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Abstract

FoxandMoore[2] haverecentlyproposednen VM for Forth,calledMachineForth.
Usingasimpleconcretanodel,t is saidto bereadilyadaptabléo differenthardware,and
to producereasonablgfficient codewithoutneedingo descendo assembleiit is also
intendedo beanexcellentbasisfor Forthcompilers This paperexaminesheseclaims
with respecto animplementatiorfor the ARM processqrand comparesa Machine-
Forth basedForth systemwith a similar systemusingthe ARM’s machinemodel,and
acorventionalForth system.

1 Intr oduction

In March1999therewasadiscussioonconp. | ang. f or t h of ChatesMoore’sMachire
Forth,avirtual machinemodelwhichhewassaidto beusingfor all his Forthprogramming,
andhadrealisedn severalsilicon designssuchasthe F21.

Jef Fox, Moore’samanuensisaidthatMoorefelt the MachineForth VM to berather
betterfor low-level Forth programmingthan the classicForth VM, allowing oneto get
closeto the machinewhile retainingthe sameVM no matterwhatprocessois beingused
underneathi-urthermorethe simplicity of thedesignmeantthatit requiredno morethana
smallmacroassembleto implement.

Intrigued,| decidedo testthemodelfor myselfbyimplementingt ontheARM proces-
sor[3]. | wantedto seehow the new instructionssuchasauto-incremenaddressingvould
easeprogramminghow thelack of old faithfuls suchas SWAP and ROT would hinderit,
how simple the systemwould be to build, andhow it would comparewith corventional
Forth systemsn termsof speedandcodedensity Also of interestwashow muchif atall
theMachineForth VM would needto bechangedo matchthe ARM hardware.

My testdrive of MachineForth consistedof writing a Forth compilerin it, which in
keepingwith Moore’s preoccupationvith smallnessvasto be minimal. (Anotherobvious
experimentwvouldhavebeanto port my usualcompiler, anextensve ANS-campliant system,
to MachineForth.) | thenrewrote the compilerin ARM codeto comparewriting directly
for the ARM with writing in MachineForth. Benchmarksvererun on bothsystemsandon
corventionalForth andC compilers!

Thediscussiorthat follows assumegamiliarity with the MachineForth model,asde-
tailed in the preliminary F21 datasheet[2]. Herefrom,“Machine Forth” is abbreviated
“MF”, andmy version,with unashamedonceit,"MF32".

2 Changesto the machinemodel

As | hadonly the F21's specificationasmy guideto MF, | didn’t know how Moore had
implementedt on corventionalprocessorsThefollowing issuesveredealtwith:
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Data width Sincethe ARM hasa 32-bit architecturethe datawidth waschangedo 32
bits.

Testingcarry The instructionC=0 testsan extra bit storedwith eachstackitem on the
F21. This would be complex and slow to implementon a corventionalprocessar
sothe instructionwaschangedo testhit T31, which works for the original useof
testingnumbergo seeif they arenegative. It doesnt helpwith arithmeticcarryunless
registersaretreatedas31-bit quantities but with 32-bit registersmultiple-precision
operationis needednuchlessoftenthanwith 20-bitregisters.

Stacks The F21 holdsits stackson-chip, so they arefixed-size;sincethe ARM hasno
hardwarestacksthey canbeof arbitrarysize.

Subroutine call and return In commonwith mostRISC processorsthe ARM doesnot
automaticallypushthe subroutinereturnaddressn to the stack,but movesit into a
register thusavoiding memoryaccessewhencalling leaf subroutinesSincealways
pushingthereturnaddresss bothslow anduses8 bytespercal | instructioninstead
of 4, anew register L (“link”), wasaddedwhichcacheghetop of thereturnstackin
thesameway that T cachegshetop of the datastack.Two new instructionsy et and
., wereaddedo allow leafsubroutineoptimisation andthesemantic®f instructions
dealingwith thereturnstackhadto bechangedlightly to take L into account.

Byte addressing Sincethe ARM is byte-addressedheincrementbof P hadto be4. It also
seemedensibleo addloadandstoreinstructionsto dealwith bytes.

