations
ondifferentmachines;thesizeof theaddressunit,characterandcell hasbeenchosenwith aview to making
efficient implementationof Beetlepossibleon thevastmajorityof currentmachinearchitectures.
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Cellsmayhavethebytesstoredin big-endianor little-endianorder. Theaddressof acell is thatof thebyte
in it with thelowestaddress.

A.2.1 Registers

Theregisters,eachwith its functionandpronunciation,aresetout in tableA.1.

Register Pronunciation Function
EP “e-p” TheExecutionPointer. Pointsto thenext cell from whichaninstruc-

tion wordmaybeloaded.
I “i” TheInstruction.Holdstheopcodeof aninstructionto beexecuted.
A “a” The instructionAccumulator. Holds the opcodesof instructionsto

beexecuted,andimmediateoperands.
M0 “m-zero” The addressof Beetle’s addressspaceon the host system,which

mustbealignedona four-byteboundary.
MEMORY “memory” Thesizein bytesof Beetle’saddressspace,whichmustbeamultiple

of four.
SP “s-p” ThedataStackPointer.
RP “r-p” TheReturnstackPointer.

’THROW “tick-throw” Theaddressplacedin EP by aTHROW instruction.
ENDISM “endism” Theendiannessof Beetle:0 = Little-endian,1 = Big-endian.
CHECKED “checked” 0 = addresscheckingoff, 1 = addresscheckingon.
’BAD “tick-bad” Thecontentsof EP whenthelastexceptionwasraised.

-ADDRESS “not-address” Thelastaddresswhichcausedanaddressexception.

TableA.1: Beetle’s registers

EP, A, MEMORY, SP, RP, ’THROW, ’BAD and -ADDRESS are cell-wide quantities;I, ENDISM and
CHECKED areonebytewide, andM0’s sizedependson the implementation;it would normallyhave the
samewidth asaddressesonthehostcomputer. Thevaluesof MEMORY,’BAD and-ADDRESS areavailable
in Beetle’s addressspace;’THROW mustbephysicallyheldtheresothatit canbechangedaswell asread
by programs.Theiraddressesrelative to M0 areshown in tableA.2.

Register Addr ess
’THROW 0h
MEMORY 4h
’BAD 8h

-ADDRESS Ch

TableA.2: Registerswhichappearin Beetle’saddressspace

To easeefficient implementation,Beetle’sstackpointersmayonly beaccessedby bForth instructions(see
sectionA.3.7).

A.2.2 Memory

Beetle’smemoryis acontiguoussequenceof bytesnumberedfrom 0 to MEMORY ) 1.
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A.2.3 Stacks

Thedataandreturnstacksarecell-alignedLIFO stacksof cells.Thestackpointerspoint to thetop stack
item on eachstack.To push an item on to a stackmeansto storethe item in the cell beyond the stack
pointerandthenadjustthe pointerto point to it; to pop an item meansto make the pointerpoint to the
seconditemonthestack.Thestacksgrow downwardsin memoryasnew itemsareadded.Instructionsthat
changethenumberof itemsonastackimplicitly poptheirargumentsandpushtheir results.

The datastackis usedfor passingvaluesto instructionsand routinesand the return stackfor holding
subroutinereturnaddressesandtheindex andlimit of theForthDO...LOOP construct.Thereturnstack
may be usedfor otheroperationssubjectto the restrictionsplacedon it by its normalusage:it mustbe
returnedbeforeanEXIT instructionto thestateit wasin directlyafterthecorrespondingCALL, andbefore
a(LOOP), (+LOOP), or UNLOOP to thestateit wasin beforethecorresponding(DO).

In whatfollows,for “the stack”read“the datastack”;thereturnstackis alwaysmentionedexplicitly.

A.2.4 Operation

BeforeBeetleis started,M0, MEMORY andENDISM shouldbe set to implementation-dependentvalues;
’THROW shouldbesetto point to theexceptionhandler, andEP to thebForth codethatis to beexecuted.
CHECKED shouldbesetto 0 or 1 asdesired.Theotherregistersshouldbeinitialisedasshown in tableA.3,
exceptfor I andA, whichneednotbeinitialised.

Register Initial value
SP MEMORY ) 100h
RP MEMORY
’BAD FFFFFFFFh

-ADDRESS FFFFFFFFh

TableA.3: Registerswith prescribedinitial values

MEMORY shouldbe copiedto 4h; its valueandthoseof ENDISM andCHECKED mustnot changewhile
Beetleis executing.Next, theactionof NEXT shouldbeperformed(seesectionA.3.11):A is loadedfrom
thecell to whichEP points,andfour is addedto EP.

Beetleis startedby acall to theinterfacecallsrun() or single step()(seesectionA.4.3).In theformercase,
theexecutioncycle is entered:

begin
copy theleast-significantbyteof A to I
shift A arithmetically8 bits to theright
executetheinstructionin I

repeat

In the latter case,the contentsof the executionloop is executedonce,andcontrol returnsto the calling
program.

The executionloop neednot be implementedasa singleloop; it is designedto be shortenoughthat the
contentsof theloopcanbeappendedto thecodeimplementingeachinstruction.

Note that thecalls run() andsingle step()do not performthe initialisationspecifiedabove; thatmustbe
performedbeforecalling them.
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A.2.5 Termination

WhenBeetleencountersaHALT instruction(seesectionA.3.10),it returnsthetop datastackitem asthe
reasoncode,unlessSP doesnotpointto avalid cell, in whichcasereasoncode-258is returned(seesection
A.2.6).After a call to single step()which terminateswithout anexceptionbeingraised,reasoncode0 is
returned.

Reasoncodeswhich arealsovalid exceptioncodes(eitherreserved(seesectionA.2.6) or userexception
codes)shouldnot normallybeused.This allows exceptioncodesto bepassedbackby anexceptionhan-
dler to the calling program,so that the calling programcanhandlecertainexceptionswithout confusing
exceptioncodesandreasoncodes.

A.2.6 Exceptions

Whena THROW instruction(seesectionA.3.10) is executed,an exception is said to have beenraised.
Someexceptionsareraisedby otherinstructions,for exampleby / whendivision by zerois attempted;
thesealsoexecuteaTHROW. Theexceptioncodeis thenumberon topof thestackat thetimetheexception
is raised.

Exceptioncodesaresignednumbers.-1 to -255arereservedfor ANS Forth exceptioncodes,and-256to
-511 for Beetle’s own exceptioncodes;themeaningsof thosethatmayberaisedby Beetleareshown in
tableA.4. ANS Forthcompilersmayraiseotherexceptionsin therange-1 to -255andadditionallyreserve
exceptions-512to -4095for theirown exceptions(see[1, section9.3.1]).

Code Meaning
-9 Invalid address(seebelow).
-10 Divisionby zeroattempted(seesectionA.3.4).
-23 Addressalignmentexception(seebelow).
-256 Illegalopcode(seesectionA.3.14).
-257 Library routinenot implemented(seesectionA.3.12).

TableA.4: Exceptionsraisedby Beetle

Exception-9 is raisedwhenever an attemptis madeto accessan invalid address(not betweenzeroand
MEMORY ) 1 inclusive),eitherby aninstruction,or duringaninstructionfetch(becauseEP containsan
invalid address).Exception-23 is raisedwhena bForth instructionexpectinganaddressof type

I
��M�M��
(cell-aligned),is given a non-alignedaddress.WhenBeetleraisesan addressexception(-9 or -23), the
offendingaddressis placedin -ADDRESS.

The initial valuesof ’BAD and-ADDRESS areunlikely to be generatedby an exception,so it may be
assumedthatif theinitial valuesstill holdnoexceptionhasyetoccurred.

Addressandalignmentexceptionsareonly raisedif CHECKED is 1. WhenCHECKED is 0, a fasterimple-
mentationof Beetlemaybeused—thisis especiallyusefulfor stand-aloneBeetles.

If SP is unalignedwhenanexceptionis raised,or puttingthecodeon thestackwould causeSP to beout
of range,theeffect of aHALT with code-258is performed(althoughtheactualmechanicsarenot,asthat
too would involve putting a numberon thestack).Similarly, if ’THROW containsan invalid address,the
effectof HALT with code-259is performed.
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A.3 Instruction set

ThebForth instructionsetis listedin sectionsA.3.2 to A.3.13,with theinstructionsgroupedaccordingto
function.Theinstructionsaregivenin thefollowing format:

NAME “pronunciation” 00h (
�S�������	�T
�
���������

)
R: (

�S�������	�T
�
���������
)

Description.

The first line consistsof the nameof the instructionfollowed by the pronunciationin quotes,and the
instruction’sopcode.On theright arethestackcommentor comments.Underneathis thedescription.The
two stackcommentsshow theeffectof theinstructionon thedataandreturn(R) stacks.

Stackcommentsarewritten
(
���������	��
�
���������

)

where
���������	�

and
��������

arestackpicturesshowing the items on top of a stackbeforeand after the
instructionis executed(thechangeis calledthestack effect). An instructiononly affectstheitemsshown
in its stackcomments.Thebracketsanddashesservemerelyto delimit thestackcommentandto separate�����L���	�

from
��������

. Stack pictur es are a representationof the top-mostitems on the stack,and are
written �������������������������
wherethe

� �
arestackitems,eachof whichoccupiesa wholenumberof cells,with

� �
beingon topof the

stack.Thesymbolsdenotingdifferenttypesof stackitemareshown in tableA.5.

Symbol Data type�HGI�J
flag��� 9 � trueflag�LSGHUH�
falseflagV$W �� character

E signednumber
9 unsignednumber
E | 9 number(signedor unsigned)
4 unspecifiedcell
4 � executiontokenL
��M�M��

cell-alignedaddressV 
��M�M�� character-alignedaddress

TableA.5: Typesusedin stackcomments

Typesareonly usedto indicatehow instructionstreattheir argumentsandresults;Beetledoesnot distin-
guishbetweenstackitemsof differenttypes.In stackpicturesthemostgeneralargumenttypeswith which
eachinstructioncanbesuppliedaregiven;subtypesmaybesubstituted.Usingthephrase“ XZY\[ ” to denote
“ X is a subtypeof [ ”, tableA.6 shows thesubtyperelationships.Thesubtyperelationis transitive.

Numbersarerepresentedin twos complementform.
L
��M�M��

consistsof all unsignednumberslessthan
MEMORY. Numericconstantscanbeincludedin stackpictures,andareof type E | 9 .

Eachtype may be suffixed by a numberin stackpictures;if the samecombinationof type and suffix
appearsmorethanoncein astackcomment,it refersto identicalstackitems.Alternative

����S���
picturesare

separatedby “|”, andthecircumstancesunderwhicheachoccursaredetailedin theinstructiondescription.

Thesymbols
��Q 4 ,

R Q 4 and ] Q 4 areusedto denotedifferentcollectionsof zeroor morecellsof any data
type.Ellipsis is usedfor indeterminatenumbersof specifiedtypesof cell.
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9?Y^4
E_Y^4V$W �� Y`9L
��M�M�� Y V 
��M�M�� Ya9�HGI�J Y^4
4 � Yb4

TableA.6: Thesubtyperelation

If an instructiondoesnot modify the returnstack,the correspondingstackpicture is omitted.Somein-
structionshave two forms,the latterendingin “I”. This denotesImmediateaddressing:the instruction’s
argumentis includedin the instructioncell (seesectionA.3.1), ratherthanbeingplacedseparatelyin the
next availablecell.

A.3.1 Programming conventions

Sincebranchdestinationsmustbecell-aligned,someinstructionsequencesmaycontaingaps.Thesemust
bepaddedwith NEXT (opcode00h).

Literals andbranchaddressesshouldbe placedin memoryasfollows. If a literal (seesectionA.3.9) or
branchaddress(seesectionA.3.8) will fit in therestof thecell directly after its instruction(seebelow), it
shouldbeplacedthere,andtheimmediateform of theinstructionused.Otherwiseit shouldbeplacedin the
cell aftertheinstruction.Furtherinstructionsmaystill bestoredin thecurrentcell. If morethanoneliteral
or branchinstructionis encodedin oneinstructioncell, the literal valuesfollow eachotherin successive
cells.

Given an instructioncell with n bytesfree, a literal will fit into it if it canbe representedasan n-byte
twos complementnumber. Immediatemodebranchdestinationsaregivenasthe relative cell countfrom
the valueEP will have when the instructionis executed(ratherthan the addressof the instructioncell
containingtheinstruction)to theaddressof thedestinationinstructioncell (notasabsoluteaddresses).The
literal or branchis storedwith thebytesin thesameorderasfor a four-bytenumber, at themostsignificant
endof theinstructioncell.

A.3.2 Stackmanipulation

Theseinstructionsmanagethedatastackandmovevaluesbetweenstacks.

DUP “dupe” 01h ( 4 
�
 4T4 )

Duplicate4 .

DROP 02h ( 4 
�

)

Remove 4 from thestack.

SWAP 03h ( 4 � 4 � 
�
 4 � 4 � )

Exchangethetop two stackitems.

OVER 04h ( 4 � 4 � 
�
 4 � 4 � 4 � )

Placea copy of 4 � ontopof thestack.

ROT “rote” 05h ( 4 � 4 � 4 &6
�
 4 � 4 & 4 � )

Rotatethetop threestackentries.

-ROT “not-rote” 06h ( 4 � 4 � 4 & 
�
 4 & 4 � 4 � )

Performtheactionof ROT twice.
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TUCK 07h ( 4 � 4 � 
�
 4 � 4 � 4 � )

Performtheactionof SWAP followedby OVER.

NIP 08h ( 4 � 4 � 
�
 4 � )

Performtheactionof SWAP followedby DROP.

PICK 09h ( 4�5 ����� 4 � 4�8O9 
�
 4�5 ����� 4 � 4�8�4�5 )

Remove 9 . Copy 4 5 to thetopof thestack.If 9=> 0,PICK is equivalentto DUP. If therearefewer than
9_< 2 itemson the stackbeforePICK is executed,the memorycell which would have been 4 5 were
there 9c< 2 itemsis copiedto thetopof thestack.

ROLL 0Ah ( 4�5�4�5 )�7 ����� 4�8�9 
�
 4�5 )�7 ����� 4�8d4�5 )

Remove 9 . Rotate9=< 1 itemson thetop of thestack.If 9=> 0 ROLL doesnothing,andif 9=> 1 ROLL
is equivalentto SWAP. If therearefewer than 9;< 2 itemson the stackbeforeROLL is executed,the
memorycellswhichwouldhavebeenon thestackwerethere 9?< 2 itemsarerotated.

?DUP “question-dupe” 0Bh ( 4 
�
�e
| 4T4 )

Duplicate4 if it is non-zero.

>R “to-r” 0Ch ( 4 
�

)

R: (

�
 4 )

Move 4 to thereturnstack.

R> “r-from” 0Dh (

�
 4 )

R: ( 4 
�

)

Move 4 from thereturnstackto thedatastack.

R@ “r-fetch” 0Eh (

�
 4 )

R: ( 4 
�
 4 )

Copy 4 from thereturnstackto thedatastack.

A.3.3 Comparison

Thesewordscomparetwo numbers(or, for equalitytests,any two cells)on thestack,returningaflag,true
with all bits setif thetestsucceedsandfalseotherwise.

< “less-than” 0Fh ( E � E � 
�
:��GI�J )�HGI�J
is trueif andonly if E � is lessthan E � .

> “greater-than” 10h ( E � E � 
�
:��GI�J )�HGI�J
is trueif andonly if E � is greaterthan E � .

= “equals” 11h ( 4 � 4 � 
�
:��GI�J )�HGI�J
is trueif andonly if 4 � is bit-for-bit thesameas 4 � .

<> “not-equals” 12h ( 4 � 4 � 
�
:��GI�J )�HGI�J
is trueif andonly if 4 � is notbit-for-bit thesameas 4 � .

0< “zero-less” 13h ( E 
�
:��GI�J
)�HGI�J

is trueif andonly if n is lessthanzero.

0> “zero-greater” 14h ( E 
�
:��GI�J
)�HGI�J

is trueif andonly if E is greaterthanzero.

0= “zero-equals” 15h ( 4 
�
:��GI�J
)�HGI�J

is trueif andonly if 4 is equalto zero.
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0<> “zero-not-equals” 16h ( 4 
�
:��GI�J
)�HGI�J

is trueif andonly if 4 is notequalto zero.

U< “u-less-than” 17h ( 9 � 9 � 
�
:��GI�J )�HGI�J
is trueif andonly if 9 � is lessthan 9 � .

U> “u-greater-than” 18h ( 9 � 9 � 
�
:��GI�J )�HGI�J
is trueif andonly if 9 � is greaterthan 9 � .

A.3.4 Arithmetic

Theseinstructionsconsistof monadicanddyadicoperators,andnumericconstants.All calculationsare
madewithoutboundsor overflow checking,exceptasdetailedfor certaininstructions.

Constants:

0 “zero” 19h (

�
de

)

Leavezeroon thestack.

1 “one” 1Ah (

�
 7 )

Leaveoneon thestack.

-1 “minus-one” 1Bh (

�
 )f7 )

Leaveminusoneonthestack.

CELL 1Ch (

�
hg

)

Leavefour on thestack.

-CELL “minus-cell” 1Dh (

�
 ) g )

Leaveminusfour on thestack.

Addition andsubtraction:

+ “plus” 1Eh ( E � | 9 � E � | 9 � 
�
 E & | 9 & )

Add E � | 9 � to E � | 9 � , giving thesum E & | 9 & .
- “minus” 1Fh ( E � | 9 � E � | 9 � 
�
 E & | 9 & )

SubtractE � | 9 � from E � | 9 � , giving thedifferenceE & | 9 & .
>-< “reverse-minus” 20h ( E � | 9 � E � | 9 � 
�
 E & | 9 & )

Performtheactionof SWAP (seesectionA.3.2) followedby -.

1+ “one-plus” 21h ( E � | 9 � 
�
 E � | 9 � )

Add oneto E � | 9 � , giving thesum E � | 9 � .
1- “one-minus” 22h ( E � | 9 � 
�
 E � | 9 � )

Subtractonefrom E � | 9 � , giving thedifferenceE � | 9 � .
CELL+ “cell-plus” 23h ( E � | 9 � 
�
 E � | 9 � )

Add four to E � | 9 � , giving thesum E � | 9 � .
CELL- “cell-minus” 24h ( E � | 9 � 
�
 E � | 9 � )

Subtractfour from E � | 9 � , giving thedifferenceE � | 9 � .
Multiplication anddivision (note that all division instructionsraiseexception-10 if division by zero is
attempted,androundthe quotienttowardsminusinfinity, exceptfor S/REM, which roundsthe quotient
towardszero):
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* “star” 25h ( E � | 9 � E � | 9 � 
�
 E & | 9 & )

Multiply E � | 9 � by E � | 9 � giving theproductE & | 9 & .
/ “slash” 26h ( E � E � 
�
 E & )

Divide E � by E � , giving thesingle-cellquotientE & .
MOD 27h ( E � E � 
�
 E & )

Divide E � by E � , giving thesingle-cellremainderE & .
/MOD “slash-mod” 28h ( E � E � 
�
 E & E K )

Divide E � by E � , giving thesingle-cellremainderE & andthesingle-cellquotientE K .
U/MOD “u-slash-mod” 29h ( 9 � 9 � 
�
 9 & 9 K )

Divide 9 � by 9 � , giving thesingle-cellremainder9 & andthesingle-cellquotient 9 K .
S/REM “s-slash-rem” 2Ah ( E � E � 
�
 E & E K )

Divide E � by E � usingsymmetricdivision,giving thesingle-cellremainderE & andthesingle-cellquotient
EHK .
2/ “two-slash” 2Bh ( 4 � 
�
 4 � )

4 � is the result of shifting 4 � one bit toward the least-significantbit, leaving the most-significantbit
unchanged.

CELLS 2Ch ( E � 
�
 E � )

E � is thesizein bytesof E � cells.

Signfunctions:

ABS “abs” 2Dh ( E 
�
 9 )

9 is theabsolutevalueof E .

NEGATE 2Eh ( E � 
�
 E � )

NegateE � , giving its arithmeticinverseE � .
Maximaandminima:

MAX 2Fh ( E � E � 
�
 E & )

E & is thegreaterof E � and E � .
MIN 30h ( E � E � 
�
 E & )

E & is thelesserof E � and E � .

A.3.5 Logic and shifts

Theseinstructionsconsistof bitwise logical operatorsand bitwise shifts. The result of performingthe
specifiedoperationon theargumentor argumentsis left on thestack.

Logic functions:

INVERT 31h ( 4 � 
�
 4 � )

Invertall bitsof 4 � , giving its logical inverse4 � .
AND 32h ( 4 � 4 � 
�
 4 & )

4 & is thebit-by-bit logical “and” of 4 � with 4 � .
OR 33h ( 4 � 4 � 
�
 4 & )

4 & is thebit-by-bit inclusive-orof 4 � with 4 � .
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XOR “x-or” 34h ( 4 � 4 � 
�
 4 & )

4 & is thebit-by-bit exclusive-orof 4 � with 4 � .
Shifts:

LSHIFT “l-shift” 35h ( 4 � 9 
�
 4 � )

Performa logical left shift of 9 bit-placeson 4 � , giving 4 � . Putzerointo theleastsignificantbitsvacated
by theshift. If 9 is greaterthanor equalto 32, 4 � is zero.

RSHIFT “r-shift” 36h ( 4 � 9 
�
 4 � )

Performalogicalright shift of 9 bit-placeson 4 � , giving 4 � . Putzerointo themostsignificantbitsvacated
by theshift. If 9 is greaterthanor equalto 32, 4 � is zero.

1LSHIFT “one-l-shift” 37h ( 4 � 
�
 4 � )

Performa logical left shift of onebit-placeon 4 � , giving 4 � . Putzerointo theleastsignificantbit vacated
by theshift.

1RSHIFT “one-r-shift” 38h ( 4 � 
�
 4 � )

Performalogicalrightshift of onebit-placeon 4 � , giving 4 � . Putzerointo themostsignificantbit vacated
by theshift.

A.3.6 Memory

Theseinstructionsfetchandstorecellsandbytesto andfrom memory;thereis alsoaninstructionto adda
numberto anotherstoredin memory.

@ “fetch” 39h (
I
��M�M��N
�
 4 )

4 is thevaluestoredat
L
��M�M��

.

! “store” 3Ah ( 4 L
��M�M��N
�

)

Store4 at
L
��M�M��

.

C@ “c-fetch” 3Bh ( V 
��M�M��N
�
 ViW �� )

If ENDISM is 1, exclusive-or V 
��M�M�� with 3. Fetchthe characterstoredat V 
��M�M�� . The unusedhigh-
orderbitsareall zeroes.

C! “c-store” 3Ch ( V$W �� V 
��M�M��N
�

)

If ENDISM is 1, exclusive-or V 
��M�M�� with 3. Store V$W �� at V 
��M�M�� . Only onebyteis transferred.

+! “plus-store” 3Dh ( E | 9 L
��M�M��N
�

)

Add E | 9 to thesingle-cellnumberat
L
��M�M��

.

A.3.7 Registers

As mentionedin sectionA.2.1,thestackpointersSP andRPmayonly beaccessedthroughspecialinstruc-
tions:

SP@ “s-p-fetch” 3Eh (

�
�L
��M�M��

)L
��M�M��
is thevalueof SP.

SP! “s-p-store” 3Fh (
L
��M�M��N
�


)

SetSP to
L
��M�M��

.

RP@ “r-p-fetch” 40h (

�
�L
��M�M��

)L
��M�M��
is thevalueof RP.

RP! “r-p-store” 41h (
L
��M�M��N
�


)

SetRP to
L
��M�M��

.
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A.3.8 Control structures

Theseinstructionsimplementunconditionalandconditionalbranches,subroutinecall andreturn,andvar-
iousaspectsof theForthDO. . .LOOP construct.

Branches:

BRANCH 42h (

�


)

LoadEP from thecell it pointsto, thenperformtheactionof NEXT.

BRANCHI “branch-i” 43h (

�


)

AddA P 4 to EP, thenperformtheactionof NEXT.

?BRANCH “question-branch” 44h (
�HGI�Jj
�


)

If
�HGI�J

is falsethenloadEP from thecell it pointsto andperformtheactionof NEXT; otherwiseadd
four to EP.

?BRANCHI “question-branch-i” 45h (
�HGI�Jj
�


)

If
��GI�J

is falsethenaddA P 4 to EP. Performtheactionof NEXT.

EXECUTE 46h ( 4 �T
�
 )
R: (


�
�L
��M�M��
)

PushEP on to thereturnstack,put 4 � into EP, thenperformtheactionof NEXT.

@EXECUTE “fetch-execute” 47h (
I
��M�M�� � 
�


)
R: (


�
OI
��M�M�� �
)

PushEP on to thereturnstack,put thecontentsof
I
��M�M��

into EP, thenperformtheactionof NEXT.

Subroutinecall andreturn:

CALL 48h (

�


)
R: (


�
�L
��M�M��
)

PushEP < 4 onto thereturnstack,thenloadEP from thecell it pointsto. Performtheactionof NEXT.

CALLI “call-i” 49h (

�


)
R: (


�
�L
��M�M��
)

PushEP on to thereturnstack,thenaddA P 4 to EP. Performtheactionof NEXT.

EXIT 4Ah (

�


)
R: (

L
��M�M��N
�

)

Put
I
��M�M��

into EP, thenperformtheactionof NEXT.

DO. . .LOOP support:

(DO) “bracket-do” 4Bh ( 4 � 4 � 
�
 )
R: (


�
 4 � 4 � )

Movethetop two itemsonthedatastackto thereturnstack.

(LOOP) “bracket-loop” 4Ch (

�


)
R: ( E � | 9 � E � | 9 � 
�
 | E � | 9 � E & | 9 & )

Add oneto E � | 9 � ; if it thenequalsE � | 9 � discardbothitemsandaddfour toEP, otherwiseloadEP from
thecell to which it pointsandperformtheactionof NEXT.

(LOOP)I “bracket-loop-i” 4Dh (

�


)
R: ( E � | 9 � E � | 9 � 
�
 | E � | 9 � E & | 9 & )

Add oneto E � | 9 � ; if it thenequalsE � | 9 � discardboth items,otherwiseaddA P 4 to EP. Performthe
actionof NEXT.
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(+LOOP) “bracket-plus-loop” 4Eh ( E � | 9 � 
�
 )
R: ( E � | 9 � E & | 9 &6
�
 | E � | 9 � E K | 9 K )

Add E � | 9 � to E & | 9 & ; if E & | 9 & therebycrossesthe klE � | 9 � ) 1m to E � | 9 � boundarydiscardboth items
andaddfour to EP, otherwiseloadEP from thecell to which it pointsandperformtheactionof NEXT.

(+LOOP)I “bracket-plus-loop-i” 4Fh ( E � | 9 � 
�
 )
R: ( E � | 9 � E & | 9 &6
�
 | E � | 9 � E K | 9 K )

Add E � | 9 � to E & | 9 & ; if E & | 9 & therebycrossesthe klE � | 9 � ) 1m to E � | 9 � boundarydiscardboth items,
otherwiseaddA P 4 to EP. Performtheactionof NEXT.

UNLOOP 50h (

�


)
R: ( 4 � 4 � 
�
 )

Discardthetop two itemsonthereturnstack.

J 51h (

�
 4 � )

R: ( 4 � 4 � 4 & 
�
 4 � 4 � 4 & )

Copy thethird itemon thereturnstackto thedatastack.

A.3.9 Literals

Theseinstructionsencodeliteral valueswhichareplacedonthestack.

(LITERAL) “bracket-literal” 52h (

�
 4 )

Pushthecell pointedto by EP on to thestack,thenaddfour to EP.

(LITERAL)I “bracket-literal-i” 53h (

�
 4 )

Pushthecontentsof A on to thestack.Performtheactionof NEXT.

A.3.10 Exceptions

Theseinstructionsgiveaccessto Beetle’sexceptionmechanisms.

THROW “bracket-throw” 54h (

�


)

Putthecontentsof EP into ’BAD, thenloadEP from ’THROW. Performtheactionof NEXT. If ’THROW
containsan out of rangeor unalignedaddressstop Beetle,returningreasoncode-259 to the calling
program(seesectionA.4.3).

HALT 55h ( 4 
�

)

StopBeetle,returningreasoncode 4 to thecalling program(seesectionA.4.3). If SP is out of rangeor
unaligned,-258is returnedasthereasoncode.

A.3.11 Miscellaneous

(CREATE) implementspart of the Forth CREATE. . .DOES> construct.NEXT performsan instruction
fetchwhenBeetlerunsoutof instructionsin theA register.

(CREATE) “bracket-create” 56h (

�
�L
��M�M��

)

PushEP on to thestack.

NEXT 00h/FFh (

�


)

Loadthecell pointedto by EP into A thenaddfour to EP.
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A.3.12 External access

Theseinstructionsallow accessto Beetle’s libraries,theoperatingsystemandnativemachinecode.

LIB 57h (
�HQ 46E 
�
dR Q 4 )

Call library routine E . The parameterspassedand returneddependon E . If the library routine is not
currentlyavailable,raiseexception-257.

OS “o-s” 58h (
�HQ 4 
�
dR Q 4 )

Make anoperatingsystemcall.OS typically takesanoperatingsystemcall numberthenmakesthatcall
andreturnsany result,with otherparametersandresultdatabeingcommunicatedvia thestackor ashared
dataarea.

LINK 59h (
�HQ 4 
�


)

Make a subroutinecall to theroutineat theaddressgiven(in thehostmachine’s format,paddedout to a
numberof cells)on thedatastack.Thesizeandformatof thisaddressaremachine-dependent.

A.3.13 Recursion

Theseinstructionsareprovidedto simplify the taskof writing a low-level debuggerfor Beetlethat runs
directlyonBeetle.Suchadebuggermightbewritten in pForth.Theinstructionsperformroughlythesame
functionastheinterfacecallsrun() andsingle step().

RUN 5Ah (
L
��M�M�� � L
��M�M�� � I
��M�M�� & 4 
�
 E )

Save thecurrentvaluesof EP, A, SP, RP, ’THROW, ’BAD and-ADDRESS andload
L
��M�M�� �

into SP,L
��M�M�� �
into RP,

L
��M�M��H&
into EP, and 4 into A. Entertheexecutionloop. If Beetlehalts,restorethe

contentsof theregistersto thosesaved,andpushthereasoncodeon to thestack.

STEP 5Bh (
L
��M�M�� � L
��M�M�� � I
��M�M���& 4 
�
 E )

Savethecurrentvaluesof EP,A,SP, RP,’THROW,’BAD and-ADDRESS andload
L
��M�M�� �

intoSP,
L


�M�M�� �
into RP,

L
��M�M��H&
into EP and 4 into A. Performthecontentsof theexecutionlooponce.Restore

thecontentsof theregistersto thosesaved,andpushthereasoncodeon to thestack.

A.3.14 Opcodes

In tableA.7 arelisted theopcodesin numericalorder. All undefinedopcodes(5Ch–FEh)raiseexception
-256.

A.4 External interface

Beetle’s external interfacecomesin threeparts.The calling interfaceallows Beetleto be controlledby
otherprograms.Thelibrary formatprovidesasimplemechanismfor Beetleto accessI/O andothersystem-
dependentfunctionsvia theLIB instruction.User-written librariesmayalsobeused,allowing Beetleto
benefitfrom previously written code,codewritten in otherlanguages,andthe speedof machinecodein
time-criticalsituations.Theobjectmoduleformatallows compiledcodeto besaved,reloadedandshared
betweensystems.pForth is loadedfrom anobjectmodule.
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Opcode Instruction Opcode Instruction Opcode Instruction
00h NEXT 1Fh - 3Eh SP@
01h DUP 20h >-< 3Fh SP!
02h DROP 21h 1+ 40h RP@
03h SWAP 22h 1- 41h RP!
04h OVER 23h CELL+ 42h BRANCH
05h ROT 24h CELL- 43h BRANCHI
06h -ROT 25h * 44h ?BRANCH
07h TUCK 26h / 45h ?BRANCHI
08h NIP 27h MOD 46h EXECUTE
09h PICK 28h /MOD 47h @EXECUTE
0Ah ROLL 29h U/MOD 48h CALL
0Bh ?DUP 2Ah S/REM 49h CALLI
0Ch >R 2Bh 2/ 4Ah EXIT
0Dh R> 2Ch CELLS 4Bh (DO)
0Eh R@ 2Dh ABS 4Ch (LOOP)
0Fh < 2Eh NEGATE 4Dh (LOOP)I
10h > 2Fh MAX 4Eh (+LOOP)
11h = 30h MIN 4Fh (+LOOP)I
12h <> 31h INVERT 50h UNLOOP
13h 0< 32h AND 51h J
14h 0> 33h OR 52h (LITERAL)
15h 0= 34h XOR 53h (LITERAL)I
16h 0<> 35h LSHIFT 54h THROW
17h U< 36h RSHIFT 55h HALT
18h U> 37h 1LSHIFT 56h (CREATE)
19h 0 38h 1RSHIFT 57h LIB
1Ah 1 39h @ 58h OS
1Bh -1 3Ah ! 59h LINK
1Ch CELL 3Bh C@ 5Ah RUN
1Dh -CELL 3Ch C! 5Bh STEP
1Eh + 3Dh +! FFh NEXT

TableA.7: Beetle’sopcodes

A.4.1 Object module format

Thefirst six bytesof anobjectmoduleshouldbe theASCII codesof the letters“BEETLE”; next should
comeanASCII NUL (00h),thentheone-bytecontentsof theENDISM registerof theBeetlewhich saved
themodule.Thenext four bytesshouldcontainthenumberof cells thecodeoccupies.Thenumbermust
have thesameendiannessasthat indicatedin thepreviousbyte.Thenfollows thecode,which mustfill a
wholenumberof cells.Theformatis summarisedin tableA.8 (thebytesin eachcell areshown in theorder
in whichthey arestoredin thefile, regardlessof theendiannessof themachineonwhichthefile is written).

Objectmoduleshaveasimplestructure,asthey areonly intendedfor loadinganinitial memoryimageinto
Beetle,suchasthepForthcompiler. Forthdoesnot typically supporttheloadingof compiledcodeinto the
compiler, nor thereis any need,ascompilersarefast,andan incrementalstyleof programdevelopment,
with only a little sourcecodebeingrecompiledata time, is typically used.
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Cell Contents
1 42h45h45h54h
2 4Ch45h00hENDISM
3 Length n
4 1stcell of code.. .
...

...
nL<Fo . . . n th cell of code

TableA.8: Objectmoduleformat

A.4.2 Library format

Thefirst six bytesof a library file shouldbetheASCII codesof theletters“BEETLE”; next shouldcome
FFhfollowedby theone-bytecontentsof theENDISM registerof theBeetlewhichsavedthelibrary. Next
is a cell containingthenumberof library routinesin this library. After this cometheroutines:first a cell
containingthe numberof the routine (the sameas that passedto LIB to call that routine), then a cell
with the lengthof the routine in bytes,thenthe machinecodeitself, paddedif necessarywith 00h to a
whole numberof cells.The numberof routines,routinenumbersand lengthsshouldbe storedwith the
sameendiannessasthat indicatedearlier. The format is summarisedin tableA.9 (the bytesin eachcell
areshown in theorderin which they arestoredin thefile, regardlessof theendiannessof themachineon
which thefile is written).

Cell Contents
1 42h45h45h54h
2 4Ch45hFFhENDISM
3 Numberof calls
4 1stcall number
5 1stcall length n
6 1stcell of code.. .
...

...
nL<�p . . . n th cell of code

...
...

... furthercalls

...
...

TableA.9: Library format

If relocationtablesor otherdataareneededfor themachinecodeto work, they shouldbeincludedwith the
code;it is up to theimplementationhow to decodethemachinecodesectionsof thelibrary file.

A.4.3 Calling interface

The calling interfaceis difficult to specify with the sameprecisionas the rest of Beetle,as it may be
implementedin any language.However, sinceonly basictypesareused,andthesemanticsaresimple,it
is expectedthat implementationsin differentlanguageproducingthesameresultwill beeasyto program.
A Modula-like syntaxis usedto give the definitionshere.Implementation-definederror codesmustbe
documented,but areoptional.All addressespassedasparametersmustbecell-aligned.Therearesix calls
whichaBeetlemustprovide:
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run () : integer
StartBeetleby enteringtheexecutioncycleasdescribedin sectionA.2.4.If Beetleeverexecutes
aHALT instruction(seesectionA.3.10),thereasoncodeis returnedastheresult.

single step() : integer
Executeasinglepassof theexecutioncycle,andreturnreasoncode0,unlessaHALT instruction
wasobeyed(seesectionA.3.10),in whichcasethereasoncodepassedto it is returned.

load object (file, address) : integer
Loadtheobjectmodulespecifiedby file, whichmaybeafilenameor someotherspecifier, to the
Beetleaddressaddress. First themodule’s headeris checked; if thefirst sevenbytesarenot as
specifiedabovein sectionA.4.1,or theendiannessvalueis not0 or 1, thenreturn-2. If thecode
will notfit into memoryat theaddressgiven,or theaddressis outof range,return-1. Otherwise
loadthebForthcodeinto memory, resexing it if theendiannessvalueis differentfromthecurrent
valueof ENDISM. Theresultis 0 if successful,andsomeotherimplementation-definedvalueif
thereis a filing systemor othererror.

save object (file, address,length) : integer
Save the length cells in Beetle’s memorystartingat addressas an object moduleunderthe
filenameor otherspecifierfile. The result is 0 if successful,-1 if thereis a Beetleerror (the
addressis out of rangeor theareaextendsbeyondMEMORY), andsomeotherimplementation-
definedvalueif thereis afiling systemor othererror.

load library (file) : integer
Load the library specifiedby file, which may be a filenameor someotherspecifier. Return0
if successful,or someotherimplementation-definedvalueif not. It is up to theimplementation
whetherparticularlibrary callsmaybeloadedmorethanonce;if this is allowed,theold version
shouldbeoverwrittenby thenew.

save standalone(file, size, start,copied,libs) : integer
Write anexecutablestand-aloneBeetleto thefile file, which maybea filenameor someother
specifier. The executableshouldhave MEMORY equalto size, andthe first copiedcells should
have the contentsof the copiedcells in the currentBeetlestartingat start. The library calls
specifiedin thelist of cells libs shouldbelinkedto theexecutable,andthecurrentvaluesof the
registersshouldbestored.Theresultis 0 if successful,-1 if theareaextendsbeyondMEMORY,
or someotherimplementation-definedvalueif thereis afiling systemor othererror. Seesection
A.4.4 for thebehaviour requiredof thestand-aloneBeetle.

Beetlemustalsoprovideaccessto its registersandaddressspacethroughappropriatedataobjects.

A.4.4 Stand-aloneBeetles

A stand-aloneBeetleshouldperformthefollowing stepswhenit is executed:

1. Initialise theregisterswith thevaluesthey heldwhenthestand-aloneBeetlewassaved.

2. Performtheactionof NEXT.

3. Performtheactionof a call to run() .

If theBeetlestopswith areasoncode,thisshouldbereturnedto thecallingenvironmentif thisis supported;
otherwiseit maybeignored.Thestand-aloneprogramshouldthenterminate.

Any library callswhich werelinked to thestand-aloneBeetlemustexecutecorrectlywhencalledby the
LIB instruction.Any otherparameterpassedto LIB shouldraiseexception-257(library call not imple-
mented).
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A.5 Libraries

Beetlehasone standardlibrary, the core I/O library. Its routinesmimic the four system-dependentI/O
words in the ANS Forth CoreWord Set.The descriptionsbelow areidentical to thosegiven for bForth
instructions(seesectionA.3), exceptthattheopcodeis replacedby theroutinenumber, which is passedto
LIB to call theroutine.

BL “b-l” 0 (

�
 ViW �� )V$W �� is thecharactervaluefor aspace.

CR “c-r” 1 (

�


)

Causesubsequentoutputto appearat thebeginningof thenext line.

EMIT 2 ( 4 
�

)

If 4 is a graphiccharacterin the implementation-definedcharacterset,display 4 . The effect of EMIT
for all othervaluesof 4 is implementation-defined.Whenpasseda characterwhosecharacter-defining
bitshaveavaluebetween20hand7Ehinclusive,thecorrespondingcharacterfrom theASCII code[2] is
displayed.

KEY 3 (

�
 ViW �� )

ReceiveonecharacterV$W �� , amemberof theimplementation-definedcharacterset.Keyboardeventsthat
do not correspondto suchcharactersarediscardeduntil a valid characteris received,andthoseevents
aresubsequentlyunavailable.Any standardcharacterreturnedby KEY hasthe numericvaluespecified
by theASCII code[2].

For morepreciseinformationonthebehaviourof thelibrary calls,seethedescriptionsof thecorresponding
wordsin [1, chapter6].
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Appendix B

An implementation of the Beetlevirtual
processorin ANSI C

B.1 Intr oduction

The Beetlevirtual processor[8] providesa portableenvironmentfor the pForth Forth compiler [10], a
compilerfor ANSI StandardForth [1]. To movepForthbetweendifferentmachinesandoperatingsystems,
only Beetleneedberewritten.However, eventhiscanbeavoidedif Beetleis itself writtenin ANSI C,since
almostall machineshaveanANSI C compileravailablefor them.

Writing Beetlein C necessarilyleadsto a lossof performancefor asystemwhichis alreadyrelatively slow
by virtueof usingavirtualprocessorratherthancompilingnativecode.However, pForthis intendedmainly
asa didactictool, offering a concreteForth environmentwhich maybeusedto explorethelanguage,and
particularlythe implementationof thecompiler, on a simplearchitecturedesignedto supportForth.Thus
speedis not crucial,andon modernsystemsevena C implementationof Beetlecanbeexpectedto run at
anacceptablespeed.

C Beetleprovidesonly thevirtual processor, not a userinterface.A simpleuserinterfaceis describedin
[8].

Theinterfaceto anembeddedBeetleis describedin [8]. This paperonly describesthefeaturesspecificto
this implementation.

B.2 Omissions

Certainfeaturesof Beetlecannotberenderedportablyin C, andsohave beenleft out of this implementa-
tion. Thus,this implementationdoesnot fully meetthespecificationfor anembeddedBeetle.

TheOS instructionis not implemented,asit dependsontheoperatingsystemof thehostmachine,andthis
implementationof Beetleis meantto beportable.If executed,OS doesnothing.

The interfacecall save standalone()is not implemented,asit is difficult to implementportablywithout
it merelyusingC Beetleto run anobjectfile, which lackstheusualadvantagesof stand-aloneprograms,
speedandcompactness.For similar reasons,load library() is not implementedeither;theuseof LINK to
accessC functionsis recommendedinstead.

The recursioninstructionsSTEP andRUN arenot implemented,althoughthey maybe addedin a future
version.

48
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Machine type Symbol
MS DOS MSDOS
RISCOS riscos

Unix unix

TableB.1: Supportedmachinetypes

B.3 UsingC Beetle

This sectiondescribeshow to compileC Beetle,andthe exact mannerin which the interfacecalls and
Beetle’smemoryandregistersshouldbeaccessed.

B.3.1 Configuration

It is impossibleto write an ANSI C implementationof Beetlethat will run unalteredon any machine.
The few featuresthat aremachine-dependentaredefinedin a machineheaderfile, which is includedby
bportab.h. The appropriatesymbol for the machineon which C Beetle is to be compiledmust be
defined,andthemachineheaderfile will thenbeincludedautomatically. Themachineheaderfilesavailable
atthetimeof writing areshown in tableB.1,togetherwith thecorrespondingsymbolthatshouldbedefined.
Thesesymbolsareautomaticallydefinedby GNU C on thecorrespondingmachines;if anothercompiler
is used,theappropriatesymbolshouldbedefined.If C Beetleis to becompiledon a machinetypenot in
thelist, a new headerfile mustbeaddedto thedirectorybportab, modelledon theexisting headerfiles
there,andbportab.h mustbechangedto loadit.

The machinetype Unix refersto most Unix machines.Systemstestedsuccessfullyinclude SystemV
Release4, DEC OSF/1andDEC ULTRIX. Someproblemswereencountered,which hadeffectsranging
from impairedoperationto non-compilation,but mostaretoomachineandinstallationspecificto beworth
describing.Thegeneralobservationmaybemadethatwhencompilingona64-bitarchitecturemany error
messagesmaybegeneratedby thecompileraboutpointerconversions.Theseoccurbecauseoffsetsinto
Beetle’saddressspacearerepresentedasfour-bytenumbers.As longasBeetleis neverallocatedmorethan
4Gbfor its memory, thiswill notbea problem.

Thefollowing typesmustbedefinedin a machineheaderfile:

BYTE: anunsignedeight-bitquantity(Beetle’sbyte).

CELL: a signedfour-bytequantity(Beetle’scell).

UCELL: anunsignedfour-bytequantity(anunsignedcell).

Thefollowing symbolsshouldbedefinedif appropriate:

BIG ENDIAN shouldbedefinedin themakefile to definethesymbolof thesamenamewhenever theC
compileris invokedif Beetleis compiledona big-endianmachine.

FLOORED shouldbedefinedif theC compilerperformsflooreddivision.

Thefollowing macrosshouldalsobedefined:

ARSHIFT(n, p) shouldbesetto amacrothatassignsto n theresultof shifting it right arithmeticallyp
places,wherep mayrangefrom 0 to 31.
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LINK shouldbesetto a macrothat,calls the C functionat the machineaddressheldon top of Beetle’s
stack.This addresswill typically occupy onecell, but mayoccupy more.Themacromustthenalter
SP sothattheaddressis poppedfrom thestack.

GETCH shouldbesetto a macrothatreturnsthenext key-presswithout bufferingandecho(like Curses’s
getch()).

PUTCH(c) shouldbesetto amacrothatprintsthecharacterc to stdout withoutbuffering.

NEWL shouldbesetto a macrothatprintsa\n onstdout withoutbuffering.

TheregisterCHECKED mustbeset(in beetle.h) at compile-time:setto one,addresscheckingwill be
enabled,andsetto zeroit will bedisabled.Its valuecannotbealteredat run-time.MEMORY cansimilarly
bealteredfrom its default valueof 16384if desired.

TheC compilermustusetwos-complementarithmetic.Thesettingsin bportab.h aretestedwhenthe
Beetletestsarerun. If any is incorrect,thechangesthatshouldbemadearelisted.

B.3.2 Compilation

Theutility Make is requiredto compileBeetleassupplied;this is availableonmostsystems.First,edit the
makefile,which is calledMakefile, sothat it will work with theC compilerandlinker to beused.The
variablesCCflags,Linkflags,CC andLinkmayneedto bechanged.ThensetTouch sothatit will,
whenprependedto a filename,form a commandthatchangesthetimestampof thefile to thecurrenttime
(onmany systems,touch is thecorrectcommand).

Now runMake with Makefile asthemakefile,andC Beetleshouldcompile.To testtheBeetle,run the
scriptfile btests. TheBeetleobjectfilescanbemadeseparatelyasthetargetbeetle; thetestprograms
canbemadeasthetargetbtests.

B.3.3 Registersand memory

Beetle’s registersaredeclaredin beetle.h. Theirnamescorrespondto thosegivenin [8, sectionA.2.1],
althoughsomehave beenchangedto meetthe requirementsfor C identifiers.C Beetledoesnot allocate
any memoryfor Beetle,nor doesit initialise any of the registers.C Beetleprovides the interfacecall
init beetle()to do this (seesectionB.3.4).

ThevariablesI, A, MEMORY, BAD andADDRESS correspondexactly with theBeetleregistersthey repre-
sent,andmaybe readandassignedto accordingly, bearingin mind the restrictionson their usegivenin
[8] (e.g.copiesof BAD andADDRESS mustbekeptin Beetle’smemory).THROW is apointerto theBeetle
register’THROW, so theexpression*THROW maybeusedastheBeetleregister. CHECKED is a constant
expressionwhichmaybereadbut notassignedto.

EP, M0, SP andRP aremachinepointersto the locationsin Beetle’s addressspaceto which the corre-
spondingBeetleregisterspoint. Appropriateconversions(pointeradditionor subtractionwith M0) must
thereforebemadebeforeusingthevalueof oneof thesevariablesasaBeetleaddress,andwhenassigning
a Beetleaddressto oneof the correspondingregisters.Examplesof suchconversionsmay be found in
execute.c, wherethebForth instructionsareimplemented.

Thememoryis accessedviaM0, whichpointsto thefirst byteof memory. BeforeBeetleis startedby calling
run() or single step(), M0 mustbesetto point to abytearraywhichwill beBeetle’smemory.
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Interface call Object file
run() run.o

single step() step.o
load object() loadobj.o
save object() saveobj.o
init beetle() storage.o andtests.o

TableB.2: Objectfiles correspondingto interfacecalls

B.3.4 Using the interface calls

Theoperationof theinterfacecalls(exceptfor init beetle()) is givenin [8]. Here,theC prototypescorre-
spondingto theidealisedprototypesusedin [8] aregiven.

Files to be loadedandsaved arepassedasC file descriptors.Thus,thecalling programmustitself open
andclosethefiles.

CELL run()

Thereasoncodereturnedby run() is aBeetlecell.

CELL single step()

Thereasoncodereturnedby single step() is a Beetlecell.

int load object(FILE *file, CELL *address)
If a filing erroroccurs,thereturncodeis -3, which correspondsto a returnvalueof EOF from
getc().

int save object(FILE *file, CELL *address, UCELL length)
If a filing erroroccurs,thereturncodeis -3, which correspondsto a returnvalueof EOF from
putc().

load library() andsave standalone()arenot implemented(seesectionB.2).

In additionto therequiredinterfacecallsC Beetleprovidesinit beetle()which,givena bytearray, its size
andaninitial valuefor EP, initialisesBeetle:

int init beetle(BYTE *b array, long size, UCELL e0)
size is the lengthof b array in cells (not bytes),ande0 is theBeetleaddressto which EP
will beset.Thereturnvalueis -1 if e0 is not alignedor out of range,and0 otherwise.All the
registersareinitialisedasper [8], andthoseheld in Beetle’s memoryaswell arecopiedthere.
Varioustestsaremadeto ensurethatBeetlehascompiledproperly, andtheprogramwill stop
anddisplaydiagnosticmessagesif not.

Programswhich useC Beetle’s interfacemust#include theheaderfile beetle.h andbelinkedwith
theobjectfiles correspondingto theinterfacecallsused;thesearegivenin tableB.2.opcodes.h, which
containsanenumerationtypeof Beetle’s instructionset,anddebug.h, whichcontainsusefuldebugging
functionssuchasdisassembly, mayalsobeuseful;they arenot documentedhere.(To usethefunctionsin
debug.h, link with debug.o.)

B.3.5 Other extrasprovided by C Beetle

C Beetleprovidesthe following extra quantitiesandmacroin beetle.h which areusefulfor program-
mingwith Beetle:
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B TRUE: a cell with all bitsset,whichBeetleusesasa trueflag.

B FALSE: a cell with all bits clear, whichBeetleusesasa falseflag.

CELL W: thewidth of a cell in bytes(4).

NEXT: a macrowhichperformstheactionof theNEXT instruction.



Appendix C

A simpleuser interface for the Beetle
virtual processor

C.1 Intr oduction

The Beetlevirtual processor[8] providesa portableenvironmentfor the pForth Forth compiler [10], a
compiler for ANSI StandardForth [1]. C Beetle[8] is a versionof Beetlewritten in ANSI C so that it
is itself easilyportable.This paperdescribesa simpleuser-interfacefor Beetlewhich usesC Beetle,asit
is itself written in C, thoughwith suitablecalling-interfaceglue it could be madeto work with a native
codeBeetle.Theuser-interfaceprovidesaccessto Beetle’s registers,allowsthestacksto bedisplayed,and
providesdisassemblyandsingle-stepping.

C.2 Compilation

As supplied,theprogramconsistsof oneC file, uiface.c, which is partof theC Beetledistribution,and
is compiledwhentheentiredistribution is made,resultingin theexecutablefile uiface. It canbemade
separatelyastheMake targetuiface. uiface is acommandwhich takesnoparameters.

There is a possibledifficulty with compilation:on Unix and similar systems,the macrosGETCH and
PUTCH(c) required by C Beetle in bportab.h are unwieldy to define. They should be set to
getchar() and putchar(c) respectively (NEWL may be definedas putchar(’\n’)), and in
thesameplacethesymbolunix shouldbedefined(if it is not definedautomaticallyby theC compiler).
Extracodeis thenincludedfrom noecho.c to initialiseandresetthekeyboardbeforeandafterinvoking
Beetlewithin theuser-interface.If thisdoesnotwork, thennoecho.c anduiface.cmustbemodified.

C.3 Initialisation

Whentheuser-interfaceis started,anembeddedBeetlewith 16384cellsof memoryiscreated.Theregisters
whicharesetto system-dependentvaluesareinitialisedasshown in tableC.1.

I is uninitialised.A is setto zero:thishastheeffect thatwhenaSTEP or RUN commandis given,aNEXT
instructionwill be performed.Thus,wheninitialisation is performedby a LOAD command(seesection
C.4.5),theBeetlemaybestartedwith RUN or STEP immediatelyafter theLOAD command,without the
needfor FROM. Thememoryfrom byte16upwardsis zeroed.

53
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Register Initial value
EP 10h

MEMORY 10000h
’THROW 0h

TableC.1:Registerswith system-dependentinitial values

C.4 Commands

Theuser-interfaceis command-driven.All commandsandregisternamesmaybeabbreviatedto their first
few letters;wherecommandsstartwith thesameletters,thereis asetorderof precedence,aimedatgiving
themostcommonlyusedcommandstheshortestminimumabbreviations(seesectionC.5).All commands
arecase-insensitive.

If anunrecognisedcommandis given,or thecommandhastoo few arguments,or they arebadlyformed,
anerrormessageis displayed.Commandlinescontainingextraneouscharactersafteravalid commandare
generallyaccepted,andtheextracharactersignored.

Numbersareall integral, andmay be given in eitherdecimalor hexadecimal(which mustbe followed
directlyby “h” or “H”), with anoptionalminussign.

For someargumentsa machineinstructionmayalsobeused,precededby “O”, for opcode.Thevalueof a
machineinstructionis its opcode.Opcodesarebyte-widevalues;whenusedasa cell, themostsignificant
threebytesaresetto zero.

The syntaxof the commandsis shown below; literal text suchascommandnamesandothercharacters
areshown in Typewriter font; meta-parameterssuchasnumbersareshown in anglebrackets,thus:qsr�t�uAvxw�y�z

. Verticalbarsseparatealternatives,andsquarebracketsencloseoptionalsyntax.

Therearethreetypesof numericmeta-parameter:
qsr�t�u{vxw�y�z

, which is any number;
q}|�~�~�y�w�����z

, which is a
valid address(betweenzeroandMEMORY ) 1 inclusive,or zeroandMEMORY if assigningto RP, R0, SP
or S0); and

q}��| n t�w�z , which is a numberor anopcode.

C.4.1 Registers

Beetle’s registersmaybedisplayedby typing their name.Thenamesusedareslightly differentfrom the
namesgiven in [8], andin fact follow the namesusedfor the correspondingvariablesin C Beetle.This
is to avoid the necessityof typing awkward charactersin the namesof registerssuchas’THROW and
-ADDRESS. Theregisterswhichhavedifferentnamesfrom thosein [8] aregivenin tableC.2.

Register Name
’THROW THROW
’BAD BAD

-ADDRESS ADDRESS

TableC.2:Registersandtheiruser-interfacenames

Theregistersmayalso(whereappropriate)beassignedto usingthesyntax

q}y�w$� X �"��w"y�z > qs��| n t	w�z
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where
qs��| n t	w�z is in the form given in sectionC.4. An error messageis displayedif an attemptis made

to assignto a registersuchasCHECKED, which cannotbe assignedto, or to assignan unalignedor out
of rangeaddressto a registerwhich musthold analignedaddress,suchasSP. TheFROM command(see
sectionC.4.4)shouldbeusedin preferenceto assigningto EP.

Two additionalpseudo-registersareprovidedby theuser-interface:they arecalledS0 andR0, andarethe
addressof thebaseof thedataandreturnstacksrespectively. They aresetto the initial valuesof RP and
SP, andareprovidedsothat they canbechangedif thestacksaremoved,sothestackdisplaycommands
will still work correctly.

ThecommandREGISTERS displaysthecontentsof EP, I andA, usefulwhenfollowing theexecutionof
a program.

C.4.2 The stacks

ThestacksmaybemanipulatedcrudelyusingtheregistersSP andRP but it is usuallymoreconvenientto
usethecommands

>D
qsr�t�u{vxw�y�z
D>

which respectively pushanumberon to thedatastackandpopone,displayingit, and

>R
qsr�t�u{vxw�y�z
R>

whichdo thesamefor thereturnstack.

ThecommandDATA displaysthecontentsof thedatastack,andRETURN thecontentsof thereturnstack.
STACKS displaysbothstacks.

If astackunderflows,or thebasepointeror topof stackpointeris outof rangeor unaligned,anappropriate
errormessageis displayed.

C.4.3 Memory

Thecontentsof anaddressmaybedisplayedby giving theaddressasa command.If theaddressis cell-
alignedthewholecell is displayed,otherwisethebyteat thataddressis shown.

A largersectionof memorymay be displayedwith the commandDUMP, which may be usedin the two
forms

DUMP
q�|�~S~Sy�w�����z

+
qsr�t�u{viw"y�z

DUMP
q}|�~�~�y�w���� � z6q�|�~S~Sy�w���� � z

wherethefirst displays
qsr�t�uAvxw�y�z

bytesstartingat address
q�|�~S~Sy�w�����z

, andthe seconddisplaysmemory
from address

q�|�~S~Sy�w���� � z
up to, but not including,address

q}|�~S~Sy�w���� � z
. An errormessageis displayedif

thestartaddressis lessthanor equalto theendaddressor if eitheraddressis outof range.

A commandof theform

q�|�~S~Sy�w�����z > qs��| n t	w�z
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assignsthevalue
q}��| n t	w�z to theaddress

q}|�~�~�y�w�����z
. If theaddressis not cell-aligned,thevaluemustfit in

a byte,andonly thatbyte is assignedto. Whenassigningto analignedmemorylocation,a wholecell is
assignedunlessthenumbergivenfits in abyte,andis givenusingtheminimumnumberof digits required.
Thisshouldbenotedtheotherwayaround:to assignabyte-sizedsignificandto acell, it shouldbepadded
with a leadingzero.

C.4.4 Execution

ThecommandINITIALISE initialisesBeetleasin sectionC.3.

ThecommandSTEP maybeusedto single-stepthroughaprogram.It hasthreeforms:

STEP
STEP

qsr�t�u{vxw�y�z
STEP TO

q�|�~S~Sy�w�����z

Without arguments,STEP executesoneinstruction.Given a number, STEP executes
q}r�t�uAvxw�y�z

instruc-
tions.STEP TO executesinstructionsuntil EP is equalto

q}|�~�~�y�w�����z
.

The commandTRACE, hasthe samesyntaxasSTEP, and performsthe samefunction; in addition, it
performstheactionof theREGISTERS commandaftereachbForth instructionis executed.

ThecommandRUN allowsBeetleto executeuntil it reachesaHALT instruction,if ever. Thecodepassedto
HALT is thendisplayed.Thecodeis alsodisplayedif aHALT instructionis ever executedduringaSTEP
command.

ThecommandFROM setsthepointof execution.It hastwo forms:

FROM
FROM

q�|�~S~Sy�w�����z

Without arguments,FROM performsthe function of Beetle’s NEXT instruction,that is, it loadsA from
thecell pointedto by EP, andaddsfour to EP. With anargument,FROM setsEP to

q�|�~�~Sy�w�����z
, andthen

performsthefunctionof NEXT. FROM shouldbeusedin preferenceto assigningdirectly to EP.

ThecommandDISASSEMBLE disassemblesbForthcode.It maybeusedin thetwo forms

DISASSEMBLE
q�|�~S~Sy�w�����z

+
qsr�t�u{vxw�y�z

DISASSEMBLE
q}|�~S~Sy�w���� � z6q�|�~�~Sy�w���� � z

wherethefirst disassembles
qsr�t�uAvxw�y�z

bytesstartingat address
q}|�~�~�y�w�����z

, andthesecondfrom addressq}|�~�~�y�w���� � z
up to, but not including, address

q}|�~S~Sy�w���� � z
. The addressesmust be cell-aligned,and the

numberof bytesmustbea multiple of four. An errormessageis displayedif thestartaddressis lessthan
or equalto theendaddress,or if eithertheaddressor numberof bytesis notalignedor is outof range.

ThecommandCOUNTS displays,if CHECKED is 1, thenumberof timesthateachBeetleinstructionhas
beenexecutedsincethelastinitialisation(includingloads).

C.4.5 Object modules

Thecommand

LOAD
q�� X�n w�z�q�|�~�~Sy�w�����z
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initialisesBeetleas in sectionC.3, then loadsthe object modulein file
q�� X�n w�z into memoryat addressq}|�~�~�y�w�����z

. Theaddressmustbecell-aligned;if it is not, or if themodulewould not fit in memoryat the
addressgiven,or thereis somefiling error, anerrormessageis displayed.

ThecommandSAVE savesanobjectmodule.It hasthetwo forms

SAVE
q�� X�n w�z�q�|�~S~Sy�w�����z + qsr�t�u{vxw�y�z

SAVE
q�� X�n w�z6q}|�~S~Sy�w���� � z6q�|�~�~Sy�w���� � z

wherethe first saves
qsr�t�u{vxw�y�z

bytesstartingat address
q}|�~�~�y�w�����z

, andthe secondsavesfrom addressq}|�~�~�y�w���� � z
up to, but not including, address

q}|�~S~Sy�w���� � z
. The addressesmust be cell-aligned,and the

numberof bytesmustbea multiple of four. An errormessageis displayedif thestartaddressis lessthan
or equalto theendaddress,or if eithertheaddressor numberof bytesis notalignedor outof range.

Themoduleis saved to thefile
q�� X�n w�z . An errormessageis displayedif thereis somefiling error, but no

warningis givenif afile of thatnamealreadyexists;it is overwritten.

C.4.6 Exiting

ThecommandQUIT exits theuser-interface.No warningis given.

C.5 Commandabbreviations

Below arelistedthecommands,eachwith its minimumabbreviation.Registernamesmaybeabbreviated
similarly, aslongastheabbreviationdoesnotclashwith acommandabbreviation: if thereis anambiguity,
it is assumedthatthecommandwasintended.

Command Minimum abbreviation
>D >
>R >R

COUNTS C
DISASSEMBLE D

D> D>
DATA DA
DUMP DU
FROM F

INITIALISE I
LOAD L
QUIT Q

REGISTERS R
R> R>

RETURN RET
RUN RU
STEP S
SAVE SA
STACKS ST
TRACE T

TableC.3:Minimum abbreviationsof commands
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The pForth portable Forth compiler

D.1 Intr oduction

pForth is a Forth compilerwhich complieswith the ANSI Forth standard[1]. It is designedto be easily
portablebetweendifferenthostenvironmentsandprocessors(the “p” in pForth standsfor “portable”). It
hasbeenimplementedonAcornRISCOS,andontheBeetlevirtual processor[8]. It is designedto beused
asa teachingtool, andto thisendis writtenmostlyin standardForth,sothattheworkingsof thecompiler
can be examinedand understoodby studentslearningthe language;the compiler itself can be usedto
illustratethelanguageandtheANSI standard.Someprimitive functionsarewritten in assemblycode,and
thecompilerhasafew environmentaldependencies,suchasrequiringtwos-complementarithmetic,which
areexploitedto make thesystemsimpler.

Becauseit is designedto beeasilyunderstoodandported,thecompileris simple,usingfew optimisations,
andwith little error checking.It doesnot implementthe whole of the ANSI standard,notablyomitting
compilationfrom text files,anddoublenumberandfloatingpointarithmetic.

D.2 Documentationrequiredby the ANSI standard

SectionD.2.1containstheANS labellingfor pForth; theothersectionsgivethedocumentationrequiredin
[1, section4.1], laid out like thecorrespondingsectionsin thestandard.

D.2.1 Labelling

pForth is anANS ForthSystem

providing theCoreExtensionswordset(exceptCONVERT, EXPECT, SPAN andUNUSED),

providing theBlock Extensionswordset,

providing D+, D., D.R, D0=, D>S, DABS, DNEGATE, M+ and2ROT from the Double-Number
Extensionswordset,

providing theExceptionExtensionswordset,

providing (, BIN, CLOSE-FILE, CREATE-FILE, OPEN-FILE, R/O, R/W, READ-FILE,
REPOSITION-FILE,W/O andWRITE-FILE from theFile Extensionswordset,

providing.S,?,WORDS,AHEAD,BYE,CS-PICK,CS-ROLL andFORGET from theProgramming-
ToolsExtensionswordset,

58
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providing theSearch-OrderExtensionswordset,

providing-TRAILING, BLANK, CMOVE, CMOVE> andCOMPARE from theStringExtensionsword
set.

D.2.2 Implementation-definedoptions

D.2.2.1 Coreword set

– Alignedaddressesarethoseaddresseswhicharedivisibleby four.

– When given a non-graphiccharacter, EMIT passesthe codeto the host environment’s character
outputroutine.

– ACCEPT allows theinput to beeditedby pressingthebackspacekey or equivalentto deletethelast
characterentered(or donothingif therearecurrentlynocharactersin theinput).

– Thecharactersetcorrespondswith oneof thepermittedsetsin therangeC 32.. .126D but is otherwise
environment-dependent.

– All addressesarecharacter-aligned.

– All charactersin any charactersetextensionsarematchedwhenfindingdefinitionnames.

– Controlcharactersnevermatchaspacedelimiter.

– Thecontrol-flow stackis implementedusingthedatastack.All itemsplacedon thestackaresingle
cellsexceptfor

MH�H
�U��	U
elements,whichoccupy two cells.

– Digits larger thanthirty-five arerepresentedby characterswith codesstartingat thefirst character
after“Z”, modulothesizeof thecharacterset.

– After input terminatesin ACCEPT, thecursorremainsimmediatelyaftertheenteredtext.

– ABORT"’sexceptionabortsequenceis to executeABORT.

– Theendof aninput line is signalledby pressingthereturnkey or equivalent.

– Themaximumsizeof acountedstringis 255characters.

– Themaximumsizeof aparsedstringis * & � )�7 characters.

– Themaximumsizeof adefinitionnameis 31characters.

– Themaximumstringlengthfor ENVIRONMENT? is 255characters.

– Only oneuserinputdevice(thekeyboard)is supported.

– Only oneuseroutputdevice(theterminaldisplay)is supported.

– Thereareeightbits in oneaddressunit.

– Numberrepresentationandarithmeticis performedwith binarynumbersin twos-complementform.

– TypesE and
M

rangeover C -2& � . . .2& � )_7 D , types ��E and � M over C e��$�$� * & � )_7 D and 9 and 9 M over
C e��"�$� * & � )�7 D .

– Thereareno read-onlydata-spaceregions.

– Thebuffer atWORD is 256charactersin size.

– A cell is four addressunitsin size.
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– A characteris oneaddressunit in size.

– Thekeyboardterminalinputbuffer is 256charactersin size.

– Thepicturednumericoutputstringbuffer is 256charactersin size.

– Thescratchareawhoseaddressis returnedby PAD is 256charactersin size.

– Thesystemis case-sensitive.

– Thesystempromptis “ok”.

– All standarddivisionwordsuseflooreddivisionexceptSM/REM, whichusessymmetricdivision.

– Whentrue,STATE takesthevalue1.

– Whenarithmeticoverflow occurs,thevaluereturnedis theanswermodulothelargestnumberof the
resulttypeplusone.

– ThecurrentdefinitioncannotbefoundafterDOES> is compiled.

D.2.2.2 Block word set

– LIST displays“Block” followed by the block numberin decimal,thenthe block assixteenlines
eachof sixty-fourcharacters,numberedfrom noughtto fifteenin decimal.

– \ discardsup to thenext multipleof sixty-fourcharacterswhenusedin a block.

D.2.2.3 Exceptionword set

– Exceptions-1, -2, -10, -11, -14 and-56mayberaisedby thesystem.Exceptionvalues-256to -511
arereservedfor theenvironmentexecutingpForthto raiseexceptions.Value-512is usedby theword
(ERROR"). Otherexceptionsin therangeC -255.. . -1 D mayberaisedby thehostenvironment.

D.2.2.4 File word set

Theimplementation-definedoptionsdependonthehostoperatingsystem.

D.2.2.5 Search-Order word set

– Thesearchordermaycontainup to eightword lists.

– Theminimumsearchorderconsistsof thesingleword list identifiedby FORTH-WORDLIST.

D.2.3 Ambiguousconditions

The following ambiguousconditionsarerecognisedandactedupon;all otherambiguousconditionsare
ignoredby the System(althoughsomeof them may result in action being taken by the host machine,
suchasaddressinga region outsidedataspaceresultingin anaddressexception).Dashesdenotegeneral
ambiguousconditionswhich could arisebecauseof a combinationof factors;asterisksdenotespecific
ambiguousconditionswhicharenotedin theglossaryentriesof therelevantwordsin thestandard.
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D.2.3.1 Coreword set

– If a namethatis neithera valid definitionnamenora valid numberis encounteredduringtext inter-
pretation,thenameis displayedfollowedby aquestionmark,andABORT is executed.

– If adefinitionnameexceedsthemaximumlengthallowed,it is truncatedto themaximumlength(31
characters).

– If division by zero is attempted,-10 THROW is executed.By default this displaysthe message
“divisionby zero”andexecutesABORT.

– Whenawordwith undefinedinterpretationsemanticsis interpreted,themessage“compilationonly”
is displayed,andABORT is executed.

– If the datastackhasunderflowed when the “ok” prompt would usually be displayedby QUIT,
ABORT" is executedwith themessage“stackunderflow”. All otherstackunderflow conditionsare
ignored.

* If RECURSE appearsafterDOES>, theexecutionsemanticsof theword containingtheDOES> are
appendedto thatwordwhile it is beingcompiled.

* If the argumentinput sourceis differentfrom the currentinput sourcefor RESTORE-INPUT, the
flagreturnedis true.

* If dataspacecontainingdefinitionsis de-allocated,thosedefinitionscontinueto befoundby dictio-
nary search,andremainintact until overwritten,whenthe effectsdependon exactly what is over-
written,but will probablyincludenamelookupmalfunctionandincorrectexecutionsemantics.

* If IMMEDIATE is executedwhenthemostrecentdefinitiondoesnot have a name, themostrecent
nameddefinitionin thecompilationword list is madeimmediate.

* If anameis not foundby’, POSTPONE, [’] or[COMPILE], thenameis displayedfollowedby a
questionmark,andABORT is executed.

* If POSTPONE or [COMPILE] is appliedto TO, the semanticsof TO areappendedto the current
definitionsothatwhenthedefinitionis executedin interpretationmode,theinterpretationsemantics
of TO areperformed,andin compilationmode,thecompilationsemantics.

D.2.3.2 Block word set

– If a correctblock readwasnot possiblebecausethe blocksfile could not be opened,the message
“blocks file not found” is displayedandABORT is executed.Otherreasonsfor a block readfailing
arenotdetectedor handled.

* If a programaltersBLK directly input is redirectedto theblock numberstoredin BLK; >IN retains
its currentvalue.If this is largerthanthesizeof a block,othereffectswill occur.

* If thereis no currentblock buffer, thebuffer whosenumberis containedin thevariableVALID is
updated.

D.2.3.3 Double-Numberword set

* If
M

is outsidetherangeof E in D>S, theleast-significantcell of thenumberis returned.
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D.2.3.4 Programming-Toolsword set

* If thecompilationword list is deletedby FORGET, new definitionswill still beaddedto thedefunct
word list; if therelevantdatastructuresaresubsequentlyoverwritten,incorrecteffectswill probably
occur.

* If FORGET cannotfind name, nameis displayedfollowedby a questionmark,andABORT is exe-
cuted.

D.2.3.5 Search-Order word set

* Changingthecompilationwordlist duringcompilationhasnoeffect;changingthecompilationword
list beforeDOES> or IMMEDIATE causesthe mostrecentdefinition in the new compilationword
list to bemodified;in the formercasethis maycausethenext definition in memoryto bepartially
overwritten.

* If thesearchorderis empty, PREVIOUS hasnoeffect.

* If ALSO is executedwhenthesearchorderis full, thelastword list in thesearchorderis lost.

D.2.4 Other systemdocumentation

D.2.4.1 Coreword set

– No non-standardwordprovidedusesPAD.

– Theterminalfacilitiesavailablearea singleinput (thekeyboard),anda singleoutput(theterminal
display).

– Theavailableprogramdataspaceis dependenton thememoryavailablein thehostenvironment.

– 4096cellsof returnstackspaceis available.

– 4096cellsof datastackspaceis available.

– The systemdictionary spacerequireddependson the implementation,and is typically under32
kilobytes.

D.2.4.2 Block word set

– No multiprogrammingsystemis provided,sotherearenoadditionalrestrictionson theuseof buffer
addresses.

– Thenumberof blocksavailabledependson thesystemconfiguration.
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bForth Assembler

KERNEL VOCABULARY ASSEMBLER ALSO ASSEMBLER DEFINITIONS
MARKER DISPOSE
: BITS S" ADDRESS-UNIT-BITS" ENVIRONMENT?

INVERT ABORT" ADDRESS-UNIT-BITS query not supported" ;
BITS DISPOSE CONSTANT BITS/

FORTH DEFINITIONS
: CODE HEADER ;
ASSEMBLER DEFINITIONS
: END-CODE ALIGN ;

: INLINE ( char -- ) LAST >INFO 2 + C! ;

: FITS ( x addr -- flag ) DUP ALIGNED >-< BITS/ * 1-
1 SWAP LSHIFT SWAP DUP 0< IF INVERT THEN U> ;

: FIT, ( x -- ) HERE DUP ALIGNED >-< 0 ?DO DUP C,
BITS/ RSHIFT LOOP DROP ;

VARIABLE M0
: OPLESS CREATE C, DOES> C@ C, ;
: OPFUL CREATE C, DOES> C@ OVER HERE 1+ FITS IF 1+ C, FIT,

ELSE C, 0 FIT, , THEN ;
: OPADR CREATE C, DOES> C@ OVER HERE 1+ ALIGNED - CELL/

DUP HERE 1+ FITS IF SWAP 1+ C, FIT, DROP ELSE DROP C,
0 FIT, M0 @ - , THEN ;

: 0OPS SWAP 1+ SWAP DO I OPLESS LOOP ;
: BOPS SWAP 1+ SWAP DO I OPADR 2 +LOOP ;

HEX
41 00 0OPS
BNEXT00 BDUP BDROP BSWAP BOVER BROT B-ROT BTUCK
BNIP BPICK BROLL B?DUP B>R BR> BR@ B<
B> B= B<> B0< B0> B0= B0<> BU<
BU> B0 B1 B-1 BCELL B-CELL B+ B-
B>-< B1+ B1- BCELL+ BCELL- B* B/ BMOD
B/MOD BU/MOD BS/REM B2/ BCELLS BABS BNEGATE BMAX
BMIN BINVERT BAND BOR BXOR BLSHIFT BRSHIFT B1LSHIFT
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B1RSHIFT B@ B! BC@ BC! B+! BSP@ BSP!
BRP@ BRP!

44 42 BOPS BBRANCH B?BRANCH
47 46 0OPS BEXECUTE B@EXECUTE
48 OPADR BCALL
4B 4A 0OPS BEXIT B(DO)
4E 4C BOPS B(LOOP) B(+LOOP)
51 50 0OPS BUNLOOP BJ
52 OPFUL B(LITERAL)
5B 54 0OPS BTHROW BHALT B(CREATE) BLIB BOS BLINK

BRUN BSTEP
DECIMAL

FORTH DEFINITIONS PREVIOUS
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A typical C Beetletestprogram

This appendixcontainsthesourceandoutput(whencompiledin debuggingmode)of oneof theC Beetle
testprograms.Thisprogramcomesfrom thefile aritmtit.c, andteststhearithmeticinstructions.

F.1 Sourcefor the arithmetic instructions test

The revision recordandprogramdescriptionareomitted.First cometheheaderfiles andanarraycalled
correct. Thisarrayis foundin mosttestprograms,althoughits typeandexactfunctionvaries.It always
containsvalueswhicharecomparedwith othersgeneratedin thecourseof thetest.In thiscase,it contains
stackpictures,whicharecomparedwith thestateof thedatastackduringthetest.

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include "beetle.h" /* main header */
#include "btests.h" /* Beetle tests header */
#include "opcodes.h" /* opcode enumeration */
#include "debug.h" /* debugging functions */

char *correct[] = { "", "0", "0 1", "0 1 -1", "0 1 -1 " QCELL_W,
"0 1 -1 " QCELL_W " -" QCELL_W, "0 1 " QCELL_W " -" QCELL_W " -1",
"0 1 " QCELL_W " -5", "0 1 -1", "0 2", "0 3", "0 2", "2 0",
"2 " QCELL_W, "2 0", "2 0 -1", "2 0 -1 " QCELL_W, "2 0 -" QCELL_W,
"2 -" QCELL_W, "-2 -1", "2", "2 -1", "0", "1", QCELL_W, "2", "",
QCELL_W, "-" QCELL_W, QCELL_W, QCELL_W, QCELL_W " 1", QCELL_W,
QCELL_W " -" QCELL_W, "-" QCELL_W, "-" QCELL_W " 3", "-1 -1",
"-1", "-1 -2", "1 1" };

Next comesthe main function. It returnszero for successandonefor failure, in caseit is beingused
by anotherprogram(suchasa programrunninga batteryof tests).First it setsup a Beetlewith a call to
init beetle:

int main(void)
{

int i;
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init_beetle((BYTE *)malloc(1024), 256, 16);
here = EP;
S0 = SP; /* save base of stack */

It alsosetsthepoint of assembly, here, to EP, andrecordsthebaseof thestackin S0 for laterusewhen
examininganddisplayingthestack.Next, thetestprogramis assembled.

start_ass();
ass(O_ZERO); ass(O_ONE); ass(O_MONE); ass(O_CELL);
ass(O_MCELL); ass(O_ROT); ass(O_PLUS); ass(O_PLUS);
ass(O_MINUS); ass(O_PLUS1); ass(O_MINUS1); ass(O_SWAP);
ass(O_PLUSCELL); ass(O_MINUSCELL); ass(O_MONE); ass(O_CELL);
ass(O_STAR); ass(O_SWAPMINUS); ass(O_SLASHMOD); ass(O_SLASH);
ass(O_MONE); ass(O_MOD); ass(O_PLUS1); ass(O_CELLS);
ass(O_SLASH2); ass(O_DROP); ass(O_CELL); ass(O_NEGATE);
ass(O_ABS); ass(O_ABS); ass(O_ONE); ass(O_MAX);
ass(O_MCELL); ass(O_MIN); ass(O_LITERALI); ilit(3);
ass(O_SSLASHREM); ass(O_DROP); ass(O_LITERALI); ilit(-2);
ass(O_USLASHMOD); ass(O_NEXTFF);
end_ass();

Finally, the testprogramis run,andanappropriatemessageprinted.If debuggingis switchedon via def-
inition of thesymbolB DEBUG somediagnosticsaredisplayedduringtherun.Thesearedisplayedin the
next section.

NEXT; /* load first instruction word */

for (i = 0; i <= instrs - instrs / 5; i++) {
#ifdef B_DEBUG

show_data_stack();
printf("Correct stack: %s\n\n", correct[i]);
#endif

if (strcmp(correct[i], val_data_stack())) {
printf("Error in AritmtiT: EP = %ld\n", val_EP());
exit(1);

}
single_step();
if (I == O_NEXT00) i--;

#ifdef B_DEBUG
printf("I = %s\n", disass(I));

#endif
}

printf("AritmtiT ran OK\n");
return 0;

}

F.2 Output fr om arithmetic instructions test

Data stack:
Correct stack:
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I = 0
Data stack: 0
Correct stack: 0

I = 1
Data stack: 0 1
Correct stack: 0 1

I = -1
Data stack: 0 1 -1
Correct stack: 0 1 -1

I = CELL
Data stack: 0 1 -1 4
Correct stack: 0 1 -1 4

I = NEXT00
Data stack: 0 1 -1 4
Correct stack: 0 1 -1 4

I = -CELL
Data stack: 0 1 -1 4 -4
Correct stack: 0 1 -1 4 -4

I = ROT
Data stack: 0 1 4 -4 -1
Correct stack: 0 1 4 -4 -1

I = +
Data stack: 0 1 4 -5
Correct stack: 0 1 4 -5

I = +
Data stack: 0 1 -1
Correct stack: 0 1 -1

I = NEXT00
Data stack: 0 1 -1
Correct stack: 0 1 -1

I = -
Data stack: 0 2
Correct stack: 0 2

I = 1+
Data stack: 0 3
Correct stack: 0 3

I = 1-
Data stack: 0 2
Correct stack: 0 2

I = SWAP
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Data stack: 2 0
Correct stack: 2 0

I = NEXT00
Data stack: 2 0
Correct stack: 2 0

I = CELL+
Data stack: 2 4
Correct stack: 2 4

I = CELL-
Data stack: 2 0
Correct stack: 2 0

I = -1
Data stack: 2 0 -1
Correct stack: 2 0 -1

I = CELL
Data stack: 2 0 -1 4
Correct stack: 2 0 -1 4

I = NEXT00
Data stack: 2 0 -1 4
Correct stack: 2 0 -1 4

I = *
Data stack: 2 0 -4
Correct stack: 2 0 -4

I = >-<
Data stack: 2 -4
Correct stack: 2 -4

I = /MOD
Data stack: -2 -1
Correct stack: -2 -1

I = /
Data stack: 2
Correct stack: 2

I = NEXT00
Data stack: 2
Correct stack: 2

I = -1
Data stack: 2 -1
Correct stack: 2 -1

I = MOD
Data stack: 0
Correct stack: 0
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I = 1+
Data stack: 1
Correct stack: 1

I = CELLS
Data stack: 4
Correct stack: 4

I = NEXT00
Data stack: 4
Correct stack: 4

I = 2/
Data stack: 2
Correct stack: 2

I = DROP
Data stack:
Correct stack:

I = CELL
Data stack: 4
Correct stack: 4

I = NEGATE
Data stack: -4
Correct stack: -4

I = NEXT00
Data stack: -4
Correct stack: -4

I = ABS
Data stack: 4
Correct stack: 4

I = ABS
Data stack: 4
Correct stack: 4

I = 1
Data stack: 4 1
Correct stack: 4 1

I = MAX
Data stack: 4
Correct stack: 4

I = NEXT00
Data stack: 4
Correct stack: 4

I = -CELL
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Data stack: 4 -4
Correct stack: 4 -4

I = MIN
Data stack: -4
Correct stack: -4

I = (LITERAL)I
Data stack: -4 3
Correct stack: -4 3

I = S/REM
Data stack: -1 -1
Correct stack: -1 -1

I = DROP
Data stack: -1
Correct stack: -1

I = (LITERAL)I
Data stack: -1 -2
Correct stack: -1 -2

I = U/MOD
Data stack: 1 1
Correct stack: 1 1

I =
AritmtiT ran OK
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The project

Theaim of theprojectwill beto developa virtual processor, Beetle,a Forth compilerto runon it, pForth,
itself written in Forth,anda user-interfaceto thesystem.Beetle,written in C, will beeasilyportable,and
its objectmoduleswill beexecutableon all themachineson which it runs,with automaticadjustmentfor
endianness.Two versionsof Beetlewill be produced:oneto embedin otherprograms,andonewhich
simplybootstrapsitself, allowing standalonesoftwareto bedeveloped.pForthwill complywith theANSI
Standardfor Forth(hereafterANS Forth).Dependingonthetimeavailableaftertheprocessorandcompiler
have beendeveloped,theuser-interfacemight bea GUI or a simpletext interface.Theuserinterfacewill
allow simplelow-level debugging.Oneof thedesignaimsof Beetleis that it shouldbeeasyto embedin
any user-interfaceor otherprogram,by providing a suitableinterfaceof routinescallableby a controlling
program;anotheris thatit beeasilyrecodablein machinecodefor fasterexecutiononaparticularmachine.
Sucharecodingwill beperformedfor theARM processorseries.

Beetlewill betestedata low level (instructionby instruction),andby its ability to runpForth.pForthwill
betestedby apartialANSI conformancesuite,andits ability to compilearangeof ‘real’ programssuchas
a parsergenerator, a Life simulator, anditself. Thelow-level testswill becarriedout on asmany machine
architecturesaspossible,andthecompilertestson asmany machinesasthereareuser-interfacesfor (the
samenumber, if thesimpletext-basedinterfaceis writtenportably).

Resourcesrequired

6 Mb of extra disk spaceon CUS will be usedfor storing backupsof projectfiles, and for compiling
Beetlefor portability testing.OtherresourcesI will usearemy own computers:anAtari ST, andanAcorn
Risc PC. In caseof hardwarefailure, I have two Atari systems,andthe UCS hastwo Acorn RISC OS
machines.In any case,all of thework exceptfor theGUI andmachinecodeversionof thevirtual processor
canbecarriedout on any machinewith anANSI C compilerandLATEX (whichwill beusedto typesetthe
dissertation).SincestrictANSI Cwill beusedtocodeBeetleandthetext-baseduser-interface,it isexpected
that,althoughdifferentC compilersmaybeusedon thedifferentmachines,therewill beno compatibility
problems.Theextradiskspacewill bevital if all my own computersfail andI haveto completetheproject
onCL/UCSequipment.

The starting point

The designof the virtual processor, my own, alreadyexists. However, it will be remodelled,chiefly to
increaseefficiency: the handlingof branchesand immediateaddressingwill be redesigned,endianness
will beincorporated,a standardobjectandlibrary moduleformatswill bedesigned,andstandardlibraries
correspondingto someof theANS Forthstandardwordsetswill beadded.Thecalling interfacesto Beetle
mustalsobedesigned.A preliminaryversionof thepForthcompilerhasbeenwrittenrunningunderAcorn
RISCOS;it musthavea meta-compiler� addedto it, sothatit canrecompileitself to rununderthevirtual
processor, andanassemblerfor Beetle’s machinecode,andit will bemadeANSI conformable.I have the
public domainsourceof a text-file browseron the Atari which I would extendto form the GUI, if it is
written; I would needto addthe debugger, anda simpleterminalemulatorto handleconsoleI/O for the
virtual processor.

�
A Forth meta-compileris anextensionto thecompilerwhich allows it to compileitself; this facility canbeusedto modify the

structureof thecompiler, or to cross-compileit, asin this case.
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Work plan

While the work plan must give targetsto be met, it shouldalso allow for reasonableflexibility owing
to externalpressures,andchangesin theproject’sdesign.Thusthework planis presentedin phases,with
goalsto beachievedduringeachphase.By theendof eachphase,all goalsin thephaseshouldbeachieved,
but theirorderof executionis unspecified.

Michaelmasterm

Goal 1: Implementationof Beetle

Subgoala: redesignBeetle

Subgoalb: designtheimplementationof Beetle

Subgoalc: designthetestingschedule

Subgoald: implementandtestBeetle

Goal 2: Designof metacompiler

Subgoala: assesschanges/additionsto pForth thatareneeded

Subgoalb: designmetacompilerto meetthesecriteria

Goal 3: ANSIficationof pForth

Subgoala: discoverwordsto beadded/changedin pForth

Subgoalb: designandwrite changes/additions

Subgoalc: complywith documentationrequirementsof ANS Forth

Christmas vacation

Goal 1: Write Introductionof dissertation

Goal 2: Write uppartof Implementationdealingwith Beetle

Goal 3 (optional): Work onGUI (decidewhetherto proceedtherewith)

Checkpoint at the progressreport (3rd February)

Beetleandthedesignfor theportingof pForthshouldbecomplete(i.e.all goalsabove,andpartof goal2,
subgoala below); theuserinterfaceshouldalsobewell underway (at leastsubgoala).

Lent term

Goal 1: Write userinterface

Subgoala: designuserinterfaceandtestingschedule

Subgoalb: implementandtest

Goal 2: ImplementpForthonBeetle

Subgoala: designandwrite assemblerfor Beetlein pForth

Subgoalb: designandimplementporting,with any specialfixesneeded
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Goal 3: Write partsof dissertationcoveringwork donesofar

Theschedulefor thisdependsheavily onhow muchwriting is doneduringtherestof theproject.

Eastervacation

Goal 1 (optional): Write mostof final component(GUI or ARM-optimisedBeetle).Thiswill beplanned
shortlyaftertheprogressreportwhenthefeasibilityof attemptingit hasbeenassessed,andadecision
to proceedhasbeenmade.

Goal 2: Finishthedissertationasfaraspossible

Easter term

Overspill: Work asnecessaryoncode

Goal: Finish,editandpublishthedissertation

Note: therewill bevery little time available(I want to spendmostof my time on revision). If necessary,
mostof theEastertermlecturecoursescanbeavoided.


