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Original Aims
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tation of it, an ANSI standard~orth compilerto run onit, anda userinterfaceanddelugger
for the system.Dependingon the time available after the processorland compilerhad been
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Work completed
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Chapter 1

Intr oduction

The aim of the projectthat this dissertatiordescribesvasto producea systemsuitablefor teachingthe
languagd-orth. Thiswould consistof avirtual processqrcalledBeetle whichwouldrunanANSI standard
Forth compiler, calledpForth (standingfor “portableForth”). Thevirtual processowould be designedo
matchthe needsof a Forth compiler andwould be implementedn ANSI C, to make the whole system
easilyportable. The compilerwould bewrittenin a mixture of virtual processoassemblycodeandForth,
andwould beprovidedin compiledform, readyto run onthevirtual processarA simpledeluggeranduser
interfacewould be provided from which the compilercould be run andmonitored.The deluggerwould
alsobeusedto aid the porting of the Forth compilerto Beetle.

The Forth compiler and virtual processomwere basedon earlierwork by the author but both were re-
designedandalmostcompletelyrewritten, andextendedto meetthe needsof the project.

Thenext two sectiongrovide anintroductionto the Forth languageandthe Beetlevirtual processar

1.1 Forth

Forth is an unusuallanguagedevelopedby CharlesMoore, a computerprogrammerin the late 1960s,
to control a radio telescopeand provide dataanalysisfacilities. With his system telescopecontrol, data
acquisitionand storageandinteractie analysison a graphicalterminalwere supportecconcurrentlyon
whatwaseventhenasmallcomputerTo this day, Forth’s mainusesarein controlandembeddedystems,
whereits combinationof compactnesandspeedareunrivalled.

Forth is aninterpretedanguagethoughnotin the corventionalsenseit providesaninteractve ernviron-
mentin which codemaybe enterecandexecutedmmediately but programsareneverthelesgompiled.

Forth is stack-basedit hasa data stack for calculationsand parameteipassinganda return stack to
hold subroutinereturnaddressesA rich setof stackoperatords provided, andall arithmeticand logic
operationsmplicitly take stackitemsastheiralgumentsandreturntheir resulton the stack.

Forth’'simplicit useof the datastackleadsto reversePolishnotationbeingthe naturalform for arithmetic.
For example thephrase

pusheghenumbers3 and5 onto the datastack,thensubtractdhetop stackitem (5) from thesecondtem
(3), andreturns-2 ontop of the stack.
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Forth’s syntaxis extremelysimple.lt hastwo sortsof token:theword, whichis arny sequencef non-space
charactersandthe number, whichis ary sequencef charactershatis nota currentlydefinedword, and
thatmaybeinterpretedasanintegerin the currentnumberase.

The Forth interpretercanbe in oneof two statesjnterpretingor compiling. Wheninterpreting,wordsin
the input streamare executed,andnumbersare pushedon to the datastack;whencompiling, subroutine
callsto wordsandcodeto pushnumberonto thestackis compiled.Codeis compiledinto thedictionary,
whichis the collectionof wordsin thesystem.

Thewords: and; areusedto definenew words.Theword : scangheinput streamfor the next space-
delimitedtoken, which it usesasthe nameof the word to be defined.lt compilesheadeiinformationfor
the new word, includingits nameanda link to thenext word in the dictionary Typically, it alsocompiles
subroutineentry code.lt thenplacestheinterpretelin compilationmode.Theword; compilessubroutine
exit codeandreturnstheinterpreterto interpretatiormode.

Hereis a definition:
G&CD ( n1ln2--n3) ?DUP IF TUCK MOD RECURSE THEN ;
GCDis awordthatcalculateshe greatestommondivisor of two numbersThephrase
( n1 n2--n3)

isacommenttheword ( scangheinputstreanuntil it findsa closebraclet,anddiscardgheinput stream
up to thatpoint. This comments a stack comment it givesthe stack effect of GCD, thatis, the number
andtypeof thestackitemsit consumegndreturns;in this caseit takestwo numbersandreturnsone.

Stackcommentsarewritten
( before -- after )

wherebefore andafter arestack pictur esshaving the itemson top of a stackbeforeand after the
instructionis executed.The dashessene merelyto separatebefore from after. Stackpicturesarea
representatioof thetop-mostitemson the stack,andarewritten

ip dig...ip—1 ip
wherethe i, arestackitems,eachof which occupiesawholenumberof cells,with i,, beingontop of the

stack.

WhenGCD s executedthe stackshouldlook lik e this:
nl n2

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

nl n2 n2

| F thenconsume® 2. | F, like all control structuresis a specialsortof word, animmediate word. This
meanghatit is executedeven whenthe interpreteris in compiling mode.Whenexecuted,it compilesa
conditionalbranchandleavestheaddres®f thebranchonthestack. THEN laterusegheaddresso resole
thebranch At run-time,the conditionalbranchis takenif thetop of stackis zero.Notethat THEN is akin
to ENDI F in otherlanguagesnot THEN. As we areassuminghatn2 is notzero,the conditionalbranchis
nottaken.The stackis now
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nl n2
TUCK copiesthe secondtem on the stackunderthefirst:
n2 nl n2
andMOD takesthe remaindewhenthe seconchumberon the stackis dividedby thetop numberleaving
n2 (nl nod n2)

Finally, RECURSE doesexactly that. GCD implementsEuclid’s algorithm using the obvious recursve
method An iterative versionis alsopossible:

GCD ( nln2--n3) BEG N ?DUP WH LE TUCK MOD REPEAT ;

In this casethe flag generatedby ?DUP is testedandconsumedy WHI LE, which performsa conditional
branchto after REPEAT if theflagis zero;if not, executioncontinuesandwhenthe REPEAT is reached,
branchedackto the BEG N.

Forth programsaretypically written with mary wordswith shortdefinitions.Theseusedto be storedin
blocksof sixteenby sixty-four charactersincreasinglyordinarytext files areused but the Forth compiler
describedhere pForth, useshlocks.An advantageof blocksis thatsmallportionsof codecanbecompiled,
tested,edited,deletedfrom the dictionary and reloadedquickly; the Forth developmentcycle is much
shorterandmoreofteniteratedthanthatof traditionalcompiledlanguages.

Forth is a goodteachinglanguagebecausaet is interactve andits compileris sosimple.It is possibleto
learnthe languageandunderstandhow its compilerworksin thetime takenjust to learnhow to program
in a modernhigh-level languagesuchas Modula-3.Forth is primitive, but not old-fashionedijt enforces
no particularstyle of programming Also, Forth is extensible:userdefinedwords have the samestatus
asprecompiledwords,andnew control structuresand data-structurelefiningwords canbe createdwith
ease This combinationof flexibility andextensibility allows modernprogrammingmethodssuchasfunc-
tional programmingandobject-orientatiorio be appliedto Forth in away thatis impossiblein mostother
languages.

1.2 Beetle

Beetleis a simplevirtual processolintendedto run Forth compilers.It hasa byte-codeinstructionset,
calledbForth, mostof whoseinstructionsdirectly correspondo Forth words.As Forth performsmostof

its datamanipulationsuchascalculationandparametepassingpn a datastack,mostof thesenstructions
manipulatatemson the datastackof thevirtual machine For example, DUP duplicateghetopitemonthe
stack,and1+ addsoneto thetop item. Otherinstructionsdealwith controlflow, anduseaddressestored
in theinstructionstream,or manipulatethe returnstack.TheregistersSP (Stack Pointer)andRP (Return
stackPointer)pointto thetop itemonthedataandreturnstacksespectiely. Both stacksgrow downwards
in memory

Beetles executioncycle worksasfollows: aword s fetchedfrom theaddrespointedto by theregisterEP
(ExecutionPointer)into the A (Accumulatoryegister EP is thenincrementedby four. Theleast-significant
byte of A is copiedinto the | (I nstruction)register and the instructionrepresentedby that opcodeis
executed At the sametime, A is shiftedarithmeticallyright by onebyte. Theinstructionsin A arecopied
into | andexecutedn this manneruntil A is empty;the next byte copiedinto | will beeitherOOhor FFh.
Both theseopcodesauseanotheiinstructionfetch,andexecutioncontinues.

Beetles memoryis byte-addressedhe machineword, calleda cell, is four bytes.



Chapter 2

Preparation

Much of the preparatiorrequiredfor the projectwentinto the writing of the projectproposalthe project
hadto beclearlydefinedandaprecisework plan,with goalsanddatesyritten. Thereweremary directions
the projectcould have taken;thoseoutlinedin the following sectionsverechoserandfitted together

Also requiredwere a thoroughknowledgeand understandingf the ANSI Forth standard1]. This was
initially readatthe startof the project,sothattheimplicationsfor Beetles designwereunderstoodit was
againconsultedduringthe developmenbf pForth.

The restof this chapteris concernedvith the planningof the project. First, the old Forth compilerand
virtual processospecificatioraredescribedthenthechangesndimprovementdo themthatwereneeded,
andfinally the partsof the projectthatwereentirely new.

2.1 Original components

2.1.1 Forth compiler

The Forth compilerwasoriginally written for Acorn RISC OS, which runsonthe ARM processarit was

written to comply looselywith the Forth-83 standard5] (the standardassumes 16-bit machineword,

while the ARM hasa 32-bit machineword). The languagesxtensionsaddedto performfile-handlingand

otherl/O followedthe structureof RISCOS,asthestandardgrescribednly line-orientedconsolel/O and

block-basednass-storagayheredatais storedin numberedl024-byteblocks ratherthanfiles. Several

machine-specifioptimisationshad beenbuilt into the compiler, tying it firmly to the ARM architecture.
The compilerwasgeneratedy a BBC BASIC programfrom assemblyand Forth sourcecode,the latter

beinginterpretedoy a crudepartial Forth compilerwrittenin BBC BASIC.

The ANSI standarctontaingmary extensiongo Forth-83,coveringareasuchasexceptionhandling,local
variablesand floating-pointarithmeticwhich were not coveredby previous standardsin addition, the
languages specifiedn termsof its semanticstatherthana concreteexecutionmodelasusedin previous
standardsThis resultsin mary subtlechangego establishedeaturesof thelanguage.

TheANSI standardequiresnary implementation-definelehaioursanddependencie® bedocumented.
Theoriginal compilerwasnotdocumented.

2.1.2 Virtual processorspecification

Beetlewasalsobasedon the Forth-83 standardandthe original versionof the compiler It had notable
deficienciestherewas no provision for addressexceptionchecking,it wastied stronglyto a particular
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compiler andit containedno optimisationsto improve executionspeed No standard/O was provided,;
althoughnot a normal part of a processorspecification this is useful for a virtual processowhich is
intendedo be portable.

Most seriously the specificatiorlacked an externalinterface,a standardmeansby which otherprograms
might controlBeetle.

2.2 Changesrequired

2.2.1 Forth compiler

The natureof the changesequiredto the Forth compilerweresuchthatit wasalmostentirely rewritten.
It wasfelt to beworth changingthe compilerincrementallyratherthanwriting a completelynew version
becauset all timesa working versionof the compilerwould be availablefor testing.This is especially
usefulasForthis aninteractve languageso a completecompileris mucheasierto testthanonewhich is
incomplete.

The first setof changesvas intendedto make the compilers architecturemore easily portableto other
machinearchitecturesThis consistedof remaving ARM-basedoptimisationssuchas a loop stackfor
holding the index andincrementof Forth’s DO. . . LOOP construct,and segregatingmachine-dependent
code suchasthecachingof stackitemsin registersfrom therestof thecompiler A few dependenciesuch
asthe useof twos-complemenarithmeticwereretainedthe new compilerwould requiretargetmachines
to have thesecharacteristicsSuchernvironmentaldependenciesere choseno allow a simplerandmore
efficientimplementatiorof the compiler while reducingits portability aslittle aspossible;for example,
almostall moderncomputeraisetwos-complemenrdrithmeticin hardware.

The secondsetof changesnadethe compilerANSI conformant.Someoptionalfeaturesspecifiedin the
standardwere addedto easethe addition of the cross-compile(seebelow); otherswere addedsimply
becausdt madetheothernecessarghangeasierto make.

As oneof the aimsof the ANSI standards to make Forth sourcecodemore portablebetweendifferent
compilers someof the changesiecessaryo improve portability couldbe effectedby change$o make the
compilerANSI conformantThusthefirst two setsof changesveremadein parallel.

The third setof changesaddedthe ability to perform cross-compilationso that pForth could recompile
itself to run underBeetle.

2.2.2 Virtual processorspecification

Beetlewas modifiedin five main ways: first, an exceptionmechanismincluding addresscheckingwas
added secondlyit waschangedo reflectthe ANSI Forth standardatherthanthe Forth-83standardso
thatit would moredirectly supportthe Forth compilerin its new form; thirdly, it waschangedrom abyte-
streamto aword-streandesign to increaseefficiengy; fourthly, anexternalinterfacewasspecified sothat
programsmplementingit would provide a well-defined,standardnterfaceto clients. Finally, the entire
specificationwascarefullyrewritten to be morepreciseandclearer anderrorswereremoved.
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2.3 Newcomponents

2.3.1 Virtual processorimplementation

An implementatiorof Beetlewasto be written in ANSI C, anddesignedo run on ary machinewhich
usestwos-complemenarithmeticandsupportsan ANSI C compiler;thus,it hadto be writtenin strictly
correctANSI C. Featuresuchasl/O which aremachine-dependehtdto beuserconfigurablesothatthe
programcould easilybe configuredandcompiledto run on ary appropriatenachine Little consideration
wasgivento performanceit wasanticipatedhatasthe systenwasnot designedor intensive processing,
but for teachingForth, its performancevould be adequateThe C processohadto be testedon different
machinearchitectureso ensurehatit really wasportable.

2.3.2 Userinterface

Since Forth provides an interactve ervironment,and sincethe main purposeof Beetleis to run Forth
compilers,only an extremelysimplelow-level interfacewas required,primarily to aid dehuggingof the
cross-compiletOncea Forth compilerfor Beetlehadbeengenerateguccessfullyit would be possiblefor
evenlow-level detuggingfacilitiesto bewrittenin Forthandrunin the Forth environment.



Chapter 3

Implementation

3.1 Changesto the Forth compiler

An ANSI compliancedocumenfor pForth, the portableForth compilerthatresultedfrom the changego
theoriginal ARM compilerwhich aredescribedelow, is in appendipD.

3.1.1 Overview

Thefirst two setsof changeso thecompiler to makeits architecturenoreeasilyportable andto make the
compilerANSI compliant,werehighly involved andwerecarriedout in a minutelyincrementaimanney
soarenot easilydiscussedn generalterms.Whenthey werecompletedjt was straightforward to write

the metacompilerand the compilerwas ableto run an ANSI conformancesuite successfully(although
sometestsfailed not becausehe compilerwas not ANSI conformantbut becausehe testsuitehadan
insufficiently generalnterpretatiorof thewaysin which double-lengtmumberscanbeimplemented).

3.1.2 Portability and ANSI compliance

The changego the Forth compilerto make it portableand ANSI compliantwerecarriedout at the same
time. Oneby one,the 350 or so wordsin the pForth kernelwere comparedagainstthe standardwhere
an equivalentexisted, and were modified so that they behaed as specified.At the sametime, machine
dependenciewereremoved.

The mostinvolved changesverein the parsingroutines which wererespecifiecby the standardo make
themmoreflexible.

Also, to facilitatethe developmentof the metacompilerthe dictionary mechanisnwas rewritten so that
morethanonedictionarycouldbe presentn the system.

Without giving a full descriptionof both the workings of Forth compilersandthe ANSI standardit is
almostimpossibleto discusshe changesnorefully withoutbeingincomprehensible.
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3.1.3 Metacompiler
3.1.3.1 Assemblerfor bForth

Thefirst partof the metacompilewasanassemblefor thetargetmachine Beetle The sourcecode which
occupiedour Forth blocks(a“block” is sixteenlinesof sixty-four characters)is givenin appendixE.

In thefirst sectionof code avocahlularyis setupfor theassembleandthenumberof bits peraddressinitis
foundandstoredin the constant Bl TS (pronouncedper-bits”). Thenthe words CODE andEND- CODE,
which begin and end an assembledefinition, are defined.l NLI NE modifiesan assembledefinition so
thatwhenit is compiled,the machine-cod@f the definitionis expandednline, ratherthancompilinga
subroutinecall. Thisis mainly usedfor the primitive assemblewordssuchasDUP: thesecontainonly one
machindnstructionin their definition,andit would beludicrousto compilea subroutinecall to themevery
timethey areused.

The variableMD resembleghe identically namedBeetleregister; it pointsto addresseroin the target
compiler andis subtractedrom all addressesompiledby the cross-compiler

The words FI TS and FI T, are usedto compile immediateoperandsfor Beetle instructionssuchas
BRANCHI (seesectionA.3.1); FI TS determinesvhetheran operandwill fit in the remainderof anin-
structioncell, andFIl T, assembleanimmediateoperand.

OPLESS, OPFUL andOPADR createwordsto assemblénstructionswith no operanda numericoperand,
andanaddres®perandespectiely. Thesetogethemwith thewords0OPS, which makesrepeatectallsto
OPLESS, and BOPS, which calls OPADR, arethenusedto definean assembleword for eachmachine
instruction.Theseare namedafter the machineinstructions but precededvith “B” for “Beetle” to avoid
confusionwith Forthwordswith the samenames.

3.1.4 pForth for Beetle

pForth for Beetleis constructedsfollows. First,theassembleis loaded Next, anew vocalularyis setup
for the metacompilerThe variouspartsof the metacompilerareloaded,anda new dictionaryis defined
for thetargetcompiler togethemwith a new hashtable (links to all the wordsin the pForth dictionaryare
storedin ahashtable).

A specialvocahulary is setup for transientwords. Theseare words that are normally executedduring
compilation,suchasthe Forth control-structurevords(seesectionl.1). Thetransienformsof thesewords
compilecodefor Beetle,but executeonthe ARM versionof pForth. Also amongthetransientsarewords
to createconstant@indvariables Thesealsomustcompilerun-timecodethatworkson Beetle.

Thesourcecodefor the Beetleversionof pForth, whichis almostidenticalto the ARM versionexceptfor
themachine-dependemtords,is now loaded;thanksto thetransientwords,it compilescorrectly building
abinaryimage.A few patchego addressem theimagearethenmade.

Someaddressewerenotrelocatedby having M) subtractedrom them)duringcompilation,andarenow
relocated Finally, the binary imageis saved in a Beetleobjectfile, usinga Forth versionof the Beetle
interfacecall save_obj ect (seesectionA.4.3).

3.2 Redesignof Beetle

The specificatiorfor Beetleresultingfrom the redesignis in appendixA. The changesvhich constituted
theredesigraredetailedbelow.
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3.2.1 Exceptions

Originally, Beetlehadno exceptionmechanismThis resultedn two weaknessedostimportantly there
was no provision for checkingfor addresgeferenceoutsideBeetles addressspace,an obvious safety
measurewhich caneasily be built into mostvirtual processorslf madeoptional,it neednot even lower
performanceAlso, a generalexceptionmechanisnsimplifiesthe implementatiorof Forth’s CATCH and
THROWexceptionhandlersFinally, the ability to stopBeetleandreturncontrolto the programthatcalled
it is necessaryThis canbe usedfor signallingerrors,for signallingthatBeetlehasfinished,for communi-
catingresults,or to make the calling programperformsomeservicefor Beetle.

Two differentexceptionmechanismsveredesignedonewhichredirectgheflow of controlwithin Beetle,
allowing thebForth programto handlethe exception,andonewhich stopsBeetle andreturnscontrolanda
reasorcodeto thecalling program Beetleonly generategternalexceptionsthebForth exceptionhandler
maythenraiseanexternalexceptionif necessary

Internalexceptionsusethe THROWinstruction,previously namedABORT (seesection3.2.4.1) which sup-
portsthe ANSI standardExceptiorword set.lts actionis to save EP in theregister’ BAD (“tick-bad”), then
put the contentsof the register’ THROW(“tick-throw”) into EP, which causes branchto the exception
handlingroutine.Corventionally a numberis placedon the datastackindicatingthe natureof the excep-
tion before THROWis executed. An advantageof this designis that virtual processoexceptionsare the
sameaskForth compilerexceptionsandmaybehandledby high-level codein exactly the sameway.

The externalexceptionmechanismnis implementedoy the instructionHALT, which returnsthe top item
on the datastackasa reasorncodeto the programthatcalledBeetle(or to the calling ervironmentfrom a
stand-alon®eetle).

3.2.2 Addresschecking

The registersCHECKED and - ADDRESS (“not-address”)were addedto control address-checkinglhe
valueof CHECKED determinesvhetheror notaddresgheckingis performed|f it is, thenwhenanaddress
exceptionoccursthe addressavhich causedhe exceptionis placedin - ADDRESS. An exceptionis then
raisedwith THROW(seesection3.2.1).

Addresscheckingis performedon all addresseprocessethy Beetle. Thesefall into two mainclassesThe
first consistsof addressewhich arepassedsparameterso bForthinstructions githeronthedatastackas
with @ which fetchesa cell from memory or in theinstructionstreamaswith BRANCH, which performs
anunconditionabranch.The secondconsistof addressewhich Beetlecalculatestself, suchasthevalue
of EP, whichis incrementedeforeeachinstructionfetch,andmaystrayoutsideBeetles addresspace.

3.2.3 Word-streamexecutioncycle

The original Beetledesignuseda straightforward byte-codeinstructionset, with cell-sizedoperandsp-
pearingin theinstructionstreamWhile this maybeareasonabldesignwhenimplementedn aneight-bit
processarit would be inefficient on currentprocessorsvhich often take at leastaslong to load a byte
asa four-byte word. It was decidedthat the opcodeswould be fetcheda cell at a time. The instruction
Accumulatorregister A, wasintroducedto hold the currentcell beingdecodedAs aresult,branchesre
constrainedo cell-alignedaddresses.

Having adopteda cell-basedxecutioncycle, threefurtherquestiondiadto beaddressedr-irst, how should
operandderepresenteth theinstructionstream?2Jsing unalignedoperandsvould make decodingslow,
but usingalignedoperandsvould wastespace andalsoslow Beetledown, asit would have to perform
more instructionfetches.Secondly haw would executioncontinueover gapsin the instructionstream?
Thirdly, how couldthis schemébe madeto work on bothlittle-endianandbig-endiarmachines?
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3.2.3.1 Operands

Two stepsweretakento make operandspace-dfcient. First, all instructionswhich take operandsn the
instructionstreamweresplit into two instructions Thefirst loadsthe operandrom the addressn EP. Fig-
ure3.1shavstherelevantregistersust beforeaninstructionOP;,, which takesits operandrom memory
is executed.

Registers Program
A [ooh [ ooh | 00h | 15 ] | 13 Jopy | 1o | 1; | 100h

| /| =) | 104h
= 104h | Operandor OPys

Figure3.1:Instructionwith operandn memory

The secondtakesthe currentvalue of A asits operand.This works asfollows: whenthe instructionis
placedin memory the operands placedin theremaindeiof the currentcell. Whenthis cell is loadedinto
A, the operandsitsin the mostsignificantbytes.Dependingon wherethe instructionwhoseoperandt is
wasassembledheoperandmayoccupy one,two or threebytes.Justaftertheinstructionis decodedA is
shiftedarithmeticallyright by onebyte.Its valueis now thatof the operandwhichis signedastheeffect
of shifting A arithmeticallyis to sign-extendthe operand.t may now be usedby its instruction.Figure
3.2 shaws the stateof the registersjust beforeaninstructionOP;, which takesanimmediateoperandjs
executed.

Registers Program
A | FFh | FFh | FFh | FEh | |FEh [ op; | I, | 1; | 100h
| 0Py \Operand‘or OP;
EP| 104h |

Figure3.2:Instructionwith immediateoperand

Secondlyit wasobsenredthatthereis no needto leave a gapwhenstoringcell-sizedoperandsSinceEP

always pointsto the next cell of instructionopcodesor the next cell-sizedoperandwhenan instruction
with a cell-sizedoperands stored the remainderof the currentcell may still be filled with instructions,
regardlessof whetherthey take operandsor not. Whenthey cometo be executed EP will pointto their

operandsf they have one,or to the next instructioncell whenthe currentcell is exhausted.

3.2.3.2 Bridging gaps

Althoughmostgapsarerenderedinnecessarly thetechniquesntroducedn the lastsection,somegaps
may still appeaiin the instructionstreamwherethe flow of control dividesandrejoins,asbranchesnust
be to a cell-alignedaddressThe instructionNEXT was introducedto cope.NEXT simply loadsthe next

instructioncell from the cell pointedto by EP, andincrement£EP. NEXT hastwo opcodespOhandFFh,
which arethetwo possiblevaluesof the least-significanbyte of A onceall theinstructionsn it have been
executed.This bytewill beloadedinto | in the next cycle andNEXT executed ThusNEXT performsthe
doublefunctionof a no-opfiller anda promptto do the next instructionfetch. Note thatwhethera 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-sizeddataand programsno changego the specification
werenecessaryo dealwith the differencebetweerbig-endianandlittle-endianprocessorsThe difficulty
camelaterwhendesigninghe externalinterface(seesection3.2.6).WhentransferringcodebetweerBee-
tles of differentendiannesseseing would be required.Simply reversingthe orderof the bytesin every
cell in a binaryimagewould correctlyresex bForth codeand cell-sizeddata.However, it would jumble
byte strings,so the instructionsC@and C! , which load and storea byte respectiely, were modifiedto
referalwaysto the samebytein acell. Thus,onalittle-endianmachinethe phrasedd C@loadsthe byteat
addres®), whereaon a big-endianmachineit loadsthe byte ataddress. After reseing, theseaddresses
hold the samebyte on the differentmachinesBeforethis changeaccessinghe samebyte with bothbyte
andcell operatorsvasprohibited;the changeallowedtherestrictionto beremoved.

TheregisterENDI SMwasaddedto storethe endiannessf the currentBeetle. It is usedto determinethe
mannernf byteaddressingandto compareagainstheendiannesef savedbinaryimagessothatit canbe
decidedwvhethemreseing is necessarywhenthey areloaded.

3.2.4 Support for the ANSI standard

Beetlewasoriginally designedo supportForth-83standard-orth compilers.In 1994the ANSI standard
waspublished andit wasdecidedhatthe Forthcompilerto beusedin this project,pForth, shouldcomply
with the new standardThus, Beetlehadto be modified accordingly The more substantiachangesare
detailedbelow.

3.2.4.1 ABCORT THROW out

Previously, therewas an instruction ABORT which branchedo the bForth routine at the addressn the

register’ ABORT. This supportedhe primitive ABORT mechanisnof Forth-83,which restartsthe Forth

interpretey returningcontrol to the userin the eventof anerror The' ABORT registerprovideda means
for applicationgo changetheroutinerun by ABORT. The ANSI standardexceptionword set(CATCHand
THROW allows applicationprogramsto handleerrorsin muchthe sameway asthe CATCH and THROW
constructof LISP. This canbe handledby the ABORT mechanismso ABORT wasrenamedlHROWand
" ABORT '™ THROW AlthoughTHROWusesexceptioncodeswhile ABORT did not, the codeis notdealtwith

by theinstructionitself, but by the exceptionhandlingroutineto which THROWcauses branch.

3.2.4.2 Division conquered

The Forth-83standardgrescribedlooreddivision, in which the quotientis alwaysroundedtowardsminus
infinity, andtheremaindehasthe samesignasthedivisor. This generatesinfamiliarresults:10 + -7 gives
-2 remainder-4 ratherthanthe moreusual-1 remaindei3. The Forth-83standardeampreferredfioored
division asit removesinconsistenciearoundzeroin signeddivision, but the previous Forth-79standard
prescribedhemoreusualsymmetriadivision.As bothwerestill in widespreadisewhenthe ANSI standard
wasdefined,t requiredthatbothmethod=f division bemadeavailable.

It was decidedthat Beetleshouldstill useflooreddivision, partially becausgForth relied on it, but the
symmetricdivision instructionS/ REMwasintroduced.

3.2.4.3 LEAVE not granted

The Forth-83 standardprovided two wordsfor exiting a DO. . . LOOP (seesection3.2.5.2)prematurely:
LEAVE, which causes branchto theendof theloop, andLEAP, which exits the currentword. The ANSI
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standardeplaced_EAP by UNLOOP, which simply discardsthe currentloop parametersThusLEAP is
equivalentto UNLOOP EXI T, andLEAVE to UNLOOR followedby abranch Having separaté EAVE and
LEAP instructionsvasnow felt to beunnecessargndbothwereremoved.

3.2.4.4 Cellsand addressunits

To easehewriting of portableprogramsthe ANSI standardcontainswordsdesignedo manipulatecell-
alignedaddressedor example,CELLS corvertsanumberof cellsinto anumberof addressinits(typically
bytes),and CELL+ addsthe sizeof a cell in addressunitsto anaddresslinstructionsto performsomeof
thesdunctionswerealreadyavailable,but namedd* , 4+ andsoon;they wererenameabr new instructions
addedasappropriate.

3.2.5 Simplification and portability

Beetlehadbeenbasedheasily onthe old pForth compiler It wasfelt thatits designcould be simplified,
bothto remove someidiosyncrasiesandto make portingeasier

3.2.5.1 Halving doubles

Traditionally Forth compilershave useda 16-bit cell size,and32-bit doublenumbershave beenusedfor
high precisionarithmetic.Beetlewas originally designedo supportdoublenumbersput it wasfelt that
64-bit precisionwas unnecessarand only complicatedthe design,and the double numberinstructions
wereremoved.

3.2.5.2 Removing the loop stack

As well assubroutingeturnaddresseshereturnstacktraditionallyholdstheindex andcountof the Forth
DO. . . LOOP constructwhichiis like the FOR statemenbf languagesuchasPascalandBASIC. Beetle
provided a third stackfor this purposewhich allowed greaterfreedomin the useof the returnstackfor
temporarystorageof datavalues,but sincethe ANSI standardspecificallyprohibitssuchusein standard
programstheloop stackwasfelt to beredundantandwasremoved.

3.2.5.3 Arithmetic right shift

Thearithmeticright shift instruction>> wasfoundto beunusedn the pForth compiler andwasremoved.
Theinstruction2/ , which performsaright shift by oneplace remains.

3.2.6 External interface

To allow implementation®f Beetleto bewrittenwhich couldbe usedby otherprogramsn awell-defined
way, anexternalinterfacehadto be specifiedseesectionA.4.3). Thiswassplit into threeparts:

3.2.6.1 Object moduleformat

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

BeetleprovidesaninstructionL| B to accessnput and outputfunctions.Usersmay write their own li-
braries.A standardormatfor librarieswasdefinedto allow usersto addthemto a Beetlein a consistent
manner

A standardibrary containingterminall/O functionswasalsoaddedo the specificationThe functionsare
basednwordsfrom the ANSI Forth standard.

3.2.6.3 Calling interface

A language-independeadlling interfacewhich allows programsto make a Beetleexecute eithercontin-
uouslyor single-steppingaswell asto save andloadbinaryimagesandloadlibraries,wasdefined.

A call to save an executablestand-alonéBeetlewasalso defined,aswasthe behaiour of a stand-alone
Beetle,sothatprogramswritten for Beetlecouldbe madeinto stand-alonapplications.

3.2.7 Recursion

Two instructionsRUN andSTEP, wereaddedo mimic theinterfacecallswhich causeBeetleto executea
programor singlestep.Thismalesit easieffor dehuggersor bForthprogramso runonBeetlethemseles.

3.3 Implementation of Beetlein ANSI C

The ANSI C implementatiorof Beetleis describedn appendixB.

Themostimportantconsideratiorin thedesignandimplementatiorof C Beetlewasthatit should,if possi-
ble, work whencompiledwith any ANSI C systemOneconcessionmvasmadeto easeof implementation:
C Beetleonly workson ANSI C systemswhich usetwos-complemendrithmetic.Sincethis appliesto the
overwhelmingmajority of modernC compilersandcomputersit wasnotthoughtto beaheavy restriction.

3.3.1 Omissions

C Beetledoesnot meetthe full specificatiorfor anembeddedeetle:it omits somefeatureswvhich were
consideredo be eitherof limited usein a portableBeetle,or difficult to implementportably Theseare
detailedin sectionB.2.

Thefollowing featuresvereomittedbecausehey would have beendifficult to rendemortably:

The CS instruction is intendedor directacces$o theoperatingsystemandthuscannotbeimplemented
portably TheLl B instructionalreadyprovidesoperating-systermdependendcces$o servicesuch
asl/O.

The save_standalone()interface call would be difficult to implementin a mannerwhich is both useful
andportable:while it could merelywrite an executableshell scriptwhich passeshe desiredbinary
imageto anembeddedC Beetle,this would not give eitherof the intendedbenefitsof stand-alone
Beetleswhich areincreasedspeed(the Beetleinterpretercanbe a hand-optimisedustomwritten
version)andsmallersize.

The load_library() interface call is notusefulona portablesystemasit is difficult to implementportable
librarieswithin therestrictionamposedby thelibrary file format.
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The instructionsRUN and STEP (seesection3.2.7)were omitted becausdherewas not enoughtime to
implementandtestthemproperly

3.3.2 Portability

Althoughtheonly requirementf C Beetleis thatthe C compilerusetwos-complemerdrithmetic,it does
containseveral othermachinedependenciesiheseareisolatedin the headerfile bpor t ab. h, andare
detailedin sectionB.3.1.

Typesmust be definedto match Beetles fundamentaltypes,the byte and cell. The endiannes®f the
machineon which Beetleis to be compiledmustbe specified asalthoughthis canbe discoreredat run-
time, the byte load and storeinstructionscanbe compiledmoreefficiently if the endianness known in
adwance Whetherthe C compilerusesflooredor symmetricdivision mustalsobe specified.

Finally, macrosmustbe suppliedthat performan arithmeticright shift (the ANSI C standarddoesnot
specifythatthe >> operatormustdo this on signedtypes,only thatit may),andcall a C functiongivenits
addresgastypevoid (*)()).

Codeis providedthattestsmostof thesesettings thusenablinga programusingan embeddedeetleto
checkthatthe Beetlehasbeencompiledcorrectly

In bpor t ab. h theendiannessettingis usedto defineamacroFLI P( x) whichreturnsx onlittle-endian
machinesandx with the leastsignificanttwo bits invertedon big-endianmachinesThis is usedby the
byteaddressingnstructionscC@andC! . Beetleis thusslightly lessefficienton big-endiarmachinesbut the
differenceis slightin comparisorwith the otheroverheadsntroducedby the C compiler andin practice
theseinstructionsaccountfor lessthan3% of instructionsexecutedseetable4.1).

Macrosare also definedto performfloored and symmetricdivision. They both usethe C division and
remaindemperators/ and% with the resultsadjustedfor the form of division thatthe C compilerdoes
notuse.

3.3.3 Calling interface and registeraccess

Themainheaderwhich providestheexternalinterfaceto Beetlegivenin sectionA.4.3,isbeet | e. h. This
providesfunctionprototypedor theinterfacecalls,andglobalvariablesfor theregisters. Theregistersare
mostly C variablesandareaccesseadssuch,exceptfor two which are#def i ned constantsTheseare
ENDI SMandCHECKED, which areprohibitedfrom changingwhile Beetleis runningby the specification.

An extracall wasaddedto theinterface,init _beetle()(seesectionB.3.4).This, whenpassed pointerto a
bytearray its size,andaninitial valuefor EP, initialisesBeetlesregistersusingthearrayasthememory It
alsocheckghatBeetlehasbeencompiledproperly andhaltswith adviceon how to changebport ab. h
beforerecompilingif not.

3.3.4 Interpreter

The contentsof the executionloop is implementedn the obvious manner:first, | is setto the least-
significantbyte of A andA is shiftedarithmeticallyonebyte to theright, thenalargeswi t ch statement
decodeghe opcodeand performsthe appropriateaction. If aninvalid opcodeis found, the appropriate
exceptionis raised.

The implementationof the instructionsetis discussedelon. Wherea group of instructionshasbeen
implementedn a similar manney suchasthe logical operatorsAND, OR, XOR and| NVERT, only oneis
describedTheinstructionsaresplit into sectionsunderthe headingsisedin sectionA.3. The specification
of eachinstructionwhoseimplementatioris describeds quotedfrom sectionA.3 with the C codethat
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implementst (the codethatcheckghevalidity of addressets omitted).SeesectionA.3 for anexplanation
of theinstructionspecificatioayout.

3.3.4.1 Stackmanipulation

OVER ( x1 x0 == x1 X3 %1 )
Placea copy of x; ontop of thestack.
SP--;
*SP = *(SP + 2);

The simple stackoperatorssuchas DUP, SWAP and OVER shufle the topmostitemson the stack.Here,
OVER first decrementshe stackpointerto make roomfor the stackitemto be copied,thencopiesit from
whatis now the third positionon the stack(SP + 2). The stackpointer SP hastype CELL * in theC
implementationsothatSP is nota Beetleaddressbhut a C pointer

ROLL ( x4y g —1...x0u —— x,—1...%0 Xy )
Remaore u. Rotateu + 1 itemsonthetop of thestack.If u = 0 ROLL doesnothing,and
if u = 1 ROLL is equivalentto SWAP. If therearefewerthanu + 2 itemson the stack
beforeROLL is executed the memorycells which would have beenon the stackwere
thereu + 2 itemsarerotated.
temp = *(SP + *SP + 1);
for (i =*SP, i >0; i--) *(SP+i +1) =*(SP +1i);
*++SP = tenp;

RCOLL is the mostcomplex stackoperatorto implement:to rotatethe uth item on the stackto the top it
mustfirst be copied thentherestof the stackshufled down, beforereplacingit ontop of the stack.

?DUP (x--0| xx)
Duplicatex if it is non-zero.
if (*SP!=0) { SP--; *SP = *(SP + 1); }

?DUP is a conditionaloperator The implementatioris obvious, but relieson the fact that C meansthe
samething by zeroasBeetle:a cell with all bits clear ThefactthatC takesalow-level view of datatypess
oftenexploitedin C Beetleto make theimplementatiorsimpler It is importantthatthisis realisedbecause
in afew caseghe correspondenciereaksdown, andthe C implementatiormustbe thoughtthroughmore
carefully

>R (x--)
R ( -- x)
Move x to thereturnstack.

*_RP = *SP++;

Herewe seethe useof thereturnstackpointerRP, whichis usedin exactly the sameway asSP.

3.3.4.2 Comparison

> ( n; ny -- flag )
flag istrueif andonlyif n; is greatetthann,.
SP++;
*SP = (*SP > *(SP - 1) ? B.TRUE : B.FALSE);
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Theconditionaltestssuchas> canbeimplementedlirectlywith theC equivalents Two symbols B_FAL SE
and B_TRUE, are definedin the headerfile bpor t ab. h to be Beetles valuesfor falseand true flags,
because€ useghevaluel for trueratherthanacell with all bits set,asBeetleuses.

3.3.4.3 Arithmetic

1 (--1)
Leave oneonthestack.

Thebenefitof requiringthatthe C compilerusetwos-complementumberrepresentatioandarithmeticis
thatno translationis neededvhenloadingandstoringnumbersto andfrom Beetle.Here,the constantl
hasthe obviousdefinition.

+ ( m|w np|uy —- n3|uz )
Add ny| us to ny| ug, giving thesumang| us.
SP++;
*SP += *(SP - 1);

+, like mostof thearithmeticoperatorsleavesonelessitem onthestackthanit consumessoit mustincre-
mentthe stackpointer(SP++). Becausahe C compilerandBeetleboth usetwos-complemenarithmetic,
+ canuseC’s additionoperatordirectly on valuesin Beetles memory

/ MOD ( n;y ng -- n3 nyg )
Divide n; by n,, giving thesingle-cellremaindet; andthesingle-cellquotientn,.
tenp = MOD(*(SP + 1), *SP, i);
*SP = DV(*(SP + 1), *SP);
*(SP + 1) = tenp;

/ MOD usesthemacrosDl V(a, b) andMOD(a, b, t) toperformthedivisionandremaindeopera-
tions. Theseare definedso thatthey producea flooredquotientregardlesof the C compiler's methodof
division. Thevariablei is usedby the MOD macroasatemporaryvariable.

MAX ( ng np —— n3 )
n3 isthegreatemf n; andn,.
SP++;
*SP = (*(SP - 1) > *SP ? *(SP - 1) : *SP);

Findingthe maximumof two numbersrequiresa branchon mostprocessorsgventhoughit is acommon
operationOneof theadvantage®f avirtual processois thattheinstructionscanperformcomplex actions,
becauseomple operationsnaytake up little memoryin aninterpreteywhereasalgorithmiccomplexity
is almostinevitably relatedto gatecompleity in realprocessors.

3.3.4.4 Logic and shifts

AND ( X1 X9 —— X3 )
x3 is the bit-by-bit logical “and” of x; with x.
SP++;
*SP &= *(SP - 1);
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Thelogical operatorsareimplementedn the samesimplemannerasthe arithmeticoperatorsagainusing
C’'sequialents.

LSH FT ( x1u--x)
Performalogical left shift of u bit-placeson xy, giving x,. Putzerointo theleastsignif-
icantbits vacatedy theshift. If u is greatetthanor equalto 32, x, is zero.
SP++;
*(SP - 1) <32 2?2 (*SP <<= *(SP - 1)) : (*SP = 0);

Thelogical shiftscannotust useC’s operatorsbecausdeetles specificatiorsaysthatthe valuereturned
whenthe shift is greaterthanthirty-two placesmusthave all bits clearedwhereaghe C standardeaves
thevalueimplementation-define(asdoesthe ANSI Forth standard)Thusthetest

*(SP - 1) < 32

is introducedandthe code

(*SP = 0)

to copewhentheshiftis greateithan32.

3.3.4.5 Memory

@ ( a-addr -- x )
x isthevaluestoredat a-addr.
*SP = *(CELL *)(*SP + M);

The instruction@fetchesa cell from memory The C codefor it demonstratehow Beetleaddresseare
manipulatedvith C pointers:M is a pointerof type BYTE *, andthuspointerarithmeticcanbe usedto
give apointerto a Beetleaddressy addingit to MD. This pointercanthenbecastasCELL * sothatthe
cell's contentanbefetched.

3.3.4.6 Registers

SP@ ( -- a-addr )
a-addr is thevalueof SP.
SP- -
*SP = (CELL) ((BYTE *)SP - M)) + CELL.W

SP@is themostcomplicatedf thefour instructionsvhich setandreadthevaluesof thetwo stackpointers.
First, SP- - makesroomfor thevaluebeingreadonthe stack.Next, the Beetleaddres®f SP is calculated
from the C pointerby pointersubtractionAs SPisaCELL *, it mustfirst becastto BYTE * sothatMD
canbesubtractedrom it. Finally, CELL_W the numberof bytesin acell, is addedasit is thevalueof SP
beforedecrementinghatis required.
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3.3.4.7 Control structures

BRANCH ( --)
LoadEP from thecell it pointsto, thenperformthe actionof NEXT.
EP = (CELL *)(*EP + M);
NEXT;

BRANCH causesan unconditionalbranchby assigningo EP, the executionpointer The addressmustbe
corvertedfrom Beetleform to a C pointerusingthe samemethodas @ ThenthemacroNEXT is executed,
which hasthe sameeffectasthe NEXT instruction(seesection3.3.4.10).

BRANCH| ( --)
Add A x 4to EP, thenperformtheactionof NEXT.
EP += A;
NEXT;

BRANCH! is differentfrom BRANCH in two ways:its operands in A, andit is adisplacemenin cells,not
anabsoluteaddressThis happengo make its implementatiormuchsimpler

(DO (x1 x2 --)
R ( -- X X2)
Move thetop two itemson the datastackto thereturnstack.
*-RP = *(SP + 1);
*--RP = *SP++;
SP++;

( DO) illustratessimplemanoeuvringpetweerthereturnanddatastacks Notethatthetwo itemsendupin
thesameorderonthereturnstackasthey werein onthe datastack;theobviousmanipulation

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

reversesheorder

(LOOP) ( --)
R ( m|uw np|lup -- | m|w n3| us)
Add oneto ny| up; if it thenequalsn;| uy, discardbothitemsandaddfour to EP; other
wiseload EP from thecell to whichit pointsandperformtheactionof NEXT.
(*RP) ++;
if (*RP == *(RP + 1)) { RP += 2; EP++; }
else { EP = (CELL *)(*EP + M); NEXT; }

(LOOP) combinesaconditionalstackoperationik e ? DUP with a branchlike BRANCH.

UNLOOP ( --)
R ( x3 x2 =)
Discardthetop two itemson thereturnstack.
RP += 2;

UNL OOP performspartof the functionof the Forthword LOOP. It is usedwhenaloopis exited, to discard
theloopindex andlimit.
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3.3.4.8 Literals

(LI TERAL) ( --x)
Pushthe cell pointedto by EP ontothe stack,thenaddfour to EP.
*--SP = *EP++;

(LI TERAL) is usedto encodeémmediateconstantsn programslt pusheghe next cell in theinstruction
streamon to the datastack.

3.3.4.9 Exceptions

THROW ( --)
Putthe contentsof EP into ' BAD, thenload EP from * THROW Performthe action of
NEXT.

*(CELL *)(MD + 8) = BAD = (CELL)((BYTE *)EP - M);
EP = (CELL *)(*THROW + M) ;
NEXT;

As acopy of ' BAD mustbe heldin Beetles memory(at M) + 8), adoubleassignmenis made.Theeffect
of loadingEP from* THROWis to branchthrougha vectorto the exceptionhandlingroutine. NEXT (see
section3.3.4.10thenperformsaninstructionfetchafterthe branch.

HALT (x--)
StopBeetle returningreasorcodex to thecalling program.
return (*SP++);

HALT stopsBeetle,consumingheitem on top of the datastackandreturningit asthereasorcode.

3.3.4.10 Miscellaneous

( CREATE) ( -- a-addr )
PushEP ontothe stack.
*--SP = (CELL) ((BYTE *)EP - M);

( CREATE) is usedin therun-timecodeof mostdatastructurego pushthe addres®f their dataon to the
stack.Sincethe codeto do sois short,it canbearrangedhatthis addresss EP.

NEXT ( --)
Loadthecell pointedto by EP into A, andaddfour to EP.
A = *EP++;

NEXT performsaninstructionfetch by loadingA from theaddressn EP andincrementindg=P by onecell.
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3.3.4.11 External access

LIB ( i*x n —- j*x )
Call library routinen. The parameterpassedandreturneddependon n. If the library
routineis not currentlyavailable,raiseexception-257.
if ((UCELL)(*SP) > 8) { *--SP = -257; goto throw, }
el se i b((UCELL) * SP++) ;

LI B'simplementatioris almostself-explanatory Thefile | i b. ¢ implementsthe standardibrary. Note
thatlibrary routinesup to 8 areavailable:althoughthe standardibrary only containsroutinesupto 3, C
Beetleaddssomefile-handlingroutinesto implementthe Forth block system.Thesearenotdocumented.

LI NK ( i*x --)
Make a subroutinecall to the routineat the addresgiven (in the hostmachines format,
paddedutto a numberof cells)onthedatastack.The sizeandformatof this addresss
machinedependent.

LI NK;

A typical definitionof theLl| NK( f) macrois

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

3.3.5 Addresschecking

If CHECKED is setto one,thenall addressessedby eachinstructionarechecledbeforethey areusedto
ensurghatthey arebothin range and,for alignedaddressesligned.The macrosusedto accomplistthis
areCHECKC( a) to checkcharactemlignedaddresses

i f ((UCELL) ((BYTE *)(a) - M)) >= MEMORY) {
*(CELL *)(MD + 12) = ADDRESS = (BYTE *)(a) - M;
got o i nvadr;

andCHECKA( a) to checkcell-alignedaddresses

CHECKC( a) ;

if ((unsigned int)(a) & 3) {
*(CELL *)(MD + 12) = ADDRESS = (BYTE *)(a) - M);
goto aliadr;

wherethebranchedoi nvadr andal i adr causeheappropriateaddres&xceptiongo beraised.

3.3.6 Implementation and testing

Theimplementatiorcentredaroundthe testing.Eachgroupof instructions(arithmetic,branching excep-
tions etc.) wasfirst implementedn the single step() interfacecall, and a test programwasthenwritten
to testthem. At the sametime, a rangeof routinesusefulfor detuggingwasdeveloped,to performtasks
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suchasdisplayingthe stackandassemblingorograms Someof theselaterturnedout to be usefulin the
implementatiorof theuserinterface(seesection3.4.1).

Whenall theinstructionshadbeenimplementedtherun(), load_object() andsave object() interfacecalls
werealsoimplementedandtestedn a similarway.

A sampletestprogramandits outputaregivenin appendix-.

3.4 Designand implementation of the userinterface

Theuserinterfaceis describedn appendixC.

Theuserinterfacewasrequiredto have only the minimal functionalityneededo delug pForth runningon
Beetle. Thusthemaindesignaimswerethatit should,if possiblepeasportableasC Beetle andsimpleto
implementimplementatiortook two weeksfor the mainbulk of theinterface;somedehuggingwasdone
andadditionsmadewhile it wasin usethereafterThis madeit by farthe quickestcomponento program.

3.4.1 Command set

The commandset was thus chosenaccordingto the functionsalreadyavailable amongthe dehugging
utilities andtheadditionalfunctionsthatwerevital to the userinterfaces usabilityfor deluggingpForth.

Fromthe first setcamethe stackmanipulationcommandswhich pop and pushnumberso andfrom the
stacks,and display the stacks,and the commandghat load and save objectfiles. From the secondset
cametheregisterandmemoryassignmenanddisplaycommandsincludingthe memorydumpcommand
DUMP, andtheexecutioncommandsHeretheprogrammingeffort lay in writing theparsingroutinesandin
performingfull errorcheckingtheoperatiorof thecommandss trivial. Theonly commandequiringmuch
additionalprogrammingor its operationwasDI SASSEMBLE. This works ratherlike Beetles execution
cycle, but displaystheinstructionsnsteadof executingthem.

Although C’s standardibrary containsmary functionsfor parsing,someadditional programmingwas
required.First, commandsnay be abbreviated;a function waswritten to comparea string of ary length
with all the commandsand find the first with which it matchesThe C functionst rt ol wasusedto
parsenumbersandwaswrappedin errorcheckingand basedetectioncode (the userinterfaceusesthe
corventionthathex numbersarefollowedby “h” or “’"H").

The userinterfacewasmuchsimplified by having only two argumentformatsfor mostcommandseither
a singlenumber or a pair of numbersin the latter case the numberscanbe separatedby a plus sign, in
which casethey aretakenasa baseandoffset,or not, whenthey aretakenasthe startandendof arange.
Thesdormatsweregeneraknoughto beusedfor thedisassembleommandthememorydumpcommand,
andthe save objectfile commandThefile commandsdditionallyrequireafile name.

3.4.2 Error handling

Theuserinterfacewasdesignedo performcomprehensie error checksThis oftenintroducedifficulties
whenescapeoutesfor error conditionshave to be found, but becausef theflat structureof the program,
this wasnot a problem:mosterror conditionssimply causea prematureexit from the functionin which
they occur, andreturnup thecalling hierarchy;errorsin argumentparsingcauseal ongj np whichreturns
to themainloop of the userinterface to await anothedine of input.
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3.4.3 Adding commands

The commandd=ROMand| NI Tl ALI SE were addedto the designafter the userinterfacehad already
beenwritten andtested However, the programis simple enoughthatthesecommandsvereaddedeasily
andwithout error: the only modificationsrequiredwereto addtheir nameso the enumeratiorandstring
arraythathold all the commandsto incrementthe variableholding the total numberof commandsand
to addthe codeto implementthe commandsAt the last minute, after all the projectprogrammingwas
complete,anothercommand,COUNT, was added,to counthow mary times eachbForth instructionis
executedvhensingle-steppingThis wasaddedn underhalf-an-houyandworkedfirst time.



Chapter 4

Evaluation

4.1 pForth

The RISC OS versionof the compilerdoesits job, which is to cross-compilétself to run underBeetle.
It is now ANSI compliant,andrunsan ANSI conformancesuite,which testsmostof the Coreword set,
successfullyMost of the otherwordsarethemselestestedhoroughlyby runningthe crosscompiler

Similarly, the Beetleversionof the compilerworks, althoughit cannotcross-compiletself, asthe cross-
compileris hard-wiredto compilefrom ARM to Beetle.lt too runsthe ANSI conformancesuitesuccess-
fully.

4.2 Beetlesspecification

Having continuouslycombedthe specificationfor errorswhile the C implementationwas being devel-
oped,the specificationis now aboutascorrectasit could be without beingformalised.But is it a good
specificationThereareseveralpointsto male.

4.2.1 Design

Only aboutonethird of possibleopcodesare used.This seemswasteful:a whole bit is unusedin every
opcode.Either extra instructionscould be added,or perhapshe bit could be usedto replacethe EXI T
instruction,andcausea returnfrom subroutinethis methodhasbeenusedon hardwareprocessorsvhich
useForth astheir assemblylanguagg7]. But in the former casethe interpreterwould startto grow, and
loweredlocality of referencemight lower efficiengy, while in the latter every processingstepwould be
slowed by the needto checkthe top bit. If new opcodeswvereintroduced shouldthey implementsimple
or comple instructions?or example,implementingmemorymove (the Forth word MOVE) asa single
instructionwould bring enormousperformancebenefits A vastywildernesss the endof this agument,
which needdo be orderedby research.

S0D32,anotherForth-orientedvirtual processomvritten in C (no referenceavailable) hasonly thirty-
two instructions,and encodessix of thesein every four-byte cell, togetherwith an optionalreturnfrom
subroutinebit. Yetits codeis only 16% more compactthanthat of Beetle,which runs40% faster(see
section4.3.3).The benchmarlcompiledinto 4,508byteson SOD32,and5,3720n Beetle.This compares
with 10,448bytesfor SOD325 precompileddictionary and 16,596for Beetles. C Beetleitself is 24,300
byteslong (for a programwhich simply loadsand runs pForth, and henceincludesonly the run() and
load_object() functions).The SOD32interpreteiis 21,484byteslong.

23
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Somemeasurementaere madeof instructionusage:the instructionsobeyed during a run of the ANSI
conformancesuite were recorded,and eachinstructions frequeng asa proportionof total executionis
shavnin table4.1.6,788,027nstructionswereexecutedn total.

Instruction % | Instruction % Instruction % Instruction %
NEXTO0 9.75 DUP 4.15 DROP 1.76 SWAP 3.00
OVER 5.77 ROT  0.53 -ROT 0.30 TUCK 2.16

NI P 0.52 PICK 0.36 ROLL 0.18 ?DUP 0.65

>R 0.83 R> 0.83 R@ 1.90 < 011

> 0.96 = 249 <> 057 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 + 281 - 0.23
>-< 0.22 1+ 219 1- 0.47 CELL+ 2.20
CELL- 0.41 * 0.02 / 0.00 MOD 0.00
/MOD 0.00 UMD 0.00 S/ REM  0.00 2/ 0.06
CELLS 0.46 ABS  0.00 NEGATE  0.07 MAX 0.00
M N 0.18 I NVERT 0.19 AND  2.40 OR 0.02

XOR 0.17 LSH FT  0.01 RSH FT  0.19 1LSH FT 0.16
1RSH FT 0.00 @ 3.48 ! 0.31 Co 2.29
c  1.00 +1 0.12 SP@ 0.03 SP!I 0.00

RP@ 0.00 RP! 0.00 BRANCH 1.42 BRANCHI  0.00
?BRANCH 5.34 | ?BRANCHI 0.00 EXECUTE 0.06 @XECUTE 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 | (LI TERAL) 1.63| (LITERAL)I 3.39
THROW 0.00 HALT 0.00| (CREATE) 1.66 LIB 0.20
LI NK 0.00 RUN  0.00 STEP  0.00 NEXTFF 0.00

Table4.1: Instructionfrequenciesluringexecutionof the ANSI conformancesuite

Thetableshovs areasonabléistribution of frequenciesalthoughtheoreticallyaninstructionsetin which
eachinstructionhasthe samefrequeny of executionis attainable,n practicea roughly inverselinear
degradationof frequeng is the bestthatcanbe expected6]. Subroutinecall andexit dominate together
with the NEXT instruction(opcoded0h),whichis notsurprising asthe Forth compileris mainly composed
of subroutinecalls,andthefunctionof NEXT is performedatleasteveryfourthinstruction.Thereasorthat
NEXT hasafrequeng of only 9.75%is thatits functionis performedmplicitly by otherinstructionssuch
asCALL, BRANCH and( LOOP) ; mostof pForth consistsof CALLI instructions.Most of the arithmetic
andcomparisoroperatorarewell used althoughit seemshatsomeof the division instructionsmight be
removedwithoutlossasnonehasafrequeng greateithan0.01%.However, mostof theinstructionsavhose
frequeng is lessthan0.01%areinstructionswhich are neededput only rarely used,suchasHALT and
theregistermanipulationinstructionsSP@ SP! , RP@andRP! . Someof thesecouldperhap$ecombined
into a singleinstruction.

NeitherBRANCHI nor ?BRANCHI seemsgo be usedmuch. This is becausenostbranchecompiledare
forward brancheswherethe Forth compileralwaysusesa non-immediatdranch.This is becausé com-
pilesmorecodebeforethe branchis resolhed (for example,while compilingthel F. . . THEN construct),
soit mustensurethatthereis alwaysenoughroomfor the destinatioraddressOptimisingthe codewhen
thebranchis resohedwould betricky, asotherbranchesndaddresseferencesvould have to bemaodified.

NoticethatEXI T is executedslightly morethanCALL andCALLI combined.Thisis becausé&XECUTE
and @XECUTE alsocausea subroutinecall; they take their addres$rom the stackratherthantheinstruc-
tion stream.
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It seemghatit wasa goodideato includeinstructionsto placeconstantson the stack,andto addand
subtracttonstantsi+ andCELL+ areespeciallywell used.

4.2.2 Implementability

Despiteintentionalimprecisionin the specificationjt wasnot possibleto producea full implementation
of Beetlein portableC. Whetherthis is a problemwith the specificatiordependsn whethera portableC
implementatioris considerediesirablein a didacticsystemit probablyis. In that caseperhapghe spec-
ification shouldbe simplified, retainingonly thosefeatureswhich canbe renderedortably at the lossof
usabilityfor practicalapplicationspr perhapst shouldbe layered sothatdifferentlevelsof conformance
arelaid outfor differentclasse®f implementation.

4.2.3 Addresschecking

Thereis still atleastoneareaof ambiguityin the specificationaddreschecking.It is not clearwhether
library routinesoughtto checkaddressemternally andit is not clearwhenduringinstructionexecution
addresseshouldbe checled. The C implementationdoescheckaddressesvithin library routines,and
performsall addreswalidationbeforeexecutinganinstruction sothatinstructionsarenever abortedhalf-

way through.This oughtto bemadeexplicit.

4.2.4 An embarrassment

Whentakingmeasurementsf instructionexecutionfrequeng (seesectiond.2.1),it wasfoundthatNEXT
with opcodeFFhwas never executed.This instructionwasput in the instructionsetto be executedafter
negative immediatenumericliterals. However, ( LI TERAL) | performsthe function of NEXT itself, so
NEXT with opcodeFFh is never executed.The authorcomfortshimself with the thoughtthat, werethe
instructionsetextendedo top-bit-setinstructionsNEXT with opcodeFFhwould certainlybeneeded.

4.2.5 Experimentation and generality

For a systemwhich is intendedfor teachingthe mechanism®f Forth compilers,it might be arguedthat
Beetleis notgeneraknoughit supportsa particularmodelof compilation,andit is difficult to seehow rad-
ically differentForth compilerswith adifferentnumberof stacksor differentmethodsof compilingcontrol
structurescouldbe supportedaseasilyaspForth. If Beetleweredesignedgain theextremelyspecialised
instructionssuchas( DO) , ( LOOP) and( CREATE) could be replacedoy more generalbuilding-block
instructionswhich couldbe usedto implementa wider variety of Forth compilers.

4.3 C Beetle

The C implementatiorof Beetleis the mostobviously successfupartof the project. Therearethreecon-
siderationscorrectnessortability andspeed.

4.3.1 Correctness

To checkthatthe C implementatiorof Beetlecorrectlyfulfilled the specificationgighteertestprograms
wereconstructedandrun asit wasbeingwritten. One of thesetogetherwith sampleoutputis shovn in
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appendix-. For thefinal versionof Beetleall thetestsrun correctlyon all threemachineon which Beetle
wastestedseesectiond.3.2).

Also, thecorrectnessf mary of theBeetlearithmeticandlogic instructionsvaseffectively double-checkd
by the ANSI conformancesuite,which shavedup errorsthatthetestprogramshadmissed.

Finally, the ability of C Beetleto supporta Forth compilerrunninga complex programsuggestshatthe
implementations largely correct.

4.3.2 Portability

C Beetlewascompiledon threesystemsan Acorn Risc PC runningAcorn RISCOSon anARM610, a
DECstation3100runningDEC ULTRIX onaMIPS R3000,anda SparcStatiomunningSolaris2 on four
SuperSRRCs.The SFARC machinewasbig-endianthe othertwo werelittle-endian.All thetestsandthe
ANSI conformancesuiterunningon pForth worked on all threesystemsgexceptfor someof the division
testsin the ANSI conformancesuite,which failed on the ARM versionowing to bugsin the C compiler
The objective of portability seemgo have beenachiered;testingC Beetleon a wider rangeof machines
would ensurethis.

4.3.3 Speed
Thebenchmarlusedfor all comparisonsvasa singlerun of the ANSI conformanceuiteon pForth. Three
comparisonsveremade.

Thefirst wasbetweerthe differentmachinesunningC Beetle.Table4.2 shows theresultsof runningthe
benchmarlkwith andwithoutaddresshecking.Thetimesshowvn arethe averageof threeruns.

System | Checkingon | Checking off

ARM 79s 30s
MIPS 41s 26s
SRARC 9.7s 6.0s

Table4.2: Comparisorof interpretecdBeetles

Eventheslowestsystentakesareasonablémeto performthetask;thefastestamodernteachingsystem,
is extremelyquick, anddemonstratethat Beetleis certainlyfastenoughfor teachinguse,whentypically
mary shortprogramsarerun interactvely, which would be even fasterthanthe long testsequenceised
here.

It seemghataddresgheckingslows Beetledown by atleasta factorof two, althoughthis effectis masled
onthequicker systemsvhich spendmostof thetime performingl/O (the sourcefile for the benchmarks
readcontinuouslyasthebenchmarlprogresses).

Thesecondestwasto comparepForthrunningontheinterpretedBeetlewith thenative ARM version.The

latterranthetestin 5.8s.This shouldbe comparedvith theinterpretedversionwithout addresshecking,
asthenative versionperformsno checksandthusis only aboutfive timesfaster Consideringheoverheads
involvedin runninganinterpretemwhichis itself writtenin acompiledlanguageBeetleseemsurprisingly
fast.

The lasttestwasto run the benchmarkon anothervirtual processorunninga Forth compiler This was
doneonthe SRARC system,usingthe SOD32interpreter(no referenceavailable). The benchmarkanin
14s,s0it seemghatBeetleis reasonablyastfor aninterpreter
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4.4 Userinterface

The userinterfacedid all thatit wassupposedo, but no more.WhendehuggingpForth on Beetle,a text
editor displayinga hex and ASCIl dumpof the binary objectfile containingpForth wasalsoused.Then
codecouldbe studiedfrom a disassemblyn the userinterface,while literal numberscouldbe obsenedin
thetext editor, ascouldstrings,especiallythe headeffields of Forth words,which containtheirnames.

Thus,aunifieddisassemblyith ASCIl andhex dumpcommandvould be useful(perhapsvenreplacing
both DI SASSEMBLE and DUMP). A searchcommandwhich could find numbers stringsand particular
instructiondn memorywould be useful.Also, althoughSTEP TO providesa singleprimitive breakpoint,
aproperbreakpointmechanisnwould have madedehiggingeasierFinally, the sizeof the memorygiven
to Beetleshouldbe variable for exampleby a command-lingparameteto the userinterface.

However, especiallyif Beetles STEP and RUN instructionswereimplementedjt would be far betterto
write a deluggerin Forth, which would make the functionality available moredirectly to the Forth pro-
grammerPerhapsheuserinterfaceshouldbeleft asit is, andonly usedasatool of lastresort.
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Conclusions

Essentiallythe projecthasbeensuccessfulWhatwaspromisedn the projectreportwork plan (seepage
71) hasbeendelivered.The codeworkscorrectly andis reasonablefficient, andthe systemis well docu-
mented.

Therestof this chapterconsistof somemorespecificreflections.

5.1 Quality

An importantpartof the succes®f the projectis the quality of the programsanddocumentsvhich were
producedThe materialcompleted both specificationand programiis stable well-tested and,apartfrom
pForth,well documentedviany projectswould requiremuchadditionalwork afterthe dissertatioris com-
pletedto make themusefulandusableThis projectis alreadyboth,andwould becompletedy thecomple-
tion of C Beetlewith thetwo Beetleinstructionsomitted,andthewriting of ateachingmanualfor pForth,
whichwould bealengthywork in itself, andis outsidethe scopeof a projectsuchasthis.

In total, over 6,500lines of codewereproducedandover 15,000wordsof documentatiorfprintedasthe
appendices)The codewasall thoroughlytested:C Beetleby the suite of programswritten to testit and
pForth by the ANSI compliancesuite,andby dozensf smalltestscarriedout on the RISC OSversionas
it wasbeingmadeANSI compliant.The userinterfacewastestedextensiely in use,aswasC Beetle,by
runningpForth.

Equallyimportantly the documentatiohasbeencarefully proofed,andits accurag andclarity checled
severaltimes.

5.2 Exceptionsin C Beetle

Addresscheckingis not actually as straightforvard as might appear This is becausecheckingwhether
or not a pointer pointsto an arrayis difficult, if notimpossible,in ANSI standardC. Whenwriting C

Beetlecommonsensewas used:pointersare normally simpleaddressesand arraysare normally stored
contiguouslyin memory so by comparinga pointerwith the addressesf thefirst andlastelementf the

array thecheckcanbeperformed.This seemgo work onthesystemsnwhich C Beetlewastestedput is

not guaranteedo work. In a future virtual processowith addresshecking,morethoughtmight be given

to how to implementit in standardC, andto whetheranothelimplementatiodanguagemight be better

The exceptioncasesf instructionsshouldarguablyhave beentestedasthoroughlyasthe ordinarycases;
only onetestprogramwasusedto testexceptioncases.

28
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Testingmight be aidedby a formal specificationfor Beetle.However, formal methodsare expensve in
termsof time and effort (which is why they are most often usedin the future tense).Moreover, for a
virtual processarwhich is a shortprogram,almostall of which shouldbe executedreasonablyoften,
formal methodsmay not help remove bugs,as mostwill turn up in usearnyway. Neverthelessa formal
specificatiormaystill helpwith accuratémplementationandmoreimportantly improvethequality of the
design.

5.3 Useof Beetlefor teaching

Theoriginal aim of this project,to producea virtual processoandForth compilerfor teachingForth, has
often beensubmegedbeneathconsideration®f the individual componentsTo put the entire systemto
this use,pForth would needto be documentedn the samedetail asBeetle.pForth would alsoneedto be
extendedto make it a more usableervironmentfor developing Forth programs.Thenthe systemcould
usefully be usedfor teachingnot only Forth, but alsothe elementof virtual processorsgspeciallyasthe
sourcecodefor Beetleis short(754lines).

5.4 Separation

Oneaspecdf this projecthasnotbeenmentionedatall sofar. It is thatthe projectwasnotreally awhole,
but wasundertalenasfour separatg@rojects:the designof Beetle,its implementationthe constructiorof
theuserinterfaceusingit, andthe conversionof pForthto runonit.

Althoughthedifferentsub-projectsnfluencedoneanothera physicalseparatiorof codeandfunctionwas
maintainedbetweerthemthroughout.The body of coderesultingfrom the projectcanbe divided cleanly
into the threeprogramscorrespondingo the threeprogrammingsub-projectsThis is a strongindication
thatthe programshave beenwell engineered.

Theseparatiometweerthepartsof the projectarisesrom thestrongwell-definednterfacebetweerthem,
which in turn comefrom having designedeachpartof the projectbeforeimplementingit, andnot letting
the designsmix. Crucialto this wasthat eachpart of the projectwas documentedeparatelyasthough
four authorswerecollaboratingon the projectandneededo understanagachother's componentsandas
thoughthis dissertatiorwould never bewritten.
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Appendix A

The BeetleForth Virtual Processor

Abstract

The designof the BeetleForth virtual processois describedBeetles purposeis to provide an easily
portableenvironmentfor ANS Forth compilers:to move a compilerfrom one systemto anotheronly
Beetleandthe I/O librariesneedbe rewritten. Like mostinterpretersBeetlegainsportability andcom-
pactnesstthe expenseof speedput it retainsflexibility by providing instructionsto call machinecode
andaccesshe operatingsystem.

A.1 Intr oduction

Beetleis a simplevirtual processodesignedo enablethe easyimplementatiorof ANS Forth compilers,
suchaspForth[10], on differentsystemslt hastwelve registerstwo stacksandaninstructionset,called
bForth, of ninety-two instructions.The instructionsetis basedon the Core Word Setof ANS Forth [1].

This papergivesa full descriptionof Beetle,but certainimplementation-dependefagaturessuchasthe
size of the stacks,are purposelyleft unspecifiedandthe exact methodof implementatioris left to the
implementotin mary particulars.

Beetleis self-containedand performsl/O via the LI B instruction,which providesaccesdo a standard
library which mimics ANS Forth I/O words.The operatingsystemandmachinecoderoutineson the host
computemaybeaccessedsingthe OS andLI NK instructions Beetlesupportghe saving andloadingof

simpleobjectmodules.

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

SinceBeetleis heavily orientedtowardssupportingForth compilers,it is usefulto understandiow Forth
compilersoperatan orderto understandeetleandto useit properly An excellentintroductionto Forth
andForth compilersis [3]. An overview of the languageandits compilersis alsoprovidedin [1]. For an
implementatiorof Beetle,se€g[9].

A.2 Architecture

Beetles addresaunit is the byte, which is eightbits wide. Charactersireonebyte wide, andcellsarefour
byteswide. The cell is the size of the numbersandaddresseen which Beetleoperatesandof the items
placedonthestacksThecell sizeis fixedto ensurecompatibilityof objectcodebetweerimplementations
ondifferentmachinesthesizeof theaddressinit, characteandcell hasbeenchoserwith aview to making
efficientimplementatiorof Beetlepossibleon the vastmajority of currentmachinearchitectures.
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Cellsmayhavethebytesstoredin big-endiaror little-endianorder Theaddres®f acell is thatof thebyte
in it with thelowestaddress.

A.2.1 Registers

Theregisterseachwith its functionandpronunciationaresetoutin tableA.1.

Register | Pronunciation | Function
EP “e-p” TheExecutionPointer. Pointsto thenext cell from whichaninstruc-
tion word maybeloaded.
I “i” Thel nstructionHoldsthe opcodeof aninstructionto be executed.
A “a” The instructionAccumulator Holds the opcodesof instructionsto
be executedandimmediateoperands.
M “m-zero” The addres=f Beetles addressspaceon the host system,which
mustbealignedon a four-byteboundary
MEMORY “memory” Thesizein bytesof Beetlesaddresspacewhich mustbeamultiple
of four.
SP “s-p” ThedataStackPointer.
RP “r-p” TheReturnstackPointer.
" THROW “tick-throw” | Theaddresplacedin EP by a THROWinstruction.
ENDI SM “endism” Theendiannessf Beetle:0 = Little-endian,1 = Big-endian.
CHECKED “checlked” 0 = addresheckingoff, 1 = addressheckingon.
" BAD “tick-bad” The contentsof EP whenthelastexceptionwasraised.
- ADDRESS | “not-address” | Thelastaddressvhich causedainaddres®xception.

TableA.1: Beetlesregisters

EP, A, MEMORY, SP, RP, ' THROW ' BAD and - ADDRESS are cell-wide quantities;| , ENDI SM and
CHECKED areonebyte wide, and MD’s size dependn the implementationjt would normally have the
samewidth asaddressesnthehostcomputerThevaluesof MEMORY, ' BAD and- ADDRESS areavailable
in Beetles addresspace; THRONVmustbe physicallyheldtheresothatit canbe changedaswell asread
by programsTheiraddresseeelative to M0 areshavn in tableA.2.

Register | Address

" THROW Oh
MEMORY 4h
" BAD 8h

- ADDRESS Ch

TableA.2: Registerswhich appeaiin Beetles addresspace

To easeefficientimplementationBeetles stackpointersmay only be accessetly bForth instructiongsee
sectionA.3.7).

A.2.2 Memory

Beetles memoryis a contiguoussequencef bytesnumberedrom 0 to MEMORY — 1.
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A.2.3 Stacks

The dataandreturnstacksarecell-alignedLIFO stacksof cells. The stackpointerspoint to the top stack
item on eachstack.To push anitem on to a stackmeansto storethe item in the cell beyond the stack
pointerandthenadjustthe pointerto pointto it; to pop anitem meansto make the pointerpoint to the
secondtem onthe stack.The stacksgrow downwardsin memoryasnew itemsareaddedInstructionghat
changehe numberof itemson a stackimplicitly poptheiragumentsandpushtheir results.

The datastackis usedfor passingvaluesto instructionsand routinesand the return stackfor holding
subroutinereturnaddresseandtheindex andlimit of the Forth DO. . . LOOP construct.Thereturnstack
may be usedfor otheroperationssubjectto the restrictionsplacedon it by its normalusageit mustbe
returnecbeforeanEXI T instructionto the stateit wasin directly afterthecorrespondin@ALL, andbefore
a(LOOP), (+LOOP) , or UNLOOR to the stateit wasin beforethe corresponding DO) .

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

A.2.4 Operation

Before Beetleis started,M), MEMORY and ENDI SMshouldbe setto implementation-dependeralues;
" THROWshouldbe setto point to the exceptionhandlerandEP to the bForth codethatis to be executed.
CHECKED shouldbesetto 0 or 1 asdesired The otherregistersshouldbeinitialisedasshavn in tableA.3,
exceptfor | andA, which neednotbeinitialised.

Register Initial value
SP MEMORY — 100h
RP VEMORY
' BAD FFFFFFFFh
- ADDRESS FFFFFFFFh

TableA.3: Registerswith prescribednitial values

MEMORY shouldbe copiedto 4h; its valueandthoseof ENDI SMand CHECKED mustnot changewhile
Beetleis executing.Next, theactionof NEXT shouldbe performed(seesectionA.3.11): A is loadedfrom
thecell to which EP points,andfour is addedo EP.

Beetleis startedby a call to theinterfacecallsrun() or single step()(seesectionA.4.3).In theformercase,
theexecutioncycleis entered:

begin
copy theleast-significanbyte of Ato |
shift A arithmetically8 bits to theright
executetheinstructionin |

repeat

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

The executionloop neednot be implementedasa singleloop; it is designedo be shortenoughthatthe
contentf theloop canbe appendedo the codeimplementingeachinstruction.

Notethatthe callsrun() andsingle.step() do not performthe initialisation specifiedabove; that mustbe
performedbeforecalling them.
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A.2.5 Termination

WhenBeetleencountera HALT instruction(seesectionA.3.10),it returnsthetop datastackitem asthe
reasorcode unlessSP doesnotpointto avalid cell, in which casereasorcode-258is returned seesection
A.2.6). After a call to single_step() which terminateswithout an exceptionbeingraised reasoncode0 is
returned.

Reasorcodeswhich arealsovalid exceptioncodes(eitherresened (seesectionA.2.6) or userexception
codes)shouldnot normally be used.This allows exceptioncodesto be passedackby an exceptionhan-
dler to the calling program,so that the calling programcan handlecertainexceptionswithout confusing
exceptioncodesandreasorcodes.

A.2.6 Exceptions

When a THROWinstruction (seesectionA.3.10) is executed,an exceptionis saidto have beenraised.
Someexceptionsare raisedby otherinstructionsfor exampleby / whendivision by zerois attempted;
thesealsoexecutea THROW Theexceptioncodeis thenumberon top of the stackatthetime theexception
is raised.

Exceptioncodesaresignednumbers-1 to -255 areresenedfor ANS Forth exceptioncodes,and-256to
-511 for Beetles own exceptioncodes;the meaningf thosethat may be raisedby Beetleare shovn in
tableA.4. ANS Forth compilersmayraiseotherexceptionsn therange-1 to -255andadditionallyresene
exceptions-512to -4095for their own exceptiong(se€[1, section9.3.1]).

Code | Meaning

-9 Invalid addresgseebelow).
-10 | Divisionby zeroattemptedseesectionA.3.4).
-23 | Addressalignmentexception(seebelow).
-256 | lllegalopcode(seesectionA.3.14).
-257 | Library routinenotimplementedseesectionA.3.12).

TableA.4: Exceptiongaisedby Beetle

Exception-9 is raisedwhene&er an attemptis madeto accessan invalid addresgnot betweenzeroand
MEMORY — 1 inclusive), eitherby aninstruction,or duringaninstructionfetch (becaus€P containsan
invalid address)Exception-23 is raisedwhena bForth instructionexpectingan addresf type a-addr
(cell-aligned),is given a non-alignedaddressWhen Beetleraisesan addressxception(-9 or -23), the
offendingaddresss placedin - ADDRESS.

The initial valuesof ' BAD and - ADDRESS are unlikely to be generatedy an exception,so it may be
assumedhatif theinitial valuesstill hold no exceptionhasyetoccurred.

Addressandalignmentexceptionsareonly raisedif CHECKED is 1. WhenCHECKED is 0, a fasterimple-
mentationof Beetlemaybe used—thiss especiallyusefulfor stand-alon@eetles.

If SPis unalignedwhenan exceptionis raised,or puttingthe codeon the stackwould causeSP to be out
of range the effect of a HALT with code-258is performedalthoughthe actualmechanicarenot, asthat
too would involve putting a numberon the stack).Similarly, if © THROWcontainsan invalid addressthe
effectof HALT with code-259is performed.
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A.3 Instruction set

The bForthinstructionsetis listedin sectionsA.3.2to A.3.13,with theinstructionsgroupedaccordingto
function.Theinstructionsaregivenin thefollowing format:

NAVE “pronunciation” 00h ( before -- after )
R ( before -- after )

Description.

The first line consistsof the nameof the instructionfollowed by the pronunciationin quotes,and the
instructions opcode On theright arethe stackcommentor commentsUnderneatthis thedescriptionThe
two stackcommentshaow the effect of theinstructionon the dataandreturn(R) stacks.

Stack commentsarewritten
( before —- after )

wherebefore and after are stackpicturesshaving the itemson top of a stackbeforeand after the
instructionis executed(the changds calledthe stack effect). An instructiononly affectstheitemsshavn
in its stackcommentsThebracletsanddashesene merelyto delimit the stackcommentandto separate
before from after. Stack picturesare a representatiornf the top-mostitems on the stack,and are
written

i; dig...ip—1 ip

wherethe i, arestackitems,eachof which occupiesawholenumberof cells,with i,, beingontop of the
stack.The symbolsdenotingdifferenttypesof stackitem areshavn in tableA.5.

Symbol | Datatype

flag | flag

true | trueflag
false | falseflag
char | character

n signednumber
u unsignechumber

n| u number(signedor unsigned)
x unspecifiectell

xt executiontoken

a-addr | cell-alignedaddress
c-addr | charactelignedaddress

TableA.5: Typesusedin stackcomments

Typesareonly usedto indicatehow instructionstreattheir algumentsandresults;Beetledoesnot distin-
guishbetweerstackitemsof differenttypes.In stackpicturesthe mostgenerabrgumentypeswith which
eachinstructioncanbesuppliedaregiven;subtypesnaybesubstitutedUsingthephrasé'i = j” to denote
“4 is asubtypeof j”, tableA.6 shavs the subtyperelationshipsThe subtyperelationis transitive.

Numbersarerepresentedh twos complemenform. a-addr consistsof all unsignedhnumberdessthan
MEMORY. Numericconstantganbeincludedin stackpicturesandareof typen| u.

Eachtype may be sufiixed by a numberin stackpictures;if the samecombinationof type and suffix
appearsnorethanoncein astackcommentit refersto identicalstackitems.Alternative after picturesare
separatetly “| ", andthecircumstanceanderwhicheachoccursaredetailedn theinstructiondescription.

Thesymbolsi*x, j*x andk*x areusedto denotedifferentcollectionsof zeroor morecells of ary data
type.Ellipsisis usedfor indeterminateumbersof specifiectypesof cell.
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u=x
n=x
char = u
a-addr = c-addr = u
flag = x
Xt = x

TableA.6: Thesubtyperelation

If aninstructiondoesnot modify the return stack,the correspondingtackpictureis omitted. Somein-
structionshave two forms, the latterendingin “1 . This denoted mmediateaddressingtheinstructions
argumentis includedin theinstructioncell (seesectionA.3.1), ratherthanbeingplacedseparatelyn the
next availablecell.

A.3.1 Programming corventions

Sincebranchdestinationsnustbe cell-aligned,someinstructionsequencemay containgaps.Thesemust
be paddedwith NEXT (opcode00h).

Literals and branchaddresseshouldbe placedin memoryasfollows. If a literal (seesectionA.3.9) or
branchaddresgseesectionA.3.8) will fit in therestof the cell directly afterits instruction(seebelow), it
shouldbe placedthere andtheimmediateform of theinstructionused Otherwisat shouldbeplacedn the
cell aftertheinstruction.Furtherinstructionamaystill be storedin thecurrentcell. If morethanoneliteral
or branchinstructionis encodedn oneinstructioncell, the literal valuesfollow eachotherin successie
cells.

Given an instructioncell with n bytesfree, a literal will fit into it if it canbe representedsan n-byte
twos complemennumber Immediatemodebranchdestinationsare given asthe relative cell countfrom

the value EP will have whenthe instructionis executed(ratherthanthe addressof the instructioncell

containingtheinstruction)to theaddres®f thedestinatiorinstructioncell (notasabsoluteaddresses). he
literal or branchis storedwith the bytesin the sameorderasfor afour-bytenumberat the mostsignificant
endof theinstructioncell.

A.3.2 Stack manipulation

Thesenstructionananagehe datastackandmove valuesbetweerstacks.

DUP “dupe” 01h (x-—-xx)
Duplicatex.

DROP 02h (x--)
Remaore x from thestack.

SWAP 03h ( X1 X9 —— X9 X1 )
Exchangehetop two stackitems.

O\/ER 04h ( X1 X9 —— X1 X9 X1 )

Placeacopy of x; ontop of thestack.

ROT “rote” 05h ( X1 X2 X3 —— X9 X3 X1 )
Rotatethetop threestackentries.

- ROT “not-rote” 06h ( X1 X9 X3 —— X3 X1 X3 )
Performtheactionof ROT twice.
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TUCK 07h ( X1 X9 —— X9 X1 X9 )
Performthe actionof SWAP followedby OVER.
NI P 08h ( X1 X9 —— X9 )

Performthe actionof SWAP followedby DROP.

Pl CK 09h ( Xy---X1 Xo U == Xy...X1 Xo Xy )
Remweu. Copy x, to thetop of thestack.If u = 0, Pl CKis equivalentto DUP. If therearefewerthan
u + 2 itemson the stackbeforePl CK is executed the memorycell which would have beenx, were
thereu + 2 itemsis copiedto thetop of the stack.

ROLL OAh ( x4y Xy —1...x0 u == x,—1...%0 Xy )
Remaoe u. Rotateu + 1 itemsonthetop of thestack.If u = 0 ROLL doesnothing,andif u = 1 ROLL

is equivalentto SWAP. If therearefewerthanu + 2 itemson the stackbeforeROLL is executed the
memorycellswhich would have beenon the stackwerethereu + 2 itemsarerotated.

?DUP “question-dupe” 0Bh (x--0] xx)

Duplicatex if it is non-zero.

>R “to-r" 0Ch ( x-—-)
R ( --x)

Move x to thereturnstack.

R> “r-from” 0Dh ( --x)
R (x-)

Move x from thereturnstackto the datastack.
R@ “r-fetch” OEh ( --x)

Copy x from thereturnstackto the datastack.

A.3.3 Comparison

Thesewordscompargwo numbergor, for equalitytests ary two cells) onthestack returningaflag, true
with all bits setif thetestsucceedandfalseotherwise.

< “less-than” OFh ( ny ny —— flag )
flag istrueif andonlyif n; is lessthann,.

> “greaterthan” 10h ( ny ny -- flag )
flag istrueif andonlyif n; is greateithann,.

= “equals” 11h ( 1 x —— flag )
flag istrueif andonly if x; is bit-for-bit the sameasxa.

<> “not-equals” 12h ( x1 xo —— flag )
flag istrueif andonlyif x; is notbit-for-bit the sameasxs,.

0< “zero-less”  13h ( n-- flag )
flag is trueif andonly if nis lessthanzero.

0> “zero-greater”  14h ( n-- flag )
flag istrueif andonlyif n is greatetthanzero.

0= “zero-equals”  15h ( x -- flag )
flag istrueif andonlyif x is equalto zero.
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0<> “zero-not-equals”  16h ( x -- flag )
flag istrueif andonlyif x is notequalto zero.

U< “u-less-than”  17h ( u up —— flag )
flag istrueif andonlyif u; is lessthanus.

U> “u-greaterthan” 18h ( uw up —— flag )
flag istrueif andonlyif u; is greateithanus,.

A.3.4 Arithmetic

Theseinstructionsconsistof monadicand dyadic operatorsand numericconstantsAll calculationsare
madewithoutboundsor overflow checking exceptasdetailedfor certaininstructions.

Constants:

0 “zero” 19h ( —-0)
Leave zeroonthestack.

1 “‘one” 1Ah ( --1)
Leave oneonthestack.

-1 “minus-one”  1Bh (-—--1)
Leave minusoneonthestack.

CELL 1Ch ( --4)
Leave four onthestack.

- CELL “minus-cell”  1Dh (---4)

Leave minusfour onthestack.
Addition andsubtraction:

+ “plUS” 1Eh ( 111| up Il2| u, —- Il3| us )
Add ny| us to ny| ug, giving thesumng| us.

- “minus”  1Fh ( m|u np|upy -- n3fuz )
Subtractns| us from ny| uy, giving thedifferenceng| us.

>-< “reverse-minus”  20h ( np| u; n| uy -- n3z| uz )
Performthe actionof SWAP (seesectionA.3.2) followedby - .

1+ “one-plus” 21h ( nilu -- no] up )
Add oneto n;| uy, giving thesumns| us.

1- “one-minus” 22h ( nilug -- no] up )
Subtraconefrom n; | uy, giving the differencens| us.

CELL+ “cell-plus” 23h ( m|u -- no| uy )
Add fourto n;| uy, giving thesumns| us.

CELL- “cell-minus” 24h ( ni|l wg -- ny| up )

Subtracfour from n; | uy, giving the differencens| us.

Multiplication and division (notethat all division instructionsraise exception-10 if division by zerois
attemptedandroundthe quotienttowardsminusinfinity, exceptfor S/ REM which roundsthe quotient
towardszero):
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* “star” 25h ( ni| uy np| up -- n3| ug )
Multiply n;| uy by ns| us giving theproductng| us.

/ “slash” 26h ( n; ng -- n3 )
Divide n; by n», giving thesingle-cellquotientns.

MOD 27h ( mp np -- n3 )
Divide n; by ns, giving thesingle-cellremaindemns.

/ MOD “slash-mod” 28h ( mp ny -- n3 ng )
Divide n; by ns, giving thesingle-cellremaindemns andthesingle-cellquotientn,.

U MOD “u-slash-mod”  29h (w up —— uz ug )
Divide u; by u, giving thesingle-cellremainderz andthesingle-cellquotientu,.

S/ REM “s-slash-rem” 2Ah ( n;1 no —— n3 ng )

Divide n; by ny usingsymmetriadivision, giving thesingle-cellremaindemn; andthesingle-cellquotient
y.

2/ “two-slash”  2Bh ( x1 —— x2)

xo IS the resultof shifting x; one bit toward the least-significanbit, leaving the most-significantit
unchanged.

CELLS 2Ch ( m --mp)
ny isthesizein bytesof n; cells.

Signfunctions:

ABS “abs” 2Dh (n--u)
u is theabsolutevalueof n.
NEGATE 2Eh ( np -- ny )

Negaten,, giving its arithmeticinversens.

Maximaandminima:

MAX 2Fh ( ny np -- n3 )
n3 isthegreaternof n; andn,.
M N 30h ( n; np —— I3 )

ns is thelessermf n; andn,.

A.3.5 Logic and shifts

Theseinstructionsconsistof bitwise logical operatorsand bitwise shifts. The resultof performingthe
specifiedoperationon theargumentor argumentss left onthe stack.

Logic functions:

| NVERT 31h (x —-x)
Invertall bits of x;, giving its logicalinversex,.
AND 32h ( x1 xo == x3 )
x3 is thebit-by-bit logical “and” of x; with xs.
OR 33h ( x1 x2 -— x3 )

x3 is the bit-by-bit inclusive-orof x; with xs.
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XOR “x-or” 34h ( X1 X9 —— X3 )
x3 IS the bit-by-bit exclusive-orof x; with x,.

Shifts:

LSH FT “I-shift” 35h ( x1u--x )

Performalogical left shift of u bit-placeson x;, giving x2. Putzerointo theleastsignificantbits vacated
by the shift. If u is greatethanor equalto 32, x, is zero.

RSHI FT “r-shift”  36h (21 u-—-x )

Performalogicalright shift of u bit-placeson x; , giving x». Putzerointo themostsignificantbits vacated
by theshift. If u is greatethanor equalto 32, x; is zero.

1LSHI FT “one-l-shift”  37h (x1 --x)
Performalogical left shift of onebit-placeon x;, giving x». Putzerointo theleastsignificantbit vacated
by the shift.

1RSHI FT “one-r-shift”  38h (x1 - x)

Performalogicalright shift of onebit-placeon x; , giving x». Putzerointo themostsignificantbit vacated
by the shift.

A.3.6 Memory

Thesenstructiondetchandstorecellsandbytesto andfrom memory;thereis alsoaninstructionto adda
numberno anotherstoredin memory

@ “fetch” 39h ( a-addr -- x )
x is thevaluestoredat a-addr .

! “store” 3Ah ( x a-addr -- )
Storex ata-addr.

C@ “c-fetch” 3Bh ( c-addr -- char )

If ENDI SMis 1, exclusive-or c-addr with 3. Fetchthe characteistoredat c-addr. The unusedhigh-
orderbits areall zeroes.

c “c-store”  3Ch ( char c-addr -- )
If ENDI SMis 1, exclusive-or c-addr with 3. Storechar at c-addr. Only onebyteis transferred.
+! “plus-store”  3Dh ( n|] u a-addr -- )
Add n| u tothesingle-cellnumberat a-addr.

A.3.7 Registers

As mentionedn sectionA.2.1,thestackpointersSP andRP mayonly beaccessethroughspecialinstruc-
tions:

SP@ “s-p-fetch” 3Eh ( -- a-addr )
a-addr is thevalueof SP.

SP! “s-p-store” 3Fh ( a-addr -- )
SetSP to a-addr.

RP@ “r-p-fetch” 40h ( -- a-addr )
a-addr is thevalueof RP.

RP! “r-p-store” 41h ( a-addr -- )

SetRP to a-addr.
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A.3.8 Control structures

Thesenstructionamplementunconditionabndconditionalbranchessubroutinecall andreturn,andvar
iousaspect®f the Forth DO. .. LOOP construct.

Branches:

BRANCH 42h ( —-)
LoadEP from the cell it pointsto, thenperformthe actionof NEXT.

BRANCHI “branch-i” 43h ( --)
Add A x 4to EP, thenperformtheactionof NEXT.

?BRANCH “question-branch”  44h ( flag —- )

If flag is falsethenload EP from the cell it pointsto and performthe actionof NEXT; otherwiseadd
four to EP.

?BRANCHI “question-branch-i”  45h ( flag -- )

If flag isfalsethenaddA x 4 to EP. Performtheactionof NEXT.

EXECUTE 46h ( xt --)
R ( -- a-addr )

PushEP onto thereturnstack,put xt into EP, thenperformtheactionof NEXT.

@EXECUTE “fetch-execute” 47h ( a-addr; -- )
R ( -- a-addr; )

PushEP onto thereturnstack,putthe contentf a-addr into EP, thenperformtheactionof NEXT.

Subroutinecall andreturn:

CALL 48h ( —-)
R ( -- a-addr )

PushEP + 4 onto thereturnstack,thenload EP from thecell it pointsto. Performtheactionof NEXT.

CALLI “call-i” 49h ( —-)
R ( -- a-addr )

PushEP onto thereturnstack,thenaddA x 4 to EP. Performtheactionof NEXT.

EXIT 4Ah ( —-)

R ( a-addr -- )
Puta-addr into EP, thenperformtheactionof NEXT.

DO...LOOP support:

(DO “bracket-do”  4Bh ( x1 xo == )
R ( - x x)
Move thetop two itemsonthe datastackto the returnstack.
(LOOP) “bracket-loop”  4Ch ( --)
R ( ni|lu nplup == | ng|w n3luz )
Add oneto nsy| up; if it thenequalsn; | u; discardbothitemsandaddfour to EP, otherwisdoadEP from
thecell to whichit pointsandperformtheactionof NEXT.

(LOOP) | “bracket-loop-i”  4Dh ( --)

R ( m|uw nplup -- | ny| uy n3|us)
Add oneto ny| us; if it thenequalsn; | u; discardbothitems,otherwiseaddA x 4 to EP. Performthe
actionof NEXT.
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(+LOOP) “bracket-plus-loop”  4Eh ( ny]u --)
R ( n2|lus n3luz —— | na|ux ngl uy )

Add ny| uy t0 n3| us; if n3| uz therebycrosseshe (ny| uy — 1) to ny| uy boundarydiscardbothitems

andaddfour to EP, otherwiseload EP from the cell to whichit pointsandperformtheactionof NEXT.

(+LOOP) | “bracket-plus-loop-i”  4Fh ( mp|u --)
R ( n2|up n3lus -- | na| up myf uy )
Add n;| uy to n3| us; if n3| us therebycrosseshe (ny| uy — 1) to ny| uy boundarydiscardbothitems,
otherwiseaddA x 4 to EP. Performtheactionof NEXT.
UNLOCP 50h ( --)
R ( X1 X9 —- )
Discardthetop two itemsonthereturnstack.
J 51h ( --x1)
R ( X1 Xo X3 —— X1 X2 X3 )
Copy thethird item onthereturnstackto thedatastack.

A.3.9 Literals

Theseinstructionsencodditeral valueswhich areplacedon the stack.

(LI TERAL) “bracket-literal” 52h ( --x)
Pushthecell pointedto by EP onto the stack,thenaddfour to EP.
(LI TERAL) I “bracket-literal-i" 53h ( --x)

Pushthe contentsof A onto the stack.Performthe actionof NEXT.

A.3.10 Exceptions

Thesenstructionggive acces$o Beetles exceptionmechanisms.

THROW “pbracket-thron” 54h ( --)
Putthecontentsf EP into’ BAD, thenload EP from’ THROW Performthe actionof NEXT. If © THROW
containsan out of rangeor unalignedaddressstop Beetle,returningreasoncode-259 to the calling
program(seesectionA.4.3).

HALT 55h (x-)

StopBeetle,returningreasorcodex to the calling program(seesectionA.4.3).If SP is out of rangeor
unaligned;258is returnedasthereasorcode.

A.3.11 Miscellaneous

( CREATE) implementspart of the Forth CREATE. .. DOES> construct.NEXT performsan instruction
fetchwhenBeetlerunsout of instructionsn the A register

( CREATE) “bracket-create”  56h ( -- a-addr )
PushEP onto the stack.
NEXT 00h/FFh ( —-)

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

Thesenstructionsallow accesgo Beetles libraries,the operatingsystemandnative machinecode.

LI B 57h ( i*x n -- j*x )
Call library routinen. The parameterpassedand returneddependon n. If the library routineis not
currentlyavailable,raiseexception-257.

cs “0-g” 58h ( i*x -- j*x )
Make anoperatingsystemcall. OS typically takesan operatingsystemcall numberthenmakesthatcall

andreturnsary result,with otherparameterandresultdatabeingcommunicatedia thestackor ashared
dataarea.

LI NK 59h ( i*x -- )

Make a subroutinecall to theroutineatthe addresgjiven (in the hostmachines format, paddedout to a
numberof cells)on thedatastack.Thesizeandformatof this addressiremachine-dependent.

A.3.13 Recursion

Theseinstructionsare providedto simplify the taskof writing a low-level dehuggerfor Beetlethatruns
directly on Beetle.Sucha detuggermightbewrittenin pForth. Theinstructiongperformroughlythe same
functionastheinterfacecallsrun() andsingle_step()

RUN 5Ah ( a-addr; a-addr, a-addrs x -- n )
Save the currentvaluesof EP, A, SP, RP, ' THROW ' BAD and- ADDRESS andload a-addr; into SP,

a-addrs into RP, a-addrs into EP, andx into A. Enterthe executionloop. If Beetlehalts,restorethe
contentsof theregistersto thosesared,andpushthereasorcodeonto the stack.

STEP 5Bh ( a-addr; a-addrs; a-addrs x -- n )
Savethecurrentvaluesof EP, A, SP, RP,” THROW’ BAD and- ADDRESS andloada-addr; into SP, a-

addr, into RP, a-addr; into EP andx into A. Performthe contentsof the executionloop once.Restore
the contentf theregistersto thosesaved,andpushthe reasorcodeon to the stack.

A.3.14 Opcodes

In tableA.7 arelisted the opcodesn numericalorder All undefinedopcodeg5Ch—FEh)raiseexception
-256.

A.4 External interface

Beetles externalinterfacecomesin threeparts. The calling interfaceallows Beetleto be controlledby
otherprogramsThelibrary formatprovidesa simplemechanisnfior Beetleto acces$/O andothersystem-
dependenfunctionsvia the L1 B instruction.Userwritten librariesmay alsobe used,allowing Beetleto
benefitfrom previously written code,codewritten in otherlanguagesandthe speedof machinecodein
time-critical situations.The objectmoduleformatallows compiledcodeto be saved, reloadedandshared
betweersystemspForthis 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 NI P 27h MOD 46h EXECUTE
09h Pl CK 28h / MOD 47h @=XECUTE
O0Ah 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
OEh R@ 2Dh ABS 4Ch (LOOP)
OFh < 2Eh NEGATE 4Dh (LOOP) I
10h > 2Fh MAX 4Eh (+LOOP)
11h = 30h M N 4Fh (+LOOP) I
12h <> 31h | NVERT 50h UNL OOP
13h 0< 32h AND 51h J
14h 0> 33h OR 52h (LI TERAL)
15h = 34h XOR 53h (LI TERAL) I
16h 0<> 35h LSHI FT 54h THROW
17h U< 36h RSHI FT 55h HALT
18h > 37h 1LSH FT 56h ( CREATE)
19h 0 38h 1RSH FT 57h LI B
1Ah 1 39h @ 58h (0
1Bh -1 3Ah ! 59h LI NK
1Ch CELL 3Bh c@ 5Ah RUN
1Dh - CELL 3Ch c 5Bh STEP
1Eh + 3Dh +! FFh NEXT

TableA.7: Beetles opcodes

A.4.1 Object moduleformat

Thefirst six bytesof anobjectmoduleshouldbethe ASCII codesof the letters“BEETLE"; next should
comeanASCII NUL (00h),thenthe one-bytecontentof the ENDI SMregisterof the Beetlewhich saved
the module.The next four bytesshouldcontainthe numberof cellsthe codeoccupiesThe numbermust
have the sameendiannesasthatindicatedin the previous byte. Thenfollows the code,which mustfill a
wholenumberof cells. Theformatis summarisedh tableA.8 (thebytesin eachcell areshavnin theorder
in whichthey arestoredin thefile, regardles®f theendiannesef themachineon whichthefile is written).

Objectmoduleshave a simplestructure asthey areonly intendedor loadinganinitial memoryimageinto

Beetle,suchasthe pForth compiler Forth doesnottypically supportheloadingof compiledcodeinto the
compiler nor thereis ary need,ascompilersarefast,andanincrementaktyle of programdevelopment,
with only alittle sourcecodebeingrecompiledatatime,is typically used.
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Cell | Contents

1 42h45h45h54h
4Ch45h00hENDI SM
Lengthl
1stcell of code...

AIWIN

1+3 | ...lthcell of code

TableA.8: Objectmoduleformat

A.4.2 Library format

Thefirst six bytesof alibrary file shouldbe the ASCII codesof theletters*"BEETLE”; next shouldcome
FFhfollowedby the one-bytecontentf the ENDI SMregisterof the Beetlewhich savedthelibrary. Next
is a cell containingthe numberof library routinesin this library. After this cometheroutines:first a cell
containingthe numberof the routine (the sameasthat passedo LI B to call that routine),thena cell
with the length of the routinein bytes,thenthe machinecodeitself, paddedif necessaryvith OOhto a
whole numberof cells. The numberof routines,routine numbersand lengthsshouldbe storedwith the
sameendiannesgasthatindicatedearlier The formatis summarisedn table A.9 (the bytesin eachcell
areshawn in the orderin which they arestoredin thefile, regardlesf the endiannessf the machineon
whichthefile is written).

Cell | Contents

1 42h45h45h54h
4Ch45hFFhENDI SM
Numberof calls
1stcall number
1stcall lengthl

1stcell of code...

OO B WIN

l+5 | ...lthcell of code

furthercalls

TableA.9: Library format

If relocationtablesor otherdataareneededor themachinecodeto work, they shouldbeincludedwith the
code;it is upto theimplementatiorhow to decodehe machinecodesectionf thelibrary file.

A.4.3 Calling interface

The calling interfaceis difficult to specify with the sameprecisionas the restof Beetle,asit may be
implementedn arny languageHowever, sinceonly basictypesareused,andthe semanticaresimple, it
is expectedthatimplementationén differentlanguageproducingthe sameresultwill be easyto program.
A Modula-like syntaxis usedto give the definitionshere.lmplementation-definedrror codesmustbe
documentedhut areoptional . All addressepassedisparametersustbe cell-aligned.Therearesix calls
which a Beetlemustprovide:



46 APPENDIXA. THEBEETLEFORTH VIRTUAL PROCESSOR

run () : integer
StartBeetleby enteringtheexecutioncycle asdescribedn sectionA.2.4.If Beetleeverexecutes
aHALT instruction(seesectionA.3.10),thereasorcodeis returnedastheresult.

single.step() : integer
Executeasinglepaswof theexecutioncycle,andreturnreasorcode0, unlessaHAL T instruction
wasobeyed(seesectionA.3.10),in which casethereasorcodepassedo it is returned.

load_object (file, address : integer

Loadtheobjectmodulespecifiecby file, whichmaybeafilenameor someotherspecifierto the
Beetleaddressaddress Firstthe modules headeiis checled;if thefirst sevenbytesarenotas
specifiedaborein sectionA.4.1, or theendiannessgalueis not 0 or 1, thenreturn-2. If thecode
will notfit into memoryattheaddresgjiven,or theaddresss outof range return-1. Otherwise
loadthebForthcodeinto memoryreseing it if theendiannessgalueis differentfrom thecurrent
valueof ENDI SM Theresultis 0 if successfulandsomeotherimplementation-definedalueif
thereis afiling systemor othererror.

save_object (file, addressJength : integer
Save the lengthcells in Beetles memory startingat addressas an object module underthe
filenameor other specifierfile. The resultis 0 if successful;1 if thereis a Beetleerror (the
addresss out of rangeor the areaextendsheyond MEMORY), andsomeotherimplementation-
definedvalueif thereis afiling systemor othererror.

load_library (file) : integer
Loadthe library specifiedby file, which may be a filenameor someother specifier Return0
if successfulpr someotherimplementation-definedalueif not. It is up to theimplementation
whethemarticularlibrary callsmaybeloadedmorethanonce;if thisis allowed,theold version
shouldbe overwrittenby the new.

save_standalone(file, size start, copied,libs) : integer

Write an executablestand-alonéBeetleto thefile file, which may be a filenameor someother
specifier The executableshouldhave MEMORY equalto size andthefirst copiedcells should
have the contentsof the copiedcells in the currentBeetlestartingat start The library calls
specifiedn thelist of cellslibs shouldbelinkedto the executableandthe currentvaluesof the
registersshouldbe stored.Theresultis 0 if successful;1 if the areaextendsbeyond MEMORY,

or someotherimplementation-definedalueif thereis afiling systemor othererror. Seesection
A.4.4for thebehaiour requiredof thestand-alon8eetle.

Beetlemustalsoprovide accesso its registersandaddresspacehroughappropriatalataobjects.

A.4.4 Stand-aloneBeetles

A stand-alon@eetleshouldperformthe following stepswhenit is executed:

1. Initialise theregisterswith thevaluesthey heldwhenthe stand-alon@&eetlewassaved.
2. Performtheactionof NEXT.

3. Performtheactionof acallto run().

If the Beetlestopswith areasorcode thisshouldbereturnedo thecalling ervironmentf thisis supported;
otherwiset maybeignored.The stand-along@rogramshouldthenterminate.

Any library calls which werelinkedto the stand-alondeetlemustexecutecorrectlywhencalled by the
LI B instruction.Any otherparametepassedo LI B shouldraiseexception-257 (library call notimple-
mented).
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A.5 Libraries

Beetlehasone standardibrary, the core I/O library. Its routinesmimic the four system-dependemO
wordsin the ANS Forth Core Word Set. The descriptionsbelon areidenticalto thosegiven for bForth
instructiongseesectionA.3), exceptthatthe opcodeis replacedy theroutinenumberwhichis passedo
LI Bto calltheroutine.

BL “b-1" 0 ( -- char )
char is thecharactewvaluefor aspace.

CR “c-r” 1 ( --)
Causesubsequentutputto appearat the beginningof thenext line.

EMT 2 (x--)

If x is agraphiccharactelin the implementation-definedharacteiset, display x. The effect of EM T
for all othervaluesof x is implementation-definedVhenpassed charactemwhosecharacteidefining
bits have avaluebetweer2Ohand7Ehinclusive, the correspondingharactefrom the ASCII code[2] is
displayed.

KEY 3 ( -- char )

Receveonecharacteehar, amembeiof theimplementation-definecharacteset.Keyboardeventsthat
do not correspondo suchcharacterarediscardeduntil a valid characteiis receved, andthoseevents
aresubsequentlynavailable. Any standardccharactereturnedby KEY hasthe numericvalue specified
by the ASCII code[2].

For moreprecisanformationonthebehaiour of thelibrary calls,seethedescription®f thecorresponding
wordsin [1, chapter6].
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Appendix B

An implementation of the Beetlevirtual
processonn ANSI C

B.1 Intr oduction

The Beetlevirtual processof8] providesa portableernvironmentfor the pForth Forth compiler[10], a

compilerfor ANSI Standard~orth[1]. To move pForth betweerdifferentmachinesandoperatingsystems,
only Beetleneedberewritten. However, eventhis canbeavoidedif Beetleis itself writtenin ANSI C, since
almostall machineshave an ANSI C compileravailablefor them.

Writing Beetlein C necessarilyeadsto alossof performancdor asystemwhichis alreadyrelatively slow
by virtue of usingavirtual processoratherthancompilingnative code However, pForthis intendedmnainly
asadidactictool, offering a concreteForth environmentwhich may be usedto explorethe languageand
particularlythe implementatiorof the compiler on a simplearchitecturedesignedo supportForth. Thus
speeds not crucial,andon modernsystemsvena C implementatiorof Beetlecanbe expectedto run at
anacceptablspeed.

C Beetleprovidesonly thevirtual processagrnot a userinterface.A simpleuserinterfaceis describedn

[8].

Theinterfaceto anembeddedeetleis describedn [8]. This paperonly describeshe featuresspecificto
thisimplementation.

B.2 Omissions

Certainfeaturesof Beetlecannotberenderedgortablyin C, andso have beenleft out of thisimplementa-
tion. Thus,thisimplementatiordoesnot fully meetthe specificatiorfor anembeddedeetle.

The OGS instructionis notimplementedasit depend®nthe operatingsystemof thehostmachine andthis
implementatiorof Beetleis meantto beportable If executed OS doesnothing.

The interfacecall save_standalone()is not implementedasit is difficult to implementportablywithout

it merelyusing C Beetleto run an objectfile, which lacksthe usualadvantage®of stand-alongrograms,
speedandcompactnesdgor similar reasonsload_library() is notimplementectither;the useof LI NK to

acces< functionsis recommendedhstead.

The recursioninstructionsSTEP and RUN are not implementedalthoughthey may be addedin a future
version.

48
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Machine type | Symbol

MS DOS MSDOS
RISCOS ri scos
Unix uni x

TableB.1: Supportednachinetypes

B.3 UsingC Beetle

This sectiondescribeshow to compile C Beetle,andthe exact mannerin which the interfacecalls and
Beetles memoryandregistersshouldbeaccessed.

B.3.1 Configuration

It is impossibleto write an ANSI C implementationof Beetlethat will run unalteredon any machine.
The few featuresthat are machine-dependeiatre definedin a machineheadeffile, which is includedby

bport ab. h. The appropriatesymbol for the machineon which C Beetleis to be compiledmust be
defined andthemachineheadefile will thenbeincludedautomaticallyThemachineéheadefilesavailable
atthetime of writing areshovnin tableB.1,togethemwith thecorrespondingymbolthatshouldbedefined.
Thesesymbolsareautomaticallydefinedby GNU C on the correspondingnachinesijf anothercompiler
is used the appropriatesymbolshouldbe defined.If C Beetleis to be compiledon a machinetypenotin

thelist, anew headeffile mustbe addedto thedirectorybpor t ab, modelledon the existing headeffiles
there,andbpor t ab. h mustbe changedo loadit.

The machinetype Uni x refersto most Unix machines Systemgestedsuccessfullyinclude SystemV

Releasel, DEC OSF/1landDEC ULTRIX. Someproblemswereencounteredyhich hadeffectsranging
from impairedoperatiorto non-compilationput mostaretoo machineandinstallationspecificto beworth
describing Thegenerabbsenationmaybe madethatwhencompilingon a 64-bitarchitecturenary error
messagemay be generatedy the compileraboutpointercorversions.Theseoccurbecauseffsetsinto

Beetlesaddresspaceaarerepresentedsfour-bytenumbersAs long asBeetleis neverallocatednorethan
4Gbfor its memory thiswill notbea problem.

Thefollowing typesmustbedefinedin a machineheadefile:

BYTE: anunsigneceight-bitquantity(Beetles byte).
CELL: asignedfour-bytequantity(Beetles cell).
UCELL: anunsignedour-bytequantity(anunsignectcell).

Thefollowing symbolsshouldbe definedif appropriate:

Bl G.ENDI AN shouldbe definedin the malkefile to definethe symbolof the samenamewheneerthe C
compileris invokedif Beetleis compiledon a big-endiarmachine.

FLOORED shouldbedefinedif the C compilerperformsflooreddivision.
Thefollowing macrosshouldalsobe defined:

ARSHI FT(n, p) shouldbesetto amacrothatassigngo n theresultof shiftingit right arithmeticallyp
placeswherep mayrangefrom O to 31.
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LI NK shouldbe setto a macrothat, callsthe C function at the machineaddresseld on top of Beetles
stack.This addresswill typically occupy onecell, but mayoccupy more.The macromustthenalter
SP sothattheaddresss poppedrom the stack.

CGETCH shouldbe setto a macrothatreturnsthe next key-presswithout bufferingandecho(like Cursess
getch()).

PUTCH( c) shouldbesetto amacrothatprintsthecharactec to st dout withoutbuffering.

NEWL shouldbesetto amacrothatprintsa\ n onst dout withoutbuffering.

TheregisterCHECKED mustbe set(in beet | e. h) atcompile-time:setto one,addressheckingwill be
enabledandsetto zeroit will bedisabledlts valuecannotbe alteredat run-time.MEMORY cansimilarly
bealteredfrom its default valueof 16384if desired.

The C compilermustusetwos-complemenarithmetic. The settingsin bpor t ab. h aretestedwhenthe
Beetletestsarerun. If ary is incorrect,thechangeshatshouldbe madearelisted.

B.3.2 Compilation

Theutility Make is requiredto compileBeetleassuppliedihisis availableon mostsystemsFirst, editthe
malefile, whichis calledMakef i | e, sothatit will work with the C compilerandlinkerto beused.The
variablesCCf | ags, Li nkf | ags, CCandLi nk mayneedto bechangedThensetTouch sothatit will,
whenprependedo a filename form a commandhatchangeshe timestampof thefile to the currenttime
(onmary systemst ouch is the correctcommand).

Now run Make with Makef i | e asthe malkefile,andC Beetleshouldcompile.To testthe Beetle,run the
scriptfile bt est s. The Beetleobjectfiles canbemadeseparatelasthetargetbeet | e; thetestprograms
canbemadeasthetargetbt est s.

B.3.3 Registersand memory

Beetlesregistersaredeclaredn beet | e. h. Theirnamescorrespondo thosegivenin [8, sectionA.2.1],
althoughsomehave beenchangedo meetthe requirementdor C identifiers.C Beetledoesnot allocate
ary memoryfor Beetle,nor doesit initialise ary of the registers.C Beetle providesthe interfacecall
init _beetle()to dothis (seesectionB.3.4).

Thevariabled , A, MEMORY, BAD and ADDRESS correspondxactly with the Beetleregistersthey repre-
sent,andmay be readandassignedo accordingly bearingin mind the restrictionson their usegivenin
[8] (e.g.copiesof BAD andADDRESS mustbekeptin Beetles memory). THROWis a pointerto the Beetle
register’ THROW sothe expressiornt THROWmay be usedasthe Beetleregister CHECKED is a constant
expressiorwhich maybereadbut not assignedo.

EP, M), SP and RP are machinepointersto the locationsin Beetles addresspaceto which the corre-
spondingBeetleregisterspoint. Appropriateconversions(pointeradditionor subtractionwith M) must
thereforebe madebeforeusingthevalueof oneof thesevariablesasa Beetleaddressandwhenassigning
a Beetleaddresgo one of the correspondingegisters.Examplesof suchcornversionsmay be found in

execut e. ¢, wherethebForthinstructionsareimplemented.

Thememoryis accessedia MD, which pointsto thefirst byteof memory BeforeBeetleis startedby calling
run() or single_step() MD mustbe setto pointto abytearraywhichwill be Beetles memory
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Interface call Object file

run() run. o
single_step() step.o
load_object() | oadobj . 0
save object() saveobj .o
init _beetle() | st orage. oandt ests. o

TableB.2: Objectfiles correspondingo interfacecalls

B.3.4 Usingthe interface calls

The operationof theinterfacecalls (exceptfor init _beetle() is givenin [8]. Here,the C prototypescorre-
spondingo theidealisedprototypesusedin [8] aregiven.

Filesto be loadedandsaved are passedasC file descriptorsThus,the calling programmustitself open
andclosethefiles.

CELL run()
Thereasorcodereturnedby run() is aBeetlecell.

CELL singl estep()
Thereasorcodereturnedoy singlestep()is a Beetlecell.

int |oad_object(FILE *file, CELL *address)
If afiling erroroccurs,thereturncodeis -3, which correspondso a returnvalueof EOF from

getc().

i nt save_object(FILE *file, CELL *address, UCELL | ength)
If afiling erroroccurs,thereturncodeis -3, which corresponds$o a returnvalueof ECF from

putc().

load_library() andsave standalone()arenotimplementedseesectionB.?2).

In additionto therequiredinterfacecalls C Beetleprovidesinit _beetle()which, givenabytearray its size
andaninitial valuefor EP, initialisesBeetle:

int init_beetle(BYTE *b_.array, |ong size, UCELL eO)
si ze isthelengthof b_ar r ay in cells (notbytes),ande0 is the Beetleaddresso which EP
will beset.Thereturnvalueis -1 if e0 is notalignedor out of range,and0 otherwise All the
registersareinitialised asper[8], andthoseheldin Beetles memoryaswell arecopiedthere.
Varioustestsare madeto ensurethat Beetlehascompiledproperly andthe programwill stop
anddisplaydiagnostianessages not.

Programavhich useC Beetles interfacemust#i ncl ude theheadeffile beet | e. h andbelinkedwith
the objectfiles correspondingo theinterfacecallsusedthesearegivenin tableB.2.opcodes. h, which
containsanenumeratiortype of Beetles instructionset,anddebug. h, which containsusefuldebugging
functionssuchasdisassemblymay alsobe useful;they arenot documentedhere.(To usethe functionsin
debug. h, link with debug. 0.)

B.3.5 Other extrasprovided by C Beetle

C Beetleprovidesthe following extra quantitiesandmacroin beet | e. h which areusefulfor program-
ming with Beetle:
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B_TRUE: acellwith all bits set,which Beetleusesasatrueflag.
B_FALSE: acellwith all bits clear which Beetleusesasafalseflag.
CELL_W thewidth of acellin bytes(4).

NEXT: amacrowhich performsthe actionof the NEXT instruction.



Appendix C

A simple userinterface for the Beetle
virtual processor

C.1 Intr oduction

The Beetlevirtual processoi8] providesa portableenvironmentfor the pForth Forth compiler[10], a
compilerfor ANSI Standardrorth [1]. C Beetle[8] is a versionof Beetlewritten in ANSI C so that it
is itself easilyportable.This paperdescribes simpleuserinterfacefor Beetlewhich usesC Beetle,asit
is itself written in C, thoughwith suitablecalling-interfaceglue it could be madeto work with a native
codeBeetle. Theuserinterfaceprovidesaccesso Beetlesregistersallows the stacksto bedisplayedand
providesdisassemblyandsingle-stepping.

C.2 Compilation

As suppliedthe programconsistof oneC file, ui f ace. ¢, whichis partof the C Beetledistribution,and
is compiledwhenthe entiredistribution is made resultingin the executabldfile ui f ace. It canbemade
separatelyasthe Make targetui f ace. ui f ace isacommandwvhichtakesno parameters.

Thereis a possibledifficulty with compilation:on Unix and similar systemsthe macrosGETCH and
PUTCH(c) requiredby C Beetlein bportab. h are unwieldy to define. They should be set to
get char () and put char (c) respectiely (NEW. may be definedas put char (' \'n’)), andin
the sameplacethe symboluni x shouldbe defined(if it is not definedautomaticallyby the C compiler).
Extracodeis thenincludedfrom noecho. c to initialise andresetthe keyboardbeforeandafterinvoking
Beetlewithin theuserinterface If thisdoesnotwork, thennoecho. ¢ andui f ace. ¢ mustbemodified.

C.3 Initialisation

Whentheuserinterfaceis startedanembedde@eetlewith 16384cellsof memoryis createdTheregisters
which aresetto system-dependertluesareinitialisedasshavn in tableC.1.

| is uninitialised.A is setto zero:this hasthe effect thatwhena STEP or RUN commands given,a NEXT
instructionwill be performed.Thus,wheninitialisation is performedby a LOAD command(seesection
C.4.5),the Beetlemay be startedwith RUN or STEP immediatelyafterthe LOAD commandywithout the
needfor FROM Thememoryfrom byte 16 upwardsis zeroed.

53
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Register | Initial value
EP 10h

MEMORY 10000h

" THROW Oh

TableC.1: Registerswith system-dependeittitial values

C.4 Commands

Theuserinterfaceis command-dien.All commandsndregisternamesmay be abbreviatedto their first
few letters;wherecommandstartwith the samdetters thereis a setorderof precedencaimedatgiving
themostcommonlyusedcommandshe shortesminimumabbreviations(seesectionC.5). All commands
arecase-insensite.

If anunrecognisedommands given,or the commanchastoo few argumentspr they arebadlyformed,
anerrormessagés displayed Commandinescontainingextraneousharacterafteravalid commandare
generallyacceptedandtheextra characterggnored.

Numbersare all integral, and may be givenin eitherdecimalor hexadecimal(which mustbe followed
directly by “h” or “H"), with anoptionalminussign.

For someargumentsa machinenstructionmay alsobe used precededy “ O, for opcode Thevalueof a
machineinstructionis its opcode Opcodesarebyte-widevalueswhenusedasa cell, the mostsignificant
threebytesaresetto zero.

The syntaxof the commandss showvn below; literal text suchascommandnamesand other characters
areshawvnin Typewr it er font; meta-parametesuchasnumbersareshowvn in anglebraclets,thus:
(number). Verticalbarsseparatalternatves,andsquaredracletsencloseoptionalsyntax.

Therearethreetypesof numericmeta-parametefnumber), whichis ary number;{address), whichis a
valid addresgbetweerzeroand MVEMORY — 1 inclusive, or zeroand MEMORY if assigningo RP, RO, SP
or S0); and(value), whichis anumberor anopcode.

C.4.1 Regqisters

Beetles registersmay be displayedby typing their name.The namesusedareslightly differentfrom the
namesgivenin [8], andin factfollow the namesusedfor the correspondingariablesin C Beetle.This
is to avoid the necessityof typing awkward charactersn the namesof registerssuchas’ THROWVand
- ADDRESS. Theregisterswhich have differentnamedrom thosein [8] aregivenin tableC.2.

Register Name
" THROW THROW
' BAD BAD
- ADDRESS | ADDRESS

TableC.2: Rgyistersandtheir userinterfacenames

Theregistersmayalso(whereappropriatepeassignedo usingthe syntax

(register) = (value)
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where(value) is in the form givenin sectionC.4. An error messages displayedif anattemptis made
to assignto a registersuchas CHECKED, which cannotbe assignedo, or to assignan unalignedor out
of rangeaddresgo a registerwhich musthold analignedaddresssuchas SP. The FROMcommandsee
sectionC.4.4)shouldbe usedin preferenceo assigningo EP.

Two additionalpseudo-rgistersareprovidedby the userinterface:they arecalledSO andR0, andarethe
addresof the baseof the dataandreturnstacksrespectiely. They aresetto theinitial valuesof RP and
SP, andareprovided sothatthey canbe changedf the stacksaremoved,sothe stackdisplaycommands
will still work correctly

ThecommandREG STERS displaysthe contentsof EP, | andA, usefulwhenfollowing the executionof
aprogram.

C.4.2 The stacks

The stacksmay be manipulatectrudelyusingtheregistersSP andRP but it is usuallymorecornvenientto
usethecommands

>D (number)
D>

which respectirely pushanumberon to the datastackandpop one,displayingit, and

>R (number)
R>

which dothe samefor thereturnstack.

ThecommandDATA displaysthe contentsof the datastack,andRETURN the contentsof thereturnstack.
STACKS displaysbothstacks.

If astackunderflavs,or thebasepointeror top of stackpointeris out of rangeor unalignedanappropriate
errormessagés displayed.

C.4.3 Memory
The contentsof anaddressnay be displayedby giving the addressasa commandIf the addresss cell-
alignedthewholecell is displayedptherwisethebyte at thataddresss shavn.

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

DUWMP (address) + (number)
DUMP (address) (addresss)

wherethefirst displays(number) bytesstartingat addresgaddress), andthe seconddisplaysmemory
from addresgaddress; ) up to, but notincluding, addresgaddresss). An error messageés displayedif
thestartaddresss lessthanor equalto theendaddres®r if eitheraddresss out of range.

A commandf theform

(address) = (value)
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assignghevalue(value) to theaddressaddress). If theaddresss not cell-aligned the valuemustfit in
a byte,andonly thatbyteis assignedo. Whenassigningo an alignedmemorylocation,a whole cell is
assignedinlesshenumbergivenfits in abyte,andis givenusingthe minimumnumberof digits required.
This shouldbe notedthe otherway around:to assigna byte-sizedsignificandto a cell, it shouldbe padded
with aleadingzero.

C.4.4 Execution

Thecommand NI Tl ALI SE initialisesBeetleasin sectionC.3.

ThecommandSTEP maybeusedto single-steghroughaprogram.t hasthreeforms:

STEP
STEP (number)
STEP TO({address)

Without aguments STEP executesoneinstruction.Given a number STEP executes{(number) instruc-
tions.STEP TOexecutesdnstructionsuntil EP is equalto (address).

The commandTRACE, hasthe samesyntaxas STEP, and performsthe samefunction; in addition, it
performstheactionof the REG STERS commandaftereachbForthinstructionis executed.

ThecommandrUN allows Beetleto executeuntil it reaches® HALT instruction,if ever. Thecodepassedo
HALT is thendisplayed.The codeis alsodisplayedf a HALT instructionis ever executedduringa STEP
command.

Thecommand-ROMsetsthe point of execution.It hastwo forms:

FROM
FROM({address)

Without arguments,FROM performsthe function of Beetles NEXT instruction,thatis, it loadsA from
the cell pointedto by EP, andaddsfour to EP. With an argument,FROMsetsEP to (address), andthen
performsthe functionof NEXT. FROMshouldbe usedin preferencdo assigninglirectly to EP.

ThecommandDl SASSEMBL E disassemblelsForth code.lt maybeusedin thetwo forms

Dl SASSEMBLE (address) + (number)
DI SASSEMBLE (addressi) (addresss)

wherethefirst disassemblegumber) bytesstartingat addresgaddress), andthe secondrom address
(addressy) up to, but not including, address{address>). The addressesnustbe cell-aligned,and the
numberof bytesmustbe a multiple of four. An errormessagés displayedf the startaddresss lessthan
or equalto theendaddressor if eitherthe addres®r numberof bytesis notalignedor is out of range.

The commandCOUNTS displays,if CHECKED is 1, the numberof timesthat eachBeetleinstructionhas
beenexecutedsincethelastinitialisation (includingloads).

C.4.5 Object modules

Thecommand

LOAD (file) (address)
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initialises Beetleasin sectionC.3, thenloadsthe object modulein file {file) into memoryat address
(address). Theaddressnustbe cell-aligned;if it is not, or if the modulewould notfit in memoryat the
addresgiven,or thereis somefiling error, anerrormessagés displayed.

ThecommandSAVE savesanobjectmodule.lt hasthetwo forms

SAVE (file) {(address) + (number)
SAVE (file) {(addressi) {addresss)

wherethe first saves (number) bytesstartingat addressaddress), andthe secondsavesfrom address
(addressy) up to, but not including, address{address2). The addressesnustbe cell-aligned,and the
numberof bytesmustbe a multiple of four. An errormessagés displayedf the startaddresss lessthan
or equalto theendaddressor if eithertheaddres®r numberof bytesis notalignedor out of range.

The moduleis savedto thefile (file). An errormessageés displayedif thereis somefiling error, but no
warningis givenif afile of thatnamealreadyexists;it is overwritten.

C.4.6 Exiting

ThecommandUl T exits the userinterface No warningis given.

C.5 Commandabbreviations

Below arelistedthe commandseachwith its minimum abbreviation. Registernamesmay be abbreviated
similarly, aslong astheabbreviation doesnot clashwith acommandabbreviation: if thereis anambiguity
it is assumedhatthe commandvasintended.

Command Minimum abbreviation
>D >
>R >R

COUNTS C

DI SASSEMBLE D
D> D>
DATA DA
DUVP DU
FROM F

I NI TI ALI SE I
LOAD L
QT Q
REGQ STERS R
R> R>
RETURN RET
RUN RU
STEP S
SAVE SA
STACKS ST
TRACE T

TableC.3: Minimum abbre&viationsof commands
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The pForth portable Forth compiler

D.1 Intr oduction

pForth is a Forth compilerwhich complieswith the ANSI Forth standard1]. It is designedo be easily
portablebetweendifferenthosternvironmentsandprocessorgthe “p” in pForth standsfor “portable™). It

hasbeenimplementeadn AcornRISCOS,andontheBeetlevirtual processof8]. It is designedo beused
asateachingool, andto this endis written mostlyin standard-orth, sothattheworkingsof the compiler
can be examinedand understoody studentdearningthe languagethe compileritself canbe usedto

illustratethelanguageandthe ANSI standardSomeprimitive functionsarewritten in assemblycode,and
thecompilerhasafew environmentaldependenciesuchasrequiringtwos-complemerarithmetic,which
areexploitedto make the systemsimpler

Becausét is designedo be easilyunderstoodndported the compileris simple,usingfew optimisations,
andwith little error checking.lt doesnot implementthe whole of the ANSI standardnotably omitting
compilationfrom text files, anddoublenumberandfloating point arithmetic.

D.2 Documentationrequired by the ANSI standard

SectionD.2.1containghe ANS labellingfor pForth; the othersectionggive the documentatiomequiredn
[1, section4.1], laid outlike the correspondingectionsn thestandard.

D.2.1 Labelling

pForthis an ANS Forth System
providing the CoreExtensionavord set(exceptCONVERT, EXPECT, SPAN and UNUSED),

providing the Block Extensionsvord set,

providing D+, D., D. R, DO=, D>S, DABS, DNEGATE, M+ and 2ROT from the Double-Number
Extensionsvord set,

providing the ExceptionExtensionsvord set,

providing (, BI' N, CLOSE- FI LE, CREATE- FI LE, OPEN- FI LE, R O, RF W READ- FI LE,
REPGCSI TI O\ FI LE, W OandWRI TE- FI LE from the File Extensionsvord set,

providing. S, ?, WORDS, AHEAD, BYE, CS- Pl CK, CS- ROLL andFORCGET from theProgramming-
ToolsExtensionavord set,
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providing the Search-OrdeExtensionsvord set,

providing - TRAI LI NG BLANK, CMOVE, CMOVE> and COMPARE from the String Extensionsvord
set.

D.2.2 Implementation-definedoptions

D.2.2.1 Coreword set

— Aligned addressearethoseaddressewhich aredivisible by four.

— When given a non-graphiccharacterEM T passedhe codeto the host ernvironments character
outputroutine.

— ACCEPT allowstheinputto be editedby pressinghe backspacéey or equivalentto deletethe last
characteenteredor do nothingif therearecurrentlyno characterén theinput).

— Thecharactesetcorrespondsiith oneof thepermittedsetsin therange{32...126} butis otherwise
ervironment-depeneht.

— All addressearecharactefaligned.
— All characterén ary charactesetextensionsarematchedvhenfinding definitionnames.
— Controlcharactermever matcha spacedelimiter,

— Thecontrol-flow stackis implementedisingthe datastack.All itemsplacedon the stackaresingle
cellsexceptfor do-sys elementswhich occuypy two cells.

— Digits largerthanthirty-five arerepresentetby charactersvith codesstartingat the first character
after*Z”, modulothesizeof thecharacteset.

— After inputterminatesn ACCEPT, the cursorremainammediatelyafterthe enteredext.
— ABORT" 'sexceptionabortsequencés to executeABORT.

— Theendof aninputline is signalledby pressinghereturnkey or equivalent.

— Themaximumsizeof acountedstringis 255characters.

— Themaximumsizeof aparsedstringis 232 — 1 characters.

— Themaximumsizeof adefinitionnameis 31 characters.

— Themaximumstringlengthfor ENVI RONMENT? is 255characters.

— Only oneuserinput device (thekeyboard)is supported.

— Only oneuseroutputdevice (theterminaldisplay)is supported.

— Thereareeightbits in oneaddresainit.

— Numberrepresentatioandarithmeticis performedwith binarynumbersn twos-complemenfiorm.

— Typesn andd rangeover {-231...23! — 1}, types+n and+d over{0...23! — 1} andu andud over
{0...282 —1}.

— Therearenoread-onlydata-spaceegions.
— Thebuffer at WORD is 256 characterin size.

— A cellis four addressinitsin size.
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— A characteis oneaddressnitin size.

— Thekeyboardterminalinput buffer is 256 characterén size.

— Thepicturednumericoutputstring buffer is 256 charactern size.

— Thescratchareawhoseaddresss returnedby PAD is 256 characterin size.

— Thesystemis case-sensite.

— Thesystempromptis “ok”.

— All standardivision wordsuseflooreddivision exceptSM REM which usessymmetricdivision.
— Whentrue,STATE takesthevaluel.

— Whenarithmeticoverflow occursthevaluereturneds the answemodulothe largestnumberof the
resulttypeplusone.

— Thecurrentdefinitioncannotbe foundafter DOES> is compiled.

D.2.2.2 Block word set

— LI ST displays“Block” followed by the block numberin decimal,thenthe block as sixteenlines
eachof sixty-four characterspumberedrom noughtto fifteenin decimal.

— \ discardauupto the next multiple of sixty-four charactersvhenusedin ablock.

D.2.2.3 Exceptionword set
— Exceptions1,-2,-10,-11,-14 and-56 mayberaisedby the system Exceptionvalues-256to -511

areresenedfor theervironmentexecutingpForthto raiseexceptionsValue-512is usedby theword
( ERROR") . Otherexceptionsin therange{-255...-1} mayberaisedby the hostervironment.

D.2.2.4 File word set

Theimplementation-definedptionsdependn the hostoperatingsystem.

D.2.2.5 Search-Order word set

— Thesearchordermay containup to eightword lists.

— Theminimumsearctorderconsistf the singleword list identifiedby FORTH WORDLI ST.

D.2.3 Ambiguous conditions

The following ambiguousconditionsare recognisedand actedupon; all otherambiguousconditionsare
ignoredby the System(althoughsomeof them may resultin action beingtaken by the host machine,
suchasaddressing region outsidedataspaceresultingin an addressexception).Dashesdenotegeneral
ambiguousconditionswhich could arise becauseof a combinationof factors;asterisksdenotespecific
ambiguougonditionswhich arenotedin the glossaryentriesof therelevantwordsin thestandard.
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D.2.3.1 Coreword set

— If anamethatis neitheravalid definitionnamenor a valid numberis encountereduringtext inter-
pretationthe nameis displayedollowedby a questiormark,andABORT is executed.

— If adefinitionnameexceedshe maximumlengthallowed,it is truncatedo the maximumlength(31
characters).

— If division by zerois attempted; 10 THROWIs executed.By default this displaysthe message
“divisionby zero” andexecutesABORT.

— Whenawordwith undefinednterpretatiorsemanticss interpretedthemessagécompilationonly”
is displayed and ABORT is executed.

— If the datastack hasunderflaved whenthe “ok” promptwould usually be displayedby QUI T,
ABORT" is executedwith the messagéstack underflav”. All otherstackunderflav conditionsare
ignored.

* If RECURSE appearsfter DOES>, the executionsemanticof the word containingthe DOES> are
appendedo thatword while it is beingcompiled.

* |f theargumentinput sourceis differentfrom the currentinput sourcefor RESTORE- | NPUT, the
flagreturneds true.

* |f dataspacecontainingdefinitionsis de-allocatedthosedefinitionscontinueto be found by dictio-
nary searchandremainintact until overwritten,whenthe effectsdependon exactly whatis over-
written, but will probablyincludenamelookupmalfunctionandincorrectexecutionsemantics.

* If | MVEDI ATE is executedwhenthe mostrecentdefinition doesnot have a name the mostrecent
nameddefinitionin the compilationword list is madeimmediate.

* If anameis notfoundby’ , POSTPONE, [’ ] or[ COWPI LE] , thenameis displayedollowedby a
guestiormark,andABORT is executed.

* |f POSTPONE or [ COVPI LE] is appliedto TO, the semanticof TO areappendedo the current
definitionsothatwhenthedefinitionis executedn interpretatiormode theinterpretatiorsemantics
of TOareperformedandin compilationmode the compilationsemantics.

D.2.3.2 Block word set

— If acorrectblock readwas not possiblebecausehe blocksfile could not be openedthe message
“blocks file notfound” is displayedand ABORT is executed.Otherreasondor a block readfailing
arenotdetectecr handled.

* |f aprogramaltersBLK directly inputis redirectedo the block numberstoredin BLK; >I N retains
its currentvalue.If thisis largerthanthe sizeof a block, othereffectswill occur

* |f thereis no currentblock buffer, the buffer whosenumberis containedn the variableVALI D is
updated.

D.2.3.3 Double-Numberword set

* If d is outsidetherangeof n in D>S, theleast-significantell of the numberis returned.
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D.2.3.4 Programming-Toolsword set

* |If thecompilationword list is deletecby FORGET, new definitionswill still beaddedo thedefunct
word list; if therelevantdatastructuresaresubsequentlpverwritten,incorrecteffectswill probably
occur

* |f FORGET cannotfind name nameis displayedfollowed by a questionmark,and ABORT is exe-
cuted.

D.2.3.5 Search-Order word set

* Changinghecompilationword list duringcompilationhasno effect; changinghecompilationword
list beforeDOES> or | MVEDI ATE causeghe mostrecentdefinitionin the new compilationword
list to be modified;in the former casethis may causethe next definitionin memoryto be partially
overwritten.

* |f thesearchorderis empty PREVI QUS hasno effect.

* |If ALSOis executedvhenthesearctorderis full, thelastword list in the searchorderis lost.

D.2.4 Other systemdocumentation

D.2.4.1 Coreword set

— No non-standaravord providedusesPAD.

— Theterminalfacilities availablearea singleinput (the keyboard),anda single output(the terminal
display).

— Theavailableprogramdataspacds dependenbvn the memoryavailablein the hostervironment.
— 4096cellsof returnstackspacds available.
— 4096c¢ellsof datastackspaces available.

— The systemdictionary spacerequireddependson the implementationand is typically under 32
kilobytes.

D.2.4.2 Block word set

— No multiprogrammingsystemis provided,sothereareno additionalrestrictionson the useof buffer
addresses.

— Thenumberof blocksavailabledepend®n the systemconfiguration.
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bForth Assembler

KERNEL VOCABULARY ASSEMBLER ALSO ASSEMBLER DEFI NI TI ONS
MARKER DI SPCSE
BITS S'" ADDRESS-UN T-BITS' ENVI RONMENT?
| NVERT ABORT" ADDRESS- UNI T-BI TS query not supported" ;
BI TS DI SPOSE CONSTANT BI TS/

FORTH DEFI NI TI ONS

. CODE  HEADER ;

ASSEMBLER DEFI NI TI ONS
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> ;

FI T, ( x--) HERE DUP ALI GNED >-< 0 ?DO DUP C,
BITS RSH FT LOOP DROP ;

VARI ABLE M)
OPLESS CREATE C, DCES> C@C, ;
OPFUL CREATE C, DOES> C@ OVER HERE 1+ FITS IF 1+ C, FIT,
ELSEC, O FIT, , THEN;
OPADR  CREATE C, DCES> C@ OVER HERE 1+ ALI GNED - CELL/
DUP HERE 1+ FITS IF SWAP 1+ C, FIT, DROP ELSE DROP C,
OFT M @-, THEN;

0OPS SWAP 1+ SWAP DO | OPLESS LOCP ;
BOPS SWAP 1+ SWAP DO | OPADR 2 +LOOP ;

HEX

41 00 0OPS

BNEXTO0 BDUP BDROP BSWAP  BOVER  BROT B-ROT  BTUCK
BNI P BPI CK  BRCOLL B?DUP  B>R BR> BR@ B<

B> B= B<> BO< BO> BO= BO<> BU<

BU> BO Bl B-1 BCELL B- CELL B+ B-

B>- < Bl1+ B1- BCELL+ BCELL- B* B/ BMCD
B/MOD BU MXD BS/REM B2/ BCELLS BABS BNEGATE BMAX

BM N Bl NVERT BAND BOR BXOR BLSH FT BRSHI FT B1LSHI FT
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BL1RSHI FT B@ B! BC@ BC! B+! BSP@  BSP!

BRP@  BRP!

44 42 BOPS BBRANCH B?BRANCH

47 46 OOPS BEXECUTE B@XECUTE

48  OPADR BCALL

4B 4A 0OPS BEX'T  B(DO)

4E 4C BOPS B(LOOP)  B(+LOOP)

51 50 OOPS BUNLOOP  BJ

52  OPFUL B(LI TERAL)

5B 54 0OPS BTHRON BHALT  B(CREATE) BLIB BOS  BLINK
BRUN BSTEP

DECI MAL

FORTH DEFI NI TI ONS PREVI QUS



Appendix F

A typical C Beetletestprogram

This appendixcontainsthe sourceandoutput(whencompiledin dehuggingmode)of oneof the C Beetle
testprogramsThis programcomedrom thefile ari t m i t . ¢, andteststhearithmeticinstructions.

F.1 Sourcefor the arithmetic instructions test

The revision recordand programdescriptionare omitted. First comethe headeffiles andan array called
cor r ect . Thisarrayis foundin mosttestprogramsalthoughits type andexactfunctionvaries.lt always
containsvalueswhich arecomparedvith othersgeneratedh the courseof thetest.In this casejt contains
stackpictureswhich arecomparedvith the stateof the datastackduringthetest.

#i ncl ude <stdi o. h>

#i ncl ude <stdlib. h>

#i ncl ude <string. h>

#i nclude "beetle.h" [/* main header */
#include "btests.h" /* Beetle tests header */
#i ncl ude "opcodes. h" /* opcode enuneration */
#i ncl ude "debug. h" /* debuggi ng functions */

char *correct[] ={ "", "O", "0 1", "0 1 -1", "0 1 -1 " QCELL W
"01-1" QCELL W" -" QCELL W "0 1 " QCELL W" -" QCELL W" -1,
"0 1" QCELL_W" -5", "01-1", "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 -" QCELLW "-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

LS R R SE B LR

Next comesthe mai n function. It returnszerofor successand onefor failure,in caseit is beingused
by anotherprogram(suchasa programrunninga batteryof tests).Firstit setsup a Beetlewith a call to
init_beetle:

i nt nmain(void)

{

int i;
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init_beetle((BYTE *)mal |l oc(1024), 256, 16);
here = EP;
SO = SP; /* save base of stack */

It alsosetsthe point of assemblyher e, to EP, andrecordsthe baseof the stackin SO for laterusewhen
examininganddisplayingthe stack.Next, thetestprogramis assembled.

start_ass();

ass(O ZERO); ass(O ONE); ass(O MONE); ass(O CELL);

ass(O MCELL); ass(O ROT); ass(OPLUS); ass(O PLUS);

ass(O M NUS); ass(O PLUS1); ass(O M NUSLl); ass(O _SWAP);

ass(O PLUSCELL); ass(O M NUSCELL); ass(O MONE); ass(O CELL);
ass(O _STAR); ass(O _SWAPM NUS); 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(OMN); ass(OLITERALI); ilit(3);
ass(O_SSLASHREM ; ass(O DROP); ass(OLITERALI); ilit(-2);
ass( O USLASHMOD) ; ass( O _NEXTFF);

end_ass();

Finally, the testprogramis run, andanappropriatemnessag@rinted.If dehuggingis switchedon via def-
inition of the symbolB_DEBUG somediagnosticaredisplayedduringtherun. Thesearedisplayedn the
next section.

NEXT; /* load first instruction word */

for (i = 0; i <=instrs - instrs /[ 5; i++) {
#i f def B_DEBUG
show _dat a_st ack();
printf("Correct stack: %s\n\n", correct[i]);
#endi f
if (strcnp(correct[i], val _data stack())) {
printf("Error in AritntiT: EP = % d\n", val _EP());
exit(1);

single_step();
if (I == O_NEXT00) i--;
#i f def B_DEBUG
printf("l = %\n", disass(l));
#endi f
}

printf("AritntiT ran OK\n");
return O;

F.2 Output from arithmetic instructions test

Dat a st ack:
Correct stack:
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I =0
Data stack: O
Correct stack: O

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

I = -1

Data stack: 0 1 -1
Correct stack: 01 -1

| = CELL

Data stack: 01 -1 4
Correct stack: 01 -1 4

| = NEXTO0O
Data stack: 01 -1 4
Correct stack: 01 -1 4

| = -CELL

Data stack: 01 -14 -4
Correct stack: 01 -14 -4
| = ROT

Data stack: 01 4 -4 -1
Correct stack: 01 4 -4 -1

I =+
Data stack: 01 4 -5
Correct stack: 01 4 -5

I =+

Data stack: 0 1 -1
Correct stack: 01 -1
| = NEXTO0O

Data stack: 0 1 -
Correct stack: O -1
| = -

Data stack: 0 2
Correct stack: 0 2

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

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

| = SWAP
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Dat a stack: 2
Correct stack:

I = NEXTO0O
Dat a stack: 2
Correct stack:

| = CELL+
Data stack: 2
Correct stack:

| = CELL-
Data stack: 2
Correct stack:

I = -1
Dat a stack: 2
Correct stack:

| = CELL
Dat a stack: 2
Correct stack:

I = NEXTO0O
Data stack: 2
Correct stack:

| =*

Data stack: 2
Correct stack:

| = >-<
Dat a stack: 2
Correct stack:

| = /MD

0
20

20

2 4

Data stack: -2 -1

Correct stack:

I =/
Data stack: 2
Correct stack:

| = NEXTO0O
Data stack: 2
Correct stack:

I = -1
Dat a stack: 2
Correct stack:

| = MOD
Data stack: O
Correct stack:

-2 -

2

2

-1

2 -1

0

1

APPENDIXF. A TYPICAL CBEETLETESTPROGRAM
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| = 1+
Data stack: 1
Correct stack: 1

| = CELLS
Dat a stack: 4
Correct stack: 4

I = NEXTO0O
Dat a stack: 4
Correct stack: 4

| =2/
Data stack: 2
Correct stack: 2

| = DROP
Dat a st ack:
Correct stack:

| = CELL
Dat a stack: 4
Correct stack: 4

I = NEGATE
Dat a stack: -4
Correct stack:

]
i

I = NEXTO0O
Data stack: -4
Correct stack:

]
i

| = ABS
Data stack: 4
Correct stack: 4

| = ABS
Dat a stack: 4
Correct stack: 4

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

I = MAX
Data stack: 4
Correct stack: 4

| = NEXTO0O
Data stack: 4
Correct stack: 4

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

I = MN
Dat a stack: -4
Correct stack: -4

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

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

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

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

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

AritmiT ran OK
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The project

Theaim of the projectwill beto developa virtual processqgrBeetle,a Forth compilerto runonit, pForth,
itself written in Forth, anda userinterfaceto the system Beetle,writtenin C, will be easilyportable,and
its objectmoduleswill be executableon all the machineson whichit runs,with automaticadjustmenfor
endiannessTwo versionsof Beetlewill be produced:.oneto embedin other programs,and one which
simply bootstrapstself, allowing standaloneoftwareto be developed pForthwill complywith the ANSI
Standardor Forth (hereafte ANS Forth). Dependingonthetime availableaftertheprocessoandcompiler
have beendeveloped the userinterfacemight be a GUI or a simpletext interface.The userinterfacewill
allow simplelow-level delugging.Oneof the designaimsof Beetleis thatit shouldbe easyto embedin
ary userinterfaceor otherprogram by providing a suitableinterfaceof routinescallableby a controlling
program;anotheiis thatit beeasilyrecodablén machinecodefor fasterexecutiononaparticularmachine.
Sucharecodingwill beperformedior the ARM processoseries.

Beetlewill betestedatalow level (instructionby instruction),andby its ability to run pForth. pForth will
betestedby apartial ANSI conformancesuite,andits ability to compilearangeof ‘real’ programssuchas
aparsemgeneratara Life simulator anditself. Thelow-level testswill be carriedoutonasmary machine
architecturegspossible andthe compilertestson asmary machinesasthereare userinterfacesfor (the
samenumberif thesimpletext-basednterfaceis written portably).

Resourcesrequired

6 Mb of extra disk spaceon CUS will be usedfor storing backupsof projectfiles, and for compiling
Beetlefor portability testing.Otherresource$ will usearemy own computersanAtari ST, andanAcorn
Risc PC. In caseof hardwarefailure, | have two Atari systemsandthe UCS hastwo Acorn RISC OS
machineslin ary caseall of thework exceptfor the GUI andmachinecodeversionof thevirtual processor
canbe carriedout on any machinewith an ANSI C compilerandIATEX (whichwill be usedto typesethe
dissertation)SincestrictANSI C will beusedo codeBeetleandthetext-basediserinterface,t is expected
that,althoughdifferentC compilersmay be usedon the differentmachinestherewill be no compatibility
problemsTheextradisk spacewill bevital if all my own computerdail andl haveto completethe project
on CL/UCSequipment.

The starting point

The designof the virtual processqgrmy own, alreadyexists. However, it will be remodelled chiefly to
increaseefficiengy: the handlingof branchesand immediateaddressingvill be redesignedendianness
will beincorporateda standardbjectandlibrary moduleformatswill be designedandstandardibraries
correspondingo someof the ANS Forth standardvord setswill beaddedThecallinginterfaceso Beetle
mustalsobedesignedA preliminaryversionof the pForth compilerhasbeenwrittenrunningunderAcorn
RISCOS;it musthave ameta-compilet addedo it, sothatit canrecompileitself to run underthevirtual
processqrandanassemblefor Beetles machinecode,andit will be madeANSI conformablel have the
public domainsourceof a text-file browseron the Atari which | would extendto form the GUI, if it is
written; | would needto addthe dehugger anda simpleterminalemulatorto handleconsolel/O for the
virtual processar

*A Forth meta-compileis an extensionto the compilerwhich allows it to compileitself; this facility canbe usedto modify the
structureof the compiler or to cross-compilét, asin this case.
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Work plan

While the work plan must give targetsto be met, it shouldalso allow for reasonabldlexibility owing
to externalpressuresandchangesn the projects design.Thusthework planis presentedn phaseswith
goalsto beachiezedduringeachphaseBy theendof eachphaseall goalsin thephaseshouldbeachieved,
but their orderof executionis unspecified.

Michaelmasterm

Goal 1: Implementatiorof Beetle

Subgoala: redesigrBeetle

Subgoalb: designtheimplementatiorof Beetle
Subgoalc: designthetestingschedule
Subgoald: implementandtestBeetle

Goal 2: Designof metacompiler

Subgoala: assesshanges/addition® pForththatareneeded
Subgoalb: designmetacompileto meetthesecriteria

Goal 3: ANSlficationof pForth

Subgoala: discoverwordsto beadded/changeish pForth
Subgoalb: designandwrite changes/additions
Subgoalc: complywith documentatiomequirement®f ANS Forth

Christmas vacation

Goal 1: Write Introductionof dissertation
Goal 2: Write up partof Implementatiordealingwith Beetle

Goal 3 (optional): Work on GUI (decidewhetherto proceedherawith)

Checkpoint at the progressreport (3rd February)

Beetleandthedesignfor the porting of pForth shouldbe completg(i.e. all goalsabove,andpartof goal2,
subgoah below); the userinterfaceshouldalsobewell underway (atleastsubgoah).

Lent term

Goal 1: Write userinterface

Subgoala: designuserinterfaceandtestingschedule
Subgoalb: implementandtest

Goal 2: ImplementpForthon Beetle

Subgoala: designandwrite assemblefor Beetlein pForth
Subgoalb: designandimplementporting,with any speciaffixesneeded
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Goal 3: Write partsof dissertatiorcoveringwork donesofar

Thescheduldor thisdepend$eavily onhow muchwriting is doneduringtherestof the project.

Eastervacation

Goal 1 (optional): Write mostof final componen{GUI or ARM-optimisedBeetle).Thiswill beplanned
shortlyaftertheprogresseportwhenthefeasibility of attemptingt hasbeenassesse@ndadecision
to proceechasbeenmade.

Goal 2: Finishthedissertatiorasfaraspossible

Easterterm

Overspill: Work asnecessargn code

Goal: Finish,editandpublishthedissertation

Note: therewill bevery little time available(l wantto spendmostof my time on revision). If necessary
mostof the Eastertermlecturecoursexanbeavoided.