Multiplication TheARM hashardwaremultiply, so+* wasreplaceddy *. (+* hasother
applicationsapartfrom multiplication,but it seemgeasonabléo remove aninstruc-
tion thatwould berarelyusedwhena multiply is provided.)

nop The ARM hasno needfor a no-op,so nop wasremoved. It could in ary casebe
emulatedwith phrasesuchaspush pop ordup dr op.

OSaccessTheinstructionswi wasaddedto allow the ARM’'s SW (SoftWareInterrupt)
instructionto be usedto call thehostoperatingsystem.

TherevisedVM modelis:

2.1 Dataelements

» StacksdataS, returnR

* RaistersT,L, A P

2.2 Executioncycle

Performinstructionat P; if P is notalteredby instructionthensetP to P+4; repeat

2.3 Instruction set

Tablel shavstheinstructionsetandits semanticsThefirst columngivestheinstructions

namethesecondhenumberof immediateoperards.ThesearereferredtoasVvl, V2,...The

third columngivesthe semanticsThefollowing shorthandsareused:‘push X to T" means
“pushTto S, setT to X', and“pop T to X” means‘evaluateX, setXto T, popT from S".



Instruction Operands Operation
# 1 pushVto T
el se 1 jumptoV
T=0 1 jumptoVif T=0
C=0 1 jumptoVif T31=0
cal | 1 setL to P+4, jumpto V
ret 0 setPtoL
: 0 pushL toR
; 0 popP from R
A@ 0 pushAto T
Al 0 popTtoA
@ 0 push[ A] toT
A 0 popTto[ Al
B@A 0 push[A]O0-7toT
B! A 0 popTO-7to[ A] 0-7
@+ 0 push[ A] toT,add4to A
I A+ 0 popTto[ Al ,add4to A
B@\+ 0 push[ A]0-7toT,add1to A
B! A+ 0 popTO- 7 to[ A] 0- 7, add1to A
pop 0 pushL to T, popRto L
push 0 pushL toR, popTtoL
@R+ 0 push[ L] toT,add4toL
I R+ 0 popTto[L],add4toL
B@R+ 0 push[ L] 0-7toT,addltoL
B! R+ 0 popTO-7to[ L] 0-7,addltoL
com 0 one'scomplemenil
2* 0 shift T oneplaceleft
2/ 0 shift T arithmeticallyoneplaceright
* 0 setTto[ S] xT, popS
-or 0 setT to exclusive-orof [ S] andT, popS
and 0 setT toandof [ S] andT, popS
+ 0 setTto[ S] +T, popS
dup 0 pushTtoT
over 0 pushStoT
drop 0 popT from S
SWi 3 popV2 argumentfromT into ARM registersR0 to

RV2—1, call SWI V1, pushV3 resultsfrom ARM
registersRO toRV3—1to T

Tablel: The MF32instructionset



3 Theassembler

The assemblewas easyto write, aspromised. addedthe usualForth assemblecontrol
structuregor | F... THENconditionalsasrdBEG N...REPEAT/UNTI L/AGAI Nloops,plus
the MF variantsbasedon - | F. After completingthe compiler!l addeda simple peephole
optimiserto the assembleto remove push—poppairs; this probablytook longerto get
working thantherestof the assemblethoughthe codeis short.

4 The compiler

The compilerhasjust enoughtoolsto provide a minimal interpretive ervironment:anin-
terpreter/compilemumericinputandoutput,andadictionarywith the ability to createnew
definitions.

5 Difficulties with Machine Forth

5.1 Getting started

As expectedthe codewashardto write at first becausef the lack of familiar stackand
arithmeticoperatorsand| found it hardto remembemhich of A@A! and @V'! A was
which (I eventuallysucceedetly rememberinghelatterarelike @\+/! A+).

As time wenton, | beganto find commonidioms suchasusing A andthe R stackto
permuteitems,sometimesisingR to storeloopindicesor limits, andDUP BEG N DROP
to discardtheflagin conditionalloops(sinceMF’si f and- i f instructionsdonotpopT).

5.2 Thinking portably

Despitegetting somethingof the feel of MF, | found it difficult not to comparedifferent
MF instructionsequenceaccordingo their ARM translationwhenconsideringhow bestto

implementaword. For example,in my MF32implementationQ |t is alwaysthefastest
wayto getOontopof thestack.OntheF21dup dup - or isoftenabetterbet. Thisseems
to contradictMF's portability, althoughbothcodesequenceproducethe sameresultwhen
usedondifferentarchitectures-However, this problemoccursin ary portablelanguageand
is simply morevisible on MF becausét is sosimple.

5.3 Instruction cachesynchronisation

Oneproblemthatary dynamiccodegeneratoffor the StrongARMmustcopewith is that
its instructioncacheis not automaticallysynchronisedvith the datacache A simpleand
safesolutionwasto add CODE! which synchronizeshe instructioncacheon the address
storedto, andto make, useit to storeinto thedictionary(theonly otherword thatdirectly
compilescodein my MF32 systemis THEN).

5.4 Adding primiti ves

| found that | neededseveral functionsthat are not provided by MF. | addednegat e,
m nus, or, | shi ft andrshi ft. | adoptedthe rule of thumbthatif a word could be
written with fewer ARM instructionghanMF32instructions) would addit in ARM code;
in fact, all thosementionedabove wereaddedasinline primitives,asif they werepart of
theMF32 assembler



5.5 Other assembly-codedvords

Severalpoststo conp. | ang. f or t h have discussedhe omissionof SWAP. | endedup
addingSWAP to my systembut it wasonly usedfour times;every othertime apartialswap,
with onequantityendingupin A or onthereturnstack,wasmoreefficient. Theextrainline
primitivesweresimilarly little used:the only one usedmorethantwo or threetimeswas
OR, which wasusedeighttimes.

EXECUTE, M N andthe OS-dependerEM T, SPACE, CR andBYE werealsowritten
in ARM assemblyEXECUTE deseresa specialmention:in F21it's simply push ret,
but it's alot harderto write in MF32, thoughit canbe done(think aboutit beforelooking
atsection9 for theanswer).

5.6 Lack of stackjuggling

MF’slackof stackaccessvordsmearthattheusualpressuréorthappliegotheprogramner
to avoid stackjuggling andto factorinto smallpiecess evenstrongerAt firstit seemdike
astrait-jaclet,but | foundthatonly oneor two wordswereseriouslyconstrainedby thelack
of PI CKandROLL (NUMBER in particularwastricky). Eventhen,it wasprobablylargely
my faultfor not beingsufficiently accustomedo MF.

5.7 Division

For numberinputandoutput,divisionis amust.MF doesnt have adivisioninstruction,and
neitherdoesthe ARM, sol usedassembleroutines.

5.8 Readingand writing the stack pointers

A seriousomissionis not beingableto readandwrite the stackpointers:this is important
not somuchfor implementingDEPTH asfor resettingthe stackin QUI T. Whenthe stack
is implementedn hardwareason the F21thereis no need but in softwareit is necessary
to avoid amemoryleak.| avoidedthe problemby makingQUI T simply restartthe system
by branchingto theinitialisation codewhich setsup the stackpointers.

6 ARM Forth

Having finishedMF32 for the ARM, | rewrotethecompilerin ARM code.Thissounddike
whatMoore calls“HardwareForth”, but theres a differencewhile thecmForthcompiler's
structurewasdictatedby the machine(in this case the Novix Forth chip), ARM Machine
Forthis exactly thesameasMachineForth, justusingthe ARM machinemodelratherthan
the MF model.

Thecodewasnotonly shorter but at leastaseasyto write (indeed,mary of thewords
worked first time, andthey were not just naive translationsrom the MF32 versions but
werereworkedto take advantageof the ARM). The ARM’s small,regularinstructionsetis
comparablén sizewith MachineForth (it hasabout20 basicinstructions) but is richerin
arithmeticandlogical operationsaddressingnodes,andhasfeaturesghat MachineForth
lacks,suchasconditionalexecution.

Onthe otherhand,thefactthatthe ARM is aregistermachineleadsto duplicationin
the compiler:somewordsthatareusefulfor interactve use,suchasDUP and+, arerarely
usedin compiledcode ,wherethe ability to addressegisterscanbe exploited.



MF32 ARM Forth

Definitions 109 175
Total size/cells 1478 1446
Codesize/cells 1180 854
Instructions 754MF + 52 ARM 854ARM
Sourcelength/bytes 16065 19679

Table2: Comparisorof the MF32 andARM Forth systems

ANSI MF32 ARM Forth C

Time/s 6.48 7.30 1.94 0.92
Codesizelcells 32 37 25 22

Table3: Randomnumberbenchmarldata

7 Comparisonof MF32 and ARM Forth

7.1 Size

Table2 shavs somecomparison®f the MF32 andARM Forth systems.

This givesa codedensityof 6.0 bytes,or 1.5 ARM instructions per MF32 instruction.
The peepholeptimisersarzedaboutl100instructions pr 9% of thetotal codegenerated.

While the ARM Forth systemhas66 more definitionsthanthe MF32 system,asthe
assemblefor the ARM chipis morecomple thanthatfor MachineForth, thebinaryis 32
cellssmaller andcontains326fewer cellsof code.Further mostof thewordsoccurringin
both systemgequiredfewer ARM instructionsthan MF32 instructionsto write; it seems
thatARM Forth’s codedensityis roughlydoublethatof ARM MF32.

7.2 Speed

Two benchmarksvererunonthe MF32 systemthe ARM Forthsystemanaive subroutine-
threadedANSI Forth compiler? and GNU C.2 The codefor the first, a simple random
numbergenerataris shavn in figure 1,* andthe codesize andtimingsin tables3 and4.
10,000,000terationsof the first testwererun, andfor the seconda simple prime finder,
primesup to 10,000werefound®

The ARM Forth versionsareby farthe smallestandquickestof the Forth versions put

2aForth 0.75,availablefromht t p: / / sc3d. org/rrt/ .

3GNU C 2.96for ARM, using- 2.

4The C codeis omittedfor reasonf brevity; it is a literal translationof the ANS Forth version,andcanbe
foundin the MachineForth distribution.

51t would have beenbetterto run well-knavn benchmarkssuchasErtl's integer suite[1], but therewasnot
enoughtime to translateheminto MachineForthandARM Forth.

ANSI MF32 ARM Forth C

Time/s 3.79 5.39 1.31 1.77
Codesizelcells 39 57 28 54

Table4: Primesbenchmarldata



VARI ABLE SEED -1 SEED !
RANDOM SEED @ DUP 1 LSH FT SWAP 0< | F 495090497 XCR
THEN DUP SEED ! ;
TEST 0 DO RANDOM DRCP LOOP ;

(a) ANSI

CREATE SEED -1 ,
RANDOM  SEED @\ -1F 495090497 ELSE 0 THEN
SWAP 1 LSH FT XOR DUP SEED !'A ;
TEST BEG N RANDOM DROP 1 - OUNTIL DROP ;

(b) MF32
CREATE SEED -1 ,
CODE RANDOM
LI NK,
R@ 1 DB STM sa/e RO
495090497 LI TERAL putmagicon stack
" SEED BL, call SEED(leavesaddressn A)
0 AO@LDR loadvalueof SEED
0 0 # CWP, compareSEEDwith 0
0 0 1 #LL MOV, shift valueleft once
00TM EOR if SEED< 0, EORwith magic
T 0 MV, copy SEEDto top of stack
0 AO@STR save new seed
R@ 1 1A LDM reloadsared RO
UNLI NK,
END- CODE
CODE TEST
LI NK,
R@ 1 DB STM sareRO
0T MV, copy top of stackto RO
T S 4 #@& LDR DROP
BEGQ N,
" RANDOM BL, callRANDOM
T S 4 #@& LDR DROP
0 0 1 # SET SUB, decremenandtestcounter
EQ UNTI L,
R@ 1 1A LDM reloadsared RO
UNLI NK,
END- CODE
(c) ARM Forth

Figurel: Therandom-numbebenchmark




surprisinglythe ANSI Forth codeis bothsmallerandquicker thanthe MF32 version® The
C benchmarkesultsneedalittle explanationthefirstbenchmarks alittle smallerandeven
fastethanARM Forth becausdoadingtherandomnumbergeneratoseeddoesnotrequire
asubroutinecall, asit doesfor a CREATEd variable. Thesecondenchmarks muchlarger
becaus¢herearesereralsmallfunctions,andabouthalfthegeneratedodeis functionentry
andexit sequences.

In anearlierversionof this paper| foolishly wrote“MF32 will obviouslylie somevhere
betweersubroutinghreadedodeandnatively-compiledcodein speed” Althoughit would
be equallyfoolish on the basisof a few benchmarksgo saythatthatis false,MF’s claims
for speedandcodedensityneedfurtherscrutiry, atleaston typical desktoparchitectures.

7.3 Easeof programming

ANSI ForthandMF32wereaboutequallyeasyto programin. Contraryto theexperienceof

writing the compilers ARM Forthwasmuchharder mostlybecausé washardto testthe

ARM wordsinteractiely. Also, ARM codeis muchmorelong-windedandharderto read
thanForth. In particulayf ARM Forth is harderto factor becausalefinitionswhich return
flagswould naturally modify the ARM flagsregisterin ARM Forth ratherthanreturning
aflag valueon the stack,but this is currentlyimpossible asthe flagsarepresered across
subroutinecalls. Perhapshis shouldbe changed.

However, it is ratherunfair to comparenriting MachineForthandARM codeasvehicles
for Forth,astheformerwasdesignedor it, whereashelatterwasnot. Usingamorenatural
machinecodestyle, ARM assemblers just aseasyto write asMachineForth, andif used
from within a corventionalForth compiler, it canbetestednteractiely too.

8 Conclusions

This hasbeena small experiment,and it's never wise to draw firm conclusionsabout
programmingn Forthfrom writing Forthcompilerslt is clearlythecasethatMF is easyto
implement but that's obviousjust from looking at the machinemodel. Whetherit makesit
easielto write fast,small, portablecodeis debatableFor me,MachineForth falls between
two stools:for high level code,l’ d ratherwrite in full-blown Forth, andfor low-level code,
I’d ratherhave the power, speedandcompactnesef assemblefusedfrom within a Forth
compiler, of course!).

This impressionis perhapsbiasedby the fact that the processord’ve programmed
extensvely (the 6502,68000and ARM) have small and simple instructionsets.On an
unfamiliar processqgrespeciallyonewith alargeandcomple instructionset,thesimplicity
of MF might helpmeto producereasonableodemorequickly thanby learningthe native
assemblyanguage.

The portability of MachineForth might alsobe cited in its favour, but thatis only an
adwantagevhenwriting high-level code;whenMF is beingusedasareplacemenassembly
languagehecodebeingwrittenis machine-dependeatyway, andportabilityis irrelevant.

However, MF doesoffer someusefulideas.Its explicit useof an addresdatchis a
simplewayto improvetheperformancef smallForth compilersthatcannotafford to have
anoptimiser Evenmoreinterestingareits non-destructie conditionalswhich couldeasily
beusedin traditionalForth.

In conclusionMachineForth’sjudiciousmixtureof novelty andclassicsimplicity merit
carefulstudy thoughl for onewill notbeabandoninghetraditionalcombinationof Forth
andassemblein its favour.

6The primesbenchmarkspendsabout60% of its time executingthe software division routine, soiis of less
significancethoughit still shavs the sametrendastherandomnumberbenchmark.
“Similar codedensityhasbeenreportedon conp. | ang. f or t h for anintel implementation.



9 Answer to exercise
EXECUTE canbewrittenin MF32 as

Al pop A@ push push ;
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