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Abstract

In thisreporttheoftenignoredtopicof languagereprocessingystemspr macroan-
guagessrevisitedfrom theviewpointof metaprogrammingndapreprocessor/macro
systemcapableof subsumingnanyof thefront-endstage®f compilationdeveloped.
Thefar+teachingconsequencead thisfor the designandusageof programmindan-
guagesreexaminedn turn,with thehelpof asimpletoy languagemplementindittle
elsebuttheauthor’spreprocessingystembut which provestself capableof remark
ableexpressivgpower. Notesfor theapplicationof thesystento “real” languagesre
givenin thetext.
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1. Introduction

Much researchhasbeenput into the holy grail of increasingthe expressivepower of
programminglanguages.Although somewould arguethat any Turing-completdanguages
equally“expressive” mostwill point out thatthey’d ratherwrite compilersin alanguagewith
patternmatchingthanin raw machinecode.

Developmentf notein the field include Knuth’s work on sourcedocumentatiorand
control structuregincluding the controversialGOTO construct)[4], variousworks on object
orientation(a techniquefor bringing programmingcloserto the problemdomain),studiesof
novelwaysto expressmperativeoperation$2], thestudyof functionallanguagesandresearch
into languagesntendedfor problemdomainswherethe normalapplicativestructurewe have
grownaccustometb becomes hindranceandmoreesoteridechnologiesirise. Thesanclude
thelogical[6, sectiord.4]andnondeterministitanguage$6, sectior4.3].

Oneareahoweverwhich hastraditionally beenneglectedis the studyof languagecon
structsdealtwith beforethe compilergetsto seethe source. Typically, a seperatg@reprocessor
acceptsa sourcdfile, andproduce®newith identicalsemanticbut expresseth a subsebf the
originallanguage the subsemadeby removingthe preprocessoconstructsvhichtheprepre
cessoactsuponfrom thelanguage.

Many of the early stageof “real” compilationin modernlanguagesonsistof reducing
the resultof the last stageinto a semanticallyidenticalprogramin a simplerlanguage.The
StandardviL compiler,for example simplifiesprogramsnto a continuationpassinganguage,
thenproceeddo simplify it into continuationpassinganguageghat are closerand closerto
assemblyanguagebeforefinally handingoverto what! would actuallycall a compiler,which
producesnachinecode[1].

However,thosecompiler stagesare not implementedn the preprocessodueto lack of
expressivenessf the preprocessosublanguagéself. For examplejn C or C++,the prepro
cessorallowsthe programmeto expressimplesourcetransformationst the tokenlevel, for
example:

/* This is a comment, which the preprocessor removes */

/* The next line "includes" source from another file at this
point; this allows us to use the preprocessor to reuse common
pieces of source */
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#include <stdio.h>

/* Here we command the preprocessor to, from this point onwards,
replace the token PI with the token 3.14159

#define Pl 3.14159

/* A more interesting example. This commands the preprocessor to,
upon meeting the token DOTPROD, parse a bracketed list of

six arguments, and replace the whole thing with the list of

tokens given after the space, substituting the token strings

that matched each argument, as you might expect. Note the need
to enclose the arguments in brackets, in case they are themselves
arithmetic expressions containing lower precedence operators
than *. The same operation could have been expressed more
neatly as a function, but this type of thing was fairly common

in the days when compilers produced signification overhead

for function calls. */

#define  DOTPROD(x1,y1,z1,x2,y2,22)
(x1)*(x2)*+(y1)*(y2)+(z1)*(z2))

/* Here, on the other hand, is something that can only be done
through the preprocessor; we introduce a new language construct
that, in a manner most unfamiliar to the average C programmer,
creates a function. */

#define  MAPPER(mappername,elementtype,mapfunc) \
void mappername(elementtype *array,int num_elems) { \
while  ( num_elems --) { \
*array = mapfunc(*array); \
array++; \
P\
}

int  square(int x) {
return X*X;

}

MAPPER(array_square, int,  square)

void test _mapper() {
int my_array[4] = {1,2,3,4}
array_square(my_array,4);
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The C preprocessois crippledboth by the fact that it canonly expressionshe triggers
of transformationss beingthe constructghe preprocessotransformsitself - prefixedby a
# symbol- or “function-like” constructdike our MAPPER example;and the fact that once
it hasrecognisedh programmer-definettansformationit cando no morethana very simple
tokensubstitution.

Schemérasa macrosystem.Howeverjt alsohasaveryregularsyntaxin whicheverypro-
gramminganguagesonstrucis alist with thenameof theconstruciattheheadandtheremain
ing elementsnterpretedn amannedependenbntheconstruct.Forexampleaconditionalex
pressionsrepresenteds(if  control- variable  then- arm else- arm) ,whilealambda
expressions written (lambda  (argumentl  argument2)  body) .

This allows the macrosystemto be betterthanC'’s in that the new constructreatedoy
programmersanlook like anyotherconstruct andvice versathatanystandargrogramming
languageconstructcould actually be implementedby a sourcetransformationrather than
requiringspecialcasecodein the compiler. The SchemeReport[§ actuallypresentsa simple
corelanguageinduseghesourceransformatiorsystento addhigherlevellanguageonstructs
toit.

However the downsideof Scheme’sourcetransformatiorsystemis thatit still canonly
perform limited substitutionoperationsmuchlike the C preprocessoalthoughdefinitely an
improvement.lt introducesa patternmatchinganguageo expressnultiple possiblerewritings
dependingon the body of the input constructwhich althoughusefulis anotherthing for the
programmeto learn;andmanySchemerogrammerslon’t bother,consideringt anadvanced
esoteridopic.

Perhapshemosttechnicallyadvancedourcdransformatiorsystemn theliteraturesofar
is the FORTH programmindganguage.A FORTH compilertakesinput sourceyepresenteds
aserief whitespaceeperatetiwords”, andconvertst into a simplestackmachinecodewith
theoperationpush andcall . Theruntimesystemcontainsawiderangeof primitive wordsto
call

The compilerloopsthroughthe input sourcereadinga word at atime. For eachword, if
theword is a synacticallyvalid number,it emitsa pushinstructionto pushthat number. If it
is aword, it looksit up in the word table if the word is markedasimmediateit is executed
immediatelyby thecompiler,otherwisea call to thewordis emitted.

Theword tableis seededvith variouswords,perhapshe mostimportantof whichis“: 7,
whichisusedto definenewwords. : isanimmediatevord,whichwhenexecutedeadsasingle
word from theinput streamto bethenameof thenewword;it thensaveghe outputstateof the
compilerandcreates newoutputstatepointingto a free memorybuffer,andletsthe compiler
compileinto that buffer asusualuntil anotherspecialimmediateword,; ”, is found,at which
point the resultingcompiledcodeis put into the word tableunderthe suppliedname,andthe
compilationstateis restored. A varianton this is usedto createimmediatewords. A word
definitionis oftenwrittenwith acommenin roundbracketshowingthe“stackpicture”,which
wewouldnormallythink of asthetypeof thefunction. Forexampleafunctionacceptingbyte
(characterandreturningthe samemight be:

rev8 (ch -- ch) 0 SWAP
8 0 DODUP 1 AND
ROT 2* OR
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SWAP2/
LOOP
DROP;
\
\ Brute force bit reversal of a byte.

Clearly,aFORTHcompilercanbewrittenvery easily;thepowerof thelanguages almost
entirelyin thestandardibraries. Stringsarehandledoy animmediateword,“S"”, whichreads
characterauntil a closingquoteis found, whenit storesthe resultinto a memoryblock and
emitscodeto pushthe addres®f the string;this allowsusto write literal stringsin our source.
Commentsare implementedby the “(” word, which discardsinput until a closing bracket
IS encountered.

As somepeopleareunfamiliarwith the stackmachineor reversepolisharchitecturethey
may wantto usea FORTH modulethatimplementsa recursivedecentparser. To createsuch
a beastwe mightdefineanimmediatewvord “EVAL(” which parsesandcompilesanarithmetic
expressionerminatedy a closingbracket. That'safairly drasticthingto beableto dowith an
easilywritten extensiodibrary.

Perhapghe ultimateextensiorof thatideais to write compilersfor totally unrelatedan-
guages asimmediateFORTHwords. A C compilercould be written asanimmediateword,
allowingyoutoimbedC sourcecodein your FORTHprograms.Thebeautyof thiscompilation
architecturas only offset by the fact that FORTH is a relatively unweildy and untypedstack
language.

FORTH'sarchitecturénasn’tarisenin anythingotherthanFORTHderivativesandclones.
Certainly,asfar asthe authorhasbeenableto ascertainnothinglike it hasneverbeenusedin
a prefix notationapplicativelanguageof thetypewe arefamiliar with today. The real crux of
thesystemsthatnotonly canthedevelopeplaywith languageonstructat preciselythesame
levelof powerastheconstructbuilt into thecorelanguagetheactualkransformationappliedto
theconstructareexpresseth thetargetianguagetself, ratherthanalimited substitutiorsystem
or atotally seperat@atternmatchinganguage.

1.1. About this project

The aim of this projectis to developa compilation systemreminiscentof FORTH’s,
but broughtup to datewith modernlanguagearchitectures.Sadly,nothingof the techniques
usedto implementFORTH canbe carriedfar beyondlanguagesvith theits uniquestructure,
requiringatotalredesign.It will beshownthatcompilerscanbedrasticallysimplifiedby using
“standardlibraries” of commonlanguageconstructsbuilt upona very simple core language
supplementedvith a syntactictransformatioripreprocessor’insteadof dealingwith a wide
rangeof constructsn thecompileritself. It will alsobe shownthattheability to addpowerful
newconstruct®asilycanbe usedto massivelyextendthe expressivgpowerof thelanguage.

Ontheonehandwe canimplementspeclaisedonstructslesignedor theproblemdomain
our programsareworkingin; andonthe otherhandwe canincreasgerformancendreliability
with syntactictransformsdesignedo optimisecodeor performextensive‘precompilation”of
abstracthigh level problemdescriptiongnto the tight, nasty,tangledcodecommonin hand



1. Introduction 5

optimisedalgorithms.Thisalsodecreasetheopportunityfor bugsto creepn by automatinghe
optimisationprocess.

Knuth[4] producedthe earliestreferenceknown to the authorconcerningthe procesof
producingoptimisedcodeby first writing animplementatioremphasisinglarity andmaintain
ability, thenapplyingsemantigareservingpptimisationtransformationso thatcodeoneby one
until anoptimisedversionis produced.Theonly difficulty with thatapproachs maintainability
- if thealgorithmis to bechangedthechanges eitherappliedto the originalmaintainabldorm
andtheoptimisationseappliedaboriouslyportheoptimisedversioncanbepatchedatthecostof
possiblyintroducingconfusingougs. In thisreportadevelopmenprocesss suggestewherethe
highlevelalgorithmis developedhena seriesf sourcerransformationaddedo it to showthe
compilerhowto “handoptimise”it; theadvantagdeingthatthe original codecanbe changed,
andthecompilerwill still applytheoptimisingtransformationgiiventoit. Of coursechanges
to thealgorithmwill oftenwarrentnewoptimisationandmakeold onesobsoleteor invalid, but
anenvironmentn whichoptimisingtransformationsanbesimplycommenteautto seef they
arecausinga bugor arenot pulling theirweightanymoreshoulddrasticallyeasehis process.

2. The Qubelanguage

We beginby definingatoy languagewith barelyenoughprimitivesto makeit Turing-com-
plete thenproceedo augmenit with the preprocessodevelopedn this project. Althoughthe
Qubelanguagas notintendedor usebeyondtheresearchab, theauthorgivesnotesaboutthe
Issuesgnvolvedin implementinghe sourcetransformatiorsystemfor a “real” languagevhere
applicable.

2.1. The corelanguage

Qubeis a very simple nearlyfunctionallanguagethe author’'sobjectivein startingwith
suchatrivial languages bothto avoidrepeatinghewell-knownstepsnvolvedin creatingacon
ventionallanguageandto makethelanguagesimpleenoughto showthatit hasno particularly
specialffeaturego supportthepreprocessahatis goingto bewrappedaroundit. Thismakest
clearthatthepreprocessingechnologycouldjustaseasilybeappliedto anexisting“real world”
compiledlanguage.

2.1.1. Languageprimitives

e (fun (<args>) <body>) createsa function,just like the familiar lambdaconstruct
of many functional languagesbut with a shorterand more layperson-friendlyname.
Forexample:

(fun  (counter  increment) (+ increment counter))

e (if <a> <b> <c>) if aisthebooleanfalsevalue,evalutedo thevalueof c, otherwise
thevalueof b. Forexample:

(if (> 21 age) OId Young)
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 (<func> <args...>) appliesthefunctionto theargumentsandevaluateso theresultof
theapplication.Forexample:

+ 12

e (extern <string> ) “includes” the contentsof the file namedin the string. For
example:

(extern  "$QUBELIB/my-print-func.qube")

 (quote <value> ) evaluatedo the givenvalue;quote actsasa way to preventlists
from beinginterpretedasfunction applicationspr symbolsasvariablereferences.The
Schemeoarsetinheritedby Qubetreatghestring” 'x ” as“(quote  x) ”; thisisasyntactic
convenienceForexample:

(quote (this is a list))
(quote  a-symbol)
'another-symbol

A <symbol> evaluatedo the value of the symbolin the currentlexical environment
(definedby fun constructs)For example:

current-time

e "<string> ", <integer> , or <float> all evaluateto saidstring,integer,or float;
theseareliteral constants For example:

"String values can contain \"escaped\" quotes"
156
1.3

The only constructthat binds new variablesis fun . Thesebindingshavelexical scope,and
functionscloseovertheir environmentsasis the normfor functionallanguagesThetop level
environmenin which programsareevaluateds presetwith a selectiorof standardunctions:

 (prepend <anything> <list> ) isthedirectanalogueof Scheme’'sons function.
prepend takesanobjectof anytypeandalist, andreturnsa newlist with theobjectatits
headandthepassedist astheremainderof thelist. Forexample:

(prepend 1 '(2 3)) ='1 2 3

« (head <list> ) returnghehead(first elementpf alist. Forexample:

(head (1 2 3) =1
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e (tall <list> ) returnghetail of alist, thetail beingall theelement®f thelist afterthe
first; for example,

il (1 23) ='2 3)

o (list? <anything> ) returnsthe argumentf it is a list and returnsthe empty list
') otherwise.

e (fun? <anything> ), (humber?  <anything> ), (string? <anything> ) and
(symbol?  <anything> ) all testtheirargumenfor membershipf thenameaype,in
thesamemannerasthe previousfunction.

Fromthesefunctionsthe usuallibrary of functionsin a LISP-like functionallanguagecan
bederived- map,fold, andfriends,which| shallusein laterexamplesvithout explanationthe
interestedeadershouldconsultoneof themanySchemeeferencédooks|§.

2.2. Partial evaluation

Thecoreof the Qubepreprocessais a partialevaluationengine. Partialevaluationis the
proces®f evaluatinganexpressionvhensomeof its variablesaareunknown. Whereasn normal
evaluatiortheresultisasinglevalue theresultof partialevaluatiorcaneitherbeavalue(if there
areno unknownsn theexpressiongr few enoughunknowngo makethefinal resultdecidable)
or an expressiornn termsof thoseunknowns. In the worst case the outputexpressiormight
beexactlythesameastheinputexpressionhoweverlittle codewritten by humansexhibitsthat
manyunknownsandalargeproportionof codecanbeexecutedt“compiletime” to producea
somewhasimplifiedprogram.

TheQubepartialevaluatiorengineconsist®f rulesfor partiallyevaluatingeachbasicform,
which usuallystartby recursivelypartially evaluatinghe subformswithin to seeif theycanbe
reducedo simplevalues. This allowstherule to selectfrom a numberof caseslependingn
which parameterarefully knownandwhich still containsomeunknowns.

Eachrulehasasinputs theexpressiomo bematchedandtheenvironmenbf staticbindings
it is to be partially evaluatedn. The environments representedsa binaryrelationmapping
symbolsto values.

Theresultof partially evaluatingan expressioror subexpressiors a memberof one of
threetypes:

»  Staticvaluesare constants.A partial evaluationwill returna staticvalueif thereis no
uncertaintypresentmeaninghe expressiorhasa staticallydecidablevalue. The notation
usedfor staticvaluesis definedas:

0 STATIQX) constructsa staticvalue.

O unboXSTATIGX)) = x since the unbox function extractsthe value from a “type
wrapper”.

0 isStatigSTATIGX)) is alwaystrue.
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*  Functionvaluesarefunctionswhich do not closeoveranyenvironmentabindingsthatare
not reducablédo staticvaluesat the point of functiondefinition;in otherwords,the body
of thefunctioncanbeinsertedverbatimat the point of functionapplicationwithout fear
of namespacelashes.Functionvaluesarea specialcaseof staticvalueswhich allow for
partialevaluationof functionapplications.Functionvaluenotationis definedas:

0 FUNCTION(x) constructs functionvalue.
0 unboXFUNCTION(X)) = X, asyou mightexpect.

O isStatigFUNCTION(X)) is alwaystrue,sincefunctionsarestaticvalues.

» Dynamicvaluesare the resultsof partially evaluatingexpressionghat cannotbe fully
evaluatedo a singlevalue,generallydueto areferencego anunboundvariablein thebody
of theexpressionTheactual‘value” is justthepartialevaluator'srestattemptat partially
evaluatingthe expressionand may be amenabldo further evaluationwhenhigherlevel
bindingconstructhiavebeentakeninto account. Thenotationis:

O DYNAMIQX) constructs dynamicvalue.

O  unboXDYNAMIC(X)) = X, asyou mightexpect.
O isStatigDYNAMIQ(x)) is alwaysfalse.
U

isDynamigx) iff —isStatigx)

Thevaluesboundto symbolsn anenvironmentrealsotype-taggedsabove putonly STATIC
andFUNCTIONtypesarevalid in environments.

For clarity, | write rulesin theform
environment expression- result

Symbolswith tildes(eg,X) ontheleft handsideareconsideredo bepatternwildcardswhichare
boundto thevaluestheymatchontheleft handsidewhentheyappeaiontheright handside.

| havealsoadoptedthe conventionof representinghe partially evaluatedorm of some
subexpressionntheleft handsideof therule with anunderlinedversionof thatsymbolonthe
right handside. Howeverthissymbolis alwaysdefinedin thetext.

| haveusedahatoverasymbolin asmallnumberof cases$o represenaversionof thevalue
of theunadornedsymbolthathasbeenprocessed somecomplexway, which is alsoalways
definedin thetext.

2.2.1.Literals

Forexampletherule:

E i STATIQI) iff i Ointegers
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stateghataninteger,i, in anenvironmeng, partially evaluateso STATIQ). Likewise:
Eo "S- STATIQS) iff § Ostrings

makesa similar statemengéboutstrings,and:
Eof - STATIQ) iff f Ofloats

makesthe samestatementor floating point numbers.A slightly more complexlooking rule
stateghatthequote constructalwayspartially evaluateso theenclosedralue:

E 0 (quoteX) . STATIQX)

2.2.2.Variables

Symbolsjf boundin theenvironmentreduceo thevaluetheyareboundto; thisvaluewill
alreadybetaggedwith STATIC or FUNCTION sonofurthertaggingis required.

E0{X-V}OXi> ¥

E O X '— DYNAMIQX) otherwise

If asymbolis notdefinedin theenvironmentthenit is left asa dynamicexpression.

2.2.3.Conditionals

Conditionalsare,again,slightly more complex. In the casewherethe control value in
the conditionalexpressioris decidableand not equalto the false  value,we canreducethe
conditionalexpressiorto thefirst branch:

E o (if €XV) - pevalE o X) iff pevalE o €) # STATIQfalse)

Likewise,if the controlvalueis decidableandis equalto thefalse value,we canreducethe
conditionalexpressiorto its secondoranch:

E o (if €XY) - pevalE O y) iff pevalE o €) = STATIQfalse)

However,if the conditionalcannotbe staticallydeterminedthenthe bestwe cando with the
conditionalexpressions replacethe threesubexpressionsith their partially evaluatedorms.
Perhapsve couldtestto seeif both armsareequaland,if so,not botherwith evaluatingthe
conditionalbut| donot considetthatto bea commonenoughcaseto concernrmyselfwith.

E o (if €XY)— DYNAMIQ((if €% ) iff &= STATIQfalse)
where
¢ = pevalE O ©),
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= pevalE O X),
y = pevalE O Y)

11

2.2.4. Reference® externalfiles

Theexternconstructs whatwould normallybecalled“include” in mostlanguagedyutthat
just soundgoo verb-liketo bein afunctionallanguage.Externis usedto referto sourcecode
containedn anexternalfile; if thefilenameis decideablat preprocessingme,andthefile can
befoundat preprocesime,thenit is includedthereandthen.

E O (externx) i pevalE 0 e) iff X = STATIQfilenamé O FileExistgfilenamg
where

% = pevalE 0 X),

e = FileContentg¢filenamé

However,otherwiseall we candois partially evaluatehefilenameexpression.

E O (externx) i— (externx) otherwise

2.2.5. Functions

Theintroductionof functionswith thefun constructwill fall into oneof two cases.

The body of the function is partially evaluatedin a special environment,where the
argument®f thefunctionhavebeenboundto a specialstaticPLACEHOLDERVvalue;if & the
resultof this partialevaluationjs staticthenthe functionbodyhasno free variablesotherthan
argumentso the function,or thatall the non-freevariablest refersto canbe staticallyreduced
to constanwaluesandthuseliminated. ThisconditionMUST hold beforewe cansafelylift the
functionbodyawayfrom its point of definitionto its pointof use;andso,if it holds,wereturna
FUNCTIONvalue.

E o (fun @ & — FUNCTION(&, unbox@)) iff isStatiqe),
where

é = pevalE O &),

e = pevalE 0 {x— STATIQPLACEHOLDER|Ox &} [ €)

If thebodyis not safelyliftable, it hasto beleft asis anddealtwith at runtime or whenhigher
levelrewritingsprovidesvaluesfor all thevariablegeferencedn thefunctionbody.

E o (fund &)~ DYNAMIQ((fun a &)) otherwise

2.2.6. Functionapplication

Functionapplicationscanonly be partially evaluatedo a simplerform if all of theargu
mentsbeingpassedo thefunctionarestaticallydecidable.Thereasorfor thisis thatdynamic
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argumenexpressionwill needo beevaluatedn thecorrectenvironmentif theyaresubstituted
into thebodyof thefunctionthenvariablegheyreferto mayhavebeenreboundo othervalues.
Thiscanbefixed by wrappingthemupin closuresandvarioussuchtechniqueshutthislevel of
complexityis notnecessarhere.

Ec(fa..) - DYNAMIQ( a...)

iff isDynami¢f ) OisDynamigd) O ...
where

f =pevalE of)...

If all of theargumentsarestaticvaluesandthefunctionto beappliedisaFUNCTIONvalue we
maybeableto performanin-placebetaexpansiongr inlining asit is usuallyknown:

Eo(fab..) peva(E & iff f = FUNCTION@&D ..., &)

where
f = pevalE o),
E={A.4b_D,.}
a = pevalE 0 a),
b = pevalE o b) ...

Note how the environmentto partially evaluatethe body of the functionin is generatedy
bindingthenamef thefunction’'sargumentso the valuessuppliedby thecaller,which areall
staticvaluessincethefirst rule for functionapplicationslid not match.

If the function is a STATIC value,then there can be one of two casesgitherit’s the
PLACEHOLDERvalue,indicatinga functionargumenthatis not availablepresentlybut will
be decidablevhenthe functionis applied,or the functionwill be anactualfunctionobject(as
opposedo areferenceo afunctionintroducedby thefun constructywhichwould betaggedas
FUNCTION insteadof STATIC); theseonly comeinto the systemthroughthe initial top level
environmentywhichis setup to containthe primitive functionlibrary describegreviously.

In theformer casewe cansavesometime by just reducingthe functionapplicationto the
PLACEHOLDERVvalue. In thelattercasethefunctioncanbeappliedthereandthen,makingit
possibleto computethevalueof expressions the preprocessoat “compilertime” (insteadof
everytime anenclosingoopis executed!)Therule handlingthis canbewritten:

Eo(fab..) . STATIQapplyf, &, b, ..)
iff f = STATIQf) Of # PLACEHOLDER

Eo(fab..)— STATIGPLACEHOLDER
iff f = STATIQPLACEHOLDER J4a = STATIGQPLACEHOLDER Ob = ...

Theserulesmustbe appliediteratively, startingwith the input sourceexpressioruntil a
fixed point is reached.Togetherthey makeup the pevalE — x) function, which will reduce
any Qubesourceexpressiorto a significantly simpler (thoughnot necessarilysmaller)form.
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Howeverthisis nothingnewin itself.

For example, the input expression (f a b) in the environment
{f -~ FUNCTION(x y, (PrimitiveAdditionOperation XYy)), a-1} will initially match
oneof thefunctionapplicatiorrules. Thereforethethreesubexpressiorarepartiallyevaluated
in turn;thepartialevaluatiorof f , throughthevariablereferenceule,returnsthefunctionfrom
ourenvironmenandthepartialevaluatiorof a yieldsthestaticintegerl.Howeverp matcheshe
rule for variablesnot boundin the enclosingenvironmensowill only reduceto DYNAMIC(b);
thismeanghattherule for afunctionapplicationwherenot all of the subexpressiorasrestatic
isinvoked,makingtheresultDYNAMIC((f a b)).

However,shouldb havebeenboundto theinteger2 in theenvironmenta differentresult
wouldemerge All of thesubexpressiorns theapplicatiorwould havereducedo staticvalues,
with thefirst beinga FUNCTIONvalue thuspermittingtheuseof theinlining rule. Thiswould
createanenvironmenfor thebodyof thefunctionlike so:

{x-1, y-2}
Thebodyof thefunctionwould be partially evaluatedn thisenvironment.Thebodyis:

(PrimitiveAdditionOperation XY)

Thefirst elementbeingalreadyof functiontype,will partially evaluateto itself, while x and
y partially evaluteto 1 and?2 respectivelyfrom the environment.The resultis an expression
matchingtherulefor afunctionapplicatiorwherethefunctionis a primitive, whichis evaluated
by applyingthe function,in this caseyielding the integer3; this, markedasa staticvalue,can
thenbetheresultof theentirepartialevalation:

STATIQ?3)

2.3. The meta construct

The preprocessoalso addsan additional constructto the languagecalled meta. This
construcis remarkablysimpleto define yet hasa very profoundeffectontheexpressivgpower
of thelanguage.

Therulefor partially evaluatinghemeta construcis:

E O (metaX) — pevalE 0 unboxx))
iff isStatigXx)
wherex = pevalE 1 X)

In theidealcasethemeta construcfully evaluatests enclosedsubexpressioto a staticvalue.
It thentreatsthis asanexpressionpartially evaluatest, andreturnsthatastheresultof its own
partial evaluation. In otherwords,the meta constructallows for metaprogrammingnstead
of just executingthe codeinside the meta, the value resultingfrom executingsaid code
Is executed.

In the eventof thebodyof a meta constructbeinga placeholdeor a dynamicvalue,we
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cannotproperlyevluateit yet,andhaveto deferthe procesappropriately:

E 0 (metaX) . STATIQPLACEHOLDER
iff Xx = STATIGPLACEHOLDER
E O (metaX) . DYNAMIQ((metaX)) otherwise

3. Programming with the meta construct

Perhapshemostobvioususeof themeta construcis to theintroductionof newlanguage
constructs.If we definea compiler functionthat returnsvalid Qubesourcefor an expression
with semanticsomehowcontrolledby thefunction’sargumentsye canuseit like so:

(meta (compile-let (
x (+ 1 a)
(y (+ cd)
*+ xy)

Wherethecompile-let  functionmightbedefinedas:

(fun  (bindings body)
(prepend  (prepend ’fun
(prepend (map head bindings)
(prepend  body ()
(prepend  (map (fun (x) (head (tail X))

()))

The partialevaluationof the abovemeta expressiorstartsby partially evaluatingthe en
closedexpressionin thiscaseheapplicationof compile- let tosomeargumentscompile-
let simplyconstructafun expressionvith thevariabledoundin thevirtuallet expressioms
argumentsyith thebodyof theexpressiompassedhrough thenwrapsthisfunctionexpression
in anapplicationwhich bindsthe variablesto their values. In this casecompile- let would
returnthestaticvalue:

(fun x y) (+ xy) (+ 1a (+ cd)

Thisiswherethemagicoccurs. Themeta constructhenpartially evaluateshisagainand
thenusegheresultof thesecondartialevaluatiorastheresultof partially evaluatingheentire
meta expression.

In otherwords,a function appliedat compiletime hasreturneda snippetof sourcecode
whichisthenusedin theprogram.To putit anothemway,theprogrammehasbeenableto write
codethatwriteshisor program!

3.1. Implementing a module system
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Thepreviousexamplewasanugly wayto expresdet statementsWhile Scheme’snacro
systemwould requireyou to usea specialrewrite rule languageto expresdet in termsof
lambda, atleasttheresultwouldn’t needall thatquoting,andit wouldbe(let  ...) insteadf
(meta (compile-let ...)) .Howeverthisis easilyfixed,alongwith severabtherproblems;
usingthe meta constructwe canturn this toy languagein which programsare nothingmore
thanexpressionso beevaluatedinto a“real” languagevith modulesandnamespacesAll that
is requiredis to implementa top level compilerfunctionthat providesa syntaxfor a “module”
with exportednamesjmportsfrom othermodulesanda way of settingup moreaesthetically
pleasingwvaysto invoke metaprogrammingonstructdike compilerfunctions.

The first tool in my metaprogrammindjbrary wasthe modulesystem. A “module” is
representedsalist containing:

1. A list of pairsof the form (name value) , which represennamesexportedby the
module

2. A list of functionswhich areto be usedassourcetransformationsall expressiong the
moduleimportingthis modulearepassedhrougheachfunctionin thislist in turn. Thisis
explainedn moredetailbelow.

3. Alist of metaprogrammingonstructsiepresentedspairsof theform (name compiler-
func) .Thisisjustaspeciakcaseof thepreviouslementjf theform (name ...) isfound
in thebodyof codeimportingthemodule thentheformisreplacedy theresultof applying
thecompiler- func totheform. Thismakest easyto addnewconstructsike let tothe
language.

A Qubemoduléefile is of theform:

(meta ((extern “$QUBELIB/module.qube”)
(module  “modulename” )
(import  (modulel namel) (module2) .)

Thenanynumberof eachof thesestatementsn anyorder:

(private name expression )
(public name expression )
(transform expression )
(construct name expression )

Terminateduy:

)

Theimport declaratioristsmoduleghatareimportedinto thenamespacef thismodule,
alongwith thenamethemoduleis beingreferredo, whichis prefixedto all bindingandconstruct
namesmportedfrom themoduleif specifiedseperateddy a. (dot)character.Thisallowsthe
userto importfrom two differentmoduleghatexportthe samepublic names.

Normally, modulesfor importing would be obtainedwith an (extern  “filename”)
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constructeferringto afile containinga Qubemoduledefinition.

Theprivate andpublic declarationsn the modulebody arecombinedtogetherinto
a singlerecursivelet expressionwhich is in turn implementedwith a fun usinga form of
fixpoint combinatorfo allow thevaluesspecifiedn anyof thefour kindsof declaratiorto refer
to both public and private bindingsin the module. The “value” of the resultingexpressionis
nothingmorethanthemoduleimplementedasa list asabove.

All of the expressiongn the declarationsare passedhroughthe transform  functions
providedby anyimportedfunctions,in the orderin which they appearthenscannedor ref-
erencedo constructnamesdefinedin importedmodules,optionally prefixedif a namewas
given to the import. The codethat performsthis transformationis definedas a function in
“$QUBELIB/module.qube” ; soif a userwishesto changethe modulesystemfor whatever
reasontheycantrivially createanewone,perhapsompatiblewith thisone’srepresentatiofor
modulesf notthesyntaxused.

Having implementedthe module system,a library of standardconstructscan then be
implementedsuchaslet andcond . While doingthisin his samplemplementationit became
clearthata methodwasneededo combineseveraimodulesnto one.

For example a seriesof modulesproviding standardunctionalityin variousareascould
be combinednto a single“commonfunctionality” module. It wassurprisinglyeasyto write a
functionwhich createda “library” modulecomposedrom a seriesof modules:

;7 Usage:  (make-library (<module list...>))
(public make-library (fun  (modules)
(let  (
(bindings (append-list
(map (fun (x) (elem 1 x)) modules)))
(processors (append-list
(map (fun (x) (elem 2 x)) modules)))
(constructs (append-list (map
(fun  (x) (elem 3 x)) modules)))

)

(list bindings  processors  constructs))))

The workingsof this function aresimple: theelem <n> <list> functionreturnsthe
n'th elemenif thelist, andis usedwith mapto prepardistsof all thebindings processorsand
constructsn the passedist of modulesgachof theselists of listsis thenmergedinto onelist
with the append-list function,which “flattens” out onelevel of nestedists. Thisresultsin
asetof threelistswhich canbe consideredheunionof thecorrespondindjstswithin theinput
modulesjf bindingsor constructsn anyof the moduleshavenamingconflictswith othersthe
conflict resolutionin the modulesystemitself will simply give precedencéo the “rightmost”
definition,sowe do not needto removeduplicatesvhenconstructindibraries. Thesethreelists
canthenbeusedto constructa newmoduleobject.

Thisallowsastandardibrary for Qubemodulego becreatedandimportedwith (extern
“SQUBELIB/core.lib") . Theunpleasargyntaxfor introducingnoduleg(meta ((extern
“$QUBELIB... ))) ) canalsobe replacedwith a much nicer system;the file module.qube
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containingthe modulesystemcanbe extendedo definea top level module which differsfrom

a normalmodulein thatit cannotcontainpublic  declarationsandinsteadcontainsa single
main declaration.Thetoplevelmoduleis transformednto arecursivdetike statemenasper
thenormalmoduleconstructbutinsteadof evaluatingo a moduleobject,it insteadevaluate$o

theresultof evaluatingts main declarataion.This modulealsoautomaticallyimportsthecore
library, which wasextendedo supporta newmodule constructwhich canbe usedto create
normalmoduleswith theenhancedyntax:

(module * modulename”
(import  (modulel namel) (module2) .)

Thenanynumberof eachof thesestatementsn anyorder:

(private name expression )
(public name expression )
(transform expression )
(construct name expression )

Terminatedy:

)

Having movedthe initial useof the meta constructto extendbasicQubeinto a serious
programminglanguageinto a standardlibrary, we can now make a wrapperscript to take
a file comprisingnothingotherthanthe body of a top level module,thentransparentlyvrap
it between:

(meta ((extern “$QUBELIB/module.qube”)

and
)

With relatively little work, we have now extendedthe primitive Qubelanguagealmost
beyondrecognition!

3.2. The implications of meta for compiler design

Theeasewith whichit is possibleo bolt afully featurednodulesystenontoalanguages
primitive asQubeusingour meta construcicomesasquitea surprise.Theonly featureof the
underlyinglanguagebeyondmeta thatwereessentialn this wereits functionalpurity, which
makest safeto rearrangeeodewith meta without havingto worry aboutsideeffects,andthe
extern constructwhich providesa simpleway to bring codein from thefilesystem.Neither
of thesethingsareparticularlyspecialithe magicis all in the partial evaluationandthe meta
constructaddedby the preprocessor.

As we makethe languageicherandricherwith high level constructsthe bulk of thelan
guage’scomplexity quickly movesinto the standardibrary, makingthe compileritself seem
moreandmorelike nothingmorethananassemblerln effect,we havecreatedatype of “open
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compiler”,amenabldo extensiorandalterationfrom thevery codeit compiles. Thishasmod

ularisedthe compilerinto easilycomprehensiblsectionsywhich arealsoeasilydebuggablsee

tions. Thetransform  declaratiorwithin a module which introducesa functionto beapplied
to anyexpressionnsidea moduleimportingthe onedeclaringthe transformationppensup the
possibilityof puttingoptimisationsnto modulesnot only canthesebe standardyenericoptim-

isations they canbe optimisationghat makeuseof deepeiknowledgeof the semanticof the
functionsexportedfrom that module. A matrix manipulationmodulecould containoptimisa

tionsthatunderstandhat multiplicationby anidentity matrixis redundant.l will explorethese
issuesn moredetailin thefollowing sections.

3.3. Domain specificsublanguages

The easewith which arbitrarily complexnew constructanbe addedto Qubeusingthe
meta constructandits moreuserfriendly but lessflexible childrensuchasthe modulesystem
openghefloodgatedo anentiregeneratiorof domainspecificsublanguages.

Currently,domainspecificlanguagesreusuallyimplementedn oneof two ways:

1. Writing theentirelanguagefrom scratch. Thisapproachs usuallytakenin thebelief that
thelanguages sosimpleit will beeasiertto implementfrom scratchthanto takeanyof the
otheroptions. Thebig problemisthat,inevitably,featurecreepsetsn andtheDSL endsup
“reinventingthewheel”by findingits ownuniqueway of implementingall thefeature®f a
fully fledgeprogramminganguagewhile still remainingcrippledby its heritage.Perhaps
Perlisagoodexampleit isnowrarely,if everusedasfor the“extractionof reports”lUNIX
scriptingshellsalsocometo mind.

2. Skeletonsvrappinga baselanguage.Thisis the approachakenby toolssuchaslex and
yaccwhichareusedn compilergeneration.Theunderlyinglanguages usedo expresshe
thingsit is bestat, suchashowto handleeventswhile the DSL is a skeletorwith thebase
languagesnippetembeddedh it. TheDSL compilerworksby convertingthe skeletonto
theunderlyinglanguageandtheninsertingthe codesnippetdrom the skeletornverbatim.

Thissave®ntheeffort of reimplementingunctionsmodulesandothersuchstandard
constructsyetis still relatively“clunky” andawkwardto use. It shouldbefairly obvious
by now thatimplementingsaidskeletonDSL asa Qubeconstructusingmeta processing
would bea muchmoreelegantandlaboursavingtechnique.

Let us considersomeexamplesof how metaprogrammingould be usedto constructdomain
specificlanguageshatareverytightly integratedvith the basdanguagewith little effort.

3.3.1. Parallel problemsolving

Parallelprogramsanbeexpresseth manyways,perhapshemostusefulof whichiswith
“skeletons” which arevery highlevel constructexpressingatternf parallelism.Embedded
within a skeletonwill be snippetsof sequentialcode responsiblefor handling individual
subproblemsandareexpectedo beexecutedn parallelwith eachotheron seperat@rocessing
nodes.Thecommunicatiorbetweerthesesubprogramss definedby thetypeof skeletorused.
For examplewe might defineparallel-pipeline skeletorthatis usedlike so:
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(public render
(parallel-pipeline
(fun  (my-3D-model)
(transform my-3D-model viewpoint))
clipworld
renderPerspectiveTransform))

The parallel-pipeline skeletorworksmuchlike afun constructwith the constrainthat
it acceptexactlyoneparameter.Thebodyof theconstructs alist of functions. Thesemantic
meaningof theparallel-pipelinas thatthefunctionsarecompose@andappliedto eachelement
of theinputlist, asif with themapfunction,andalist of theresultscollectedo bereturnedin this
casethefunctiongeneratedby the parallel-pipeline constructmapsa list of 3D models
to alist of bitmappedmages.

Two implementationf parallel-pipline can be provided;one of which simply
composeshe functionsgivento it andmapsthe overtheinputlist to yield the output,andthe
otherof which actuallyexploitsparallelprocessing.Theformercanbeusedin singleprocessor
environmentswhile the latter can be used(without needingto changethe sourcecode)in
distributedmultiprocessoenvironments.

Imaginewe haveacces$o a nativelibrary providinginter-processomessag@assing.We
couldrun,on each'slave” processom programwhich accept& messageexecutest asa Qube
programthengoesbhackto waitingfor anewQubeprogramto execute.Theprogramit receives
andexecutegan,itself, usethemessaggassindibrary.

With this runtimeenvironmenin place the parallel-pipeline constructcanrewrite
to codethatsendseachfunctionin the pipelineto a differentprocessorEachfunctionwill be
wrappedn aloop which waitsfor a messagegppliesthe functionto the messagehenpasses
theresultto whicheverprocessois nextin thepipeline;uponreceiptof aspecial'stop” message
ontheinputtheloop exits. Havingsentouttheseprogramso all the slaveprocessorghecode
runningonthemasteiprocessocanthensendtheinputlist to thefirst processom thepipeline,
elementby elementfollowed by a “stop” messageyhile atthe sametime collectingtheresults
sentto it by the lastprocessoin the pipelineandbuilding theminto a list which, whenit has
reachedhelengthof theinputlist, canbereturnedasthe output.

3.3.2. Finite statemachinedor control flow

Finite statemachinesrethemostgenericnechanisnfor expressingheflow of controlin
animperativeprogram. By defininga customconstructijt is possibleto programdirectly with
finite statemachines.If definedcarefully they canbe very useful,especiallyin systemdike
communicationgrotocolimplementationsgyamesanduserinterfacesyherethe conceptof a
statemachines very applicableto the problemdomain.

Thereare many approachesve could take,but perhapghe simplestis to model a state
machineasalist of namedstatewhereeachstates afunctionmappinghemachine’parameter
toanewparametegndnamingthenextstateto takecontrol. Themachine’parameteisavalue
of arbitrarytype.

We might write our statemachinedike so:

(state-machine (Integer)
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start (a (+ STATE 1))

a (f (> STATE1)
(@ (- STATE 2))
(terminate STATE))
)

We areforcedto provideaninitial statecalledstart , andthe systemautomaticallyprovidesa
pseudo-staterminate  for usto passontrolontowhenwewishthemachingo terminateand
returnthefinal valueof its parameter.

It shouldbe clearthatthisis little morethana slightly rearrangedet constructinsidea
fun constructjt couldrewriteto:

(fun  (STATE : Integer -> Integer)
(let
(@ (fun (STATE)
(if (> STATE 1)
(a (- STATE 2)
(terminate STATE))))
(terminate (fun (STATE) STATE)))
(a (+ STATE 1))

Howeverthespeciallydesignedtate-machine  syntaxis muchclearerto follow.

3.4. Completing the evolution of Qubeinto a usefulprogramming language

Theminimaldesignof thebasicQubelanguagewithoutmeta , waschoserto savetimeon
theimplementatiorof fairly standardnterpretetechnologyandto presentaverysimple,clean,
canvasiponwhichto demonstratéhe powerof meta.

Howeverijt is constructiveo find theminimumsetof featureghatwould berequiredn the
basdanguagdo allow thedevelopmenbf Qubeinto afully usefulprogramminganguage.

3.4.1. Acompiler

Currentlythe resultof preprocessing Qubeprogramexpressedh the baselanguageis
interpreted Howeverdueto thetriviality of thebasdanguageit wouldbeasimpletasktowrite
acompilerfor anygivenhostarchitecture.The mostdifficult implementatiorarewould bethe
provisionof aruntimegarbagecollector,sincetheexistingQubeinterpreteusegheunderlying
Schemeuntimesystento handlememorymanagement.

The baseQube languagehas no particularly specialfeatures,so existing compilation
techniguesuchasconversiorto continuationpassingstyle[1] canbe used. The conversiono
CPSjtself,canbeexpressedsasourceransformatiomndthebasdanguageeducedo aneven
more primitive form with continuationsnsteadof functions,a taskwhich Appelleaveso the
first stage®f hiscompiler,butwhichwe canimplementin standardibrarieswith meta!

3.4.2. Stricttypes
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Interestingly,a strict type systemrequiresno modificationto the baselanguage.If we
extendour fun , let , andmodule constructgthe constructsve havesofar definedthatbind
variablesto values)to accepttype annotationsywe candefinea processingphasethat checks
the correctnes®f thesetype annotationghen stripsthem off; ideally, thelet and module
constructsvould be implementedo passthesetype annotationshroughto thefun constructs
theyuseto implementhemselveandthenleavethetypechecketto only haveto dealwith fun .
A suggestedyntaxfor typeannotation®nfun declarationss:

(fun  (x = Int y @ String -> String) o)

This definesthe function asacceptingtwo argumentsx andy, with typesint and String
respectivelywith the whole function returningtype String . This is acheivedby giving the
symbols: and-> specialmeaningn fun construcargumentists.

Polymorphismin typescanbe expresseavith a furtherextensiorto this, suchasdefining
type namesstartingwith ? to be type variableswith implicit scopeof the function definition,
or by introducinga specificpolymorph  constructo introducenewtypevariablesanddefinea
scopefor them,possiblycrossingseverafun constructs.

We can also add type inferencingby adding a transformthat looks for missingtype
declarationsn fun constructgthe syntaxhasbeenchosernsuchthatit canbe unambiguously
specifiedfor someargumentsand not othersif necessaryand addsthem with the standard
unificationalgorithm. Again,sincethisis just partof a standardibrary, theusermaychooseo
usea morepowerfultypesystenthatis not alwaysdecidable.

Currently,the Qubebaselanguagéas dynamicallytypedlike Scheme.If thetype check
ing phasgwhich would be easierto expressn termsof the basdanguagehanhigherup,any
way)wereforcibly appliedby the compiler,it would thenhavea proof thatprogramgassedo
it werecorrectlytyped,andassuchcould thenbecomecompletelyuntyped like an assembly
language.

3.4.3. Mutatingoperationsand multithreading

The ability to performmutatingoperationsuchas“l/O” or “updates”arevery usefulin
a languagethe former for communicatingwith the outsideworld beyondbeinggiven initial
argumentandproducingaresult,andthelatterfor efficiently expressingertainalgorithms.

However,t is noteasyto providesuchoperationsn a purelyfunctionallanguage Making
the baselanguageémpurewould presentmanydangersthe partial evaluationsystemassumes
thatexpressionbavenosideeffectsandsowill merrily repeathem executehemin arbitraryor-
dersexecutehemonceandreplacehemwith theresultof thatexecutiorundertheassumption
thattheywill alwaysreduceto thesamevalue,andsoon. Also, shouldexpressionsxhibitside
effects thedesignof sourceransformationbasediponmeta would bea muchmorecomplex
affair. Theconsequences reorderinghe executionof expressions/ould needto becarefully
consideredndexpresseth thenewconstruct'slocumentation.

An extensivditeraturesurveyled to the conclusionthat the bestavailabletechniquefor
expressingnutatingoperationsurrentlyavailable)et alonewith therestrictionof remaininga
purelyfunctionallanguageis the useof linear types|[2] to expressnutableobjects. Thelinear
typing systemusedin thatreferenceasimplementedn thelanguageClean[3], is awkwardto
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usedueto syntacticconstraintsit is somewhatoo low levelfor normaluse.

Thefundamentaideaof linearvaluesjn summaryijs thatthelanguagee extendedvith a
“linearity” flagthatcanbesetonbindings.A linearbindingis muchlike anormalbindingin that
thevariableis definedandgivenavalue(or, in thecaseof a functionargumenttheassignment
of avalueis deferreduntil application).The differenceis thatthe variablemay only be refer
encedoncein theflow of controlwithin the scopeof its definition;it maybereferencedn both
branchesf anif , sincethosearemutuallyexclusiveputnowehereelse. Also, if thevariableis
usedasanargumentn afunctionapplicationthenthereceivingargumenbf theappliedfunction
must bealinearlyboundargument.Enforcingthisrequiresastricttypechecker.Whereadinear
variablescanbeinitialisedfrom linearor nonlinearvaluestheycanneverbe “convertedback”
to nonlinearvariables.

Additionally, everyvariablehasto bereferredto exactly once. This meanghatany code
usingalinearvariablewill beforcedto eitherreturnit asavalueor passt to afunctionthatcan
destroyit. Likewise,dueto theimpossibility of referringto a linear variabletwice, it cannot
duplicatethat valueunlessa duplicationfunctionfor thattype hasbeendefined,or a function
convertinglinearelement®f thattypeinto nonlinearelements.Thesetwo constraintgsogether
meanthatlinearvaluesareexemptfrom garbagesollection;theyarealwaysexplicitly destroyed
atsomepointby adestroy primitive.

Sinceanyfunctioncan,if it declaresa parameteas“linear”, know thatit hasthe oneand
onlyreferencéo avalue it couldbesoimplementedsto destructivelyupdatehatvaluewithout
fear of spoiling the pure functionality of the language.Note that suchan operationis still
inherentlyimpossiblein a purelanguageandhasto beprovidedby the primitivesfor accessing
eachbasictype which are definedasaxiomsof the languagealongwith the duplicationand
destructioroperationsnentioneckarlier.

In abasdanguagewith lineartypes themostflexible basicaggregratelatastructurds the
array. Arrayscouldbeimplementedvith theusualsetof primitivesto createanarrayof acertain
length.find thelengthof anarray,andselectthe nth elemenif anarray. Sincewe do notmind
if usersduplicatearrayswe providea primitive to converta lineararrayinto a nonlineararray.
To provideanefficientupdateoperationywe createanupdate!  primitive thataccepts linear
array,anindex,anda newvaluefor thearrayelemeniat thatindex,which returnsalineararray
result. This primitive is implementedusingthe efficientin-placeupdatedgunctionallanguages
arenotorioudfor lacking,unliketheupdate function,whichaccept@nonlineararrayargument
insteadandreturnsa copyof theoriginalarraywith thatoneelemenichanged.

Very briefly,theadvantagesf linearvaluesoverothertechniquesuchasmonadiaccombin
atorsstartto manifestwhenwe consideid/O andmultithreading.l/O isimplementedy passing
theprograma linearvalueof type World, which it mustreturnuponcompletion(programsare
functionsof type linearWorld - linearWorld). No primitives are providedto createvaluesof
type World or to convertlinear Worldsto nonlinearWorlds or to duplicateWorlds. Sincethe
programhasto returnaWorld andcannotcreatenewWorldsfrom anywhereit mustreturneither
theWorld it waspassear theresultof oneof asuiteof primitivesthataccepialinearWorld as
their parameteandreturna modifiedWorld. Theseprimitivesmayincludeprint , which ac
ceptsaWorld andastring,andreturnsaWorld in whichthatstringhasbeenoutputontoadisplay
device,andinput , which acceptsa World andreturnsbotha World in which enoughtime has
elapsedor ahumanto inputa stringon thekeyboardandthatinputtedstring.
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The philosophyis clear;we treatthe “outsideworld” asa valuethe programmaodifiesto
createa world in which the consequences executingthe programhaveunravelled. Treating
interactionwith the outsideworld the sameway aswe treatinteractionswith internalmutable
stateis anintuitively pleasinggeneralisationf awkwardto codewith dueto havingto passhe
World valueeverywhere.

Multithreading can be implementedin the World systemby providing a function that
executesnultiple programsn parallel. Thisfunctionitself mustacceptlinearWorld argument
andfinally returnalinearWorld in whichall of thoseprogramshaveexecuted.Foreachthread,
the World representshe entire outsideworld includingall of the otherthreadstherefore any
inter-threaccommunicatiorfunctionsmustbe functionsacceptinga linearWorld andreturning
anewlinearWorld in whichthatcommunicatiorhasoccurred.It slowly becomespparenthat
thepassingf theWorld from functionto functionencapsulatetheflow of time;everyprimitive
functionthattoucheghe World hasbeforeandafter definedfor it by the dataflowof the World
object. Thewayin whichlineartyping naturallyexpressetcausality”and“the flow of time”is,
in my opinion,almosteerie.

Anotherbenefitof usinglineartypesfor mutablevaluesis thattheyenforcethreadsafety.
Sincea givenlinearvaluecanneverbe duplicatedjt may be controlledby only onethreadof
executiomatanygiventime;usinginter-threaccommunicationsontroloverthelinearvaluemay
be passedver, but accesset mutablevariablesareinherentlyserialisedby the type system.
If explicitly passingcontrolover a mutablevaluebetweerthreadss too cumbersomeye can
easilydefinea “sharedstateobject” which enforcesa kind of transactiorstructurethe shared
stateobjectis not itself linear, but it wrapsa linearly typedvalue. A functionis providedto
obtaina nonlinearcopy of the“state”at a given pointin time - sinceit is specificto that point
in time, it needgo acceptandreturnalinearWorld. Thesharedstateis consideredo bea part
of the“world”, sinceit is outsideof thecurrentthread.In orderto updatethe state we canuse
a functionthatacceptsa linear World, the sharedstatewrapperobject,anda function of type
linearState- linearStatewhichcanbeconsideredtransactiononthestate. Thespeciathread
controllingthe actuallinear statevalueinsidethe sharedstateobjectacceptghesetransactions
throughsomekind of inter-threadcommunicatiorgueue gxecutegshemin arrival or priority
orderby passinghemthe linear stateandthenlooping with the newvalue of the linear state
replacingtheold.

Thedownsideof thisis thatanunweildy syntaxis required. For examplea programthat
acceptanintegerfrom the keyboardaddsthatintegerto a sharedcounterandthenprintsout
thatvaluelookslike this:

(fun  (world :: linear World -> linear  World)
(let  ((worldl (print! world “Enter an integer”)))
(let  (((world2 number) (input-int! worldl)))
(let  ((world3 (modify! world2 shared-counter
(fun  (x : linear Int)

(make- linear (+ number (make- nonlin -
ear X)))))))
(let  (((world4 total- count) (get- state! world3  shared-
counter)))
(let ((world5  (print world4 (+ “Total count: " (int2string
total- count)))))
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worlds))))))

We usenestedlet constructsto managethe passingof the value of the world from each
operatiorto thenext,thenfinally returntheresultingworld.

This is wherecustomisablgrogramtransformatiorprovesits worth! We candefinean
improvednotationfor “procedures”a namegivento functionsthatoperateuponmutablestate
andtraditionally boundto namessuffixed with an exclamationpoint, which handleghe nitty
gritty of passindinearvaluesaround:

(proc  ( World| )

do (print! “Enter an integer”)

set number = (input-int!)

do (modify! shared-counter

(fun  (x = linear Int)
(make- linear  (+ number (make- nonlin -

ear Xx)))))

set total-count = (get-state! shared-counter)

do (print! (+ “Total count: " (int2string total-
count)))

return)

Theintentthereis muchclearer;the only item that needsexplanationis that the syntaxfor a
proc argumentist is anextendedrersionof thetypedfun construcintroducedabovewhich
specifiealineartypeasthefirst elemenbof theargumentist followedby a| seperatofpurely
for clarity), thenany nonlinearargumentshe procedureaequires.If the procedurespecifiesa
returntype,it will actuallyreturna list with thelinearoutputvaluefirst andthereturnedvalue
of theproceduresecond.

The body of the proc is a list of statementseachstartingwith a symbolicnhame. do
executesa procedurethat returnsnothing beyondit’'s linear statevariable,set executesa
procedurghatreturnsadditionalvaluesandbindsthosereturnedvaluesto namesandreturn
formally markstheendof the procedureteturningthelinearstatevariableandanyotherreturn
valuesspecified.

A morecomplexexampletoounweildyto expressn plainnestedet notation|s:

(proc  ( World | name :: String -> String)
do (print! (+ Is your name name ?))
set result = (input))
if (= result YY) then
return  name

else
do (print! What is your name, then?)
set newname = (input-with-default! name)
return  newname

endif
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Herearguments$o proceduresredemonstratedlongwith anif statement.

Ideally, this would be implementedn sucha way asto allow the easyaddition of new
constructsperhapsiysingameta constructtheproc constructompilerfunctioncouldhandle
a statemenbf type XXX by finding and invoking a function called XXXstatement ; this is
trivially expresseds:

((meta  (string2symbol (+ statement-type -statement))) statement)

A construcfor easilydealingwith multiplelinearstatesn aprocisslightly trickerto define,
but notawesomelyso;howeverit is certainlybeyondthe scopeof thisreport.

3.4.4. Seperateompilation

As thingsstandthe Qubemodulesystenmworksby includingthefull bodyof everyrefer
encednoduleusingextern constructs Althoughthismeanghatoptimisationsuchasinlining
areappliedovertheentireprogramit is generallyinefficientsinceit meanghatcompilationwill
beaslowprocesandtheresultingmachinecodeprogramquitelarge. It would bemuchnicerif
we supportech form of seperateompilation wheremodulescouldbecompiledindependently
andthenlinked atrun time, allowing for operatingsystemsupportof sharedibrariesto reduce
thememoryfootprintof Qubeprogramsonsiderably.

Luckily, thisis madeeasyby relativelyminor changesn the Qubecompilerandruntime
primitive library.

Currently, the Qube compiler acceptstop level module definitions. A slightly altered
versionof it canbecreatedhatacceptsiormalmoduledefintionsandcompilesthemto a Unix
sharedibrary (.so)or Windowsdynamiclibrary (.dll) file, anda “stub” Qubemodulefile that
exportsthe interfaceof the sourcemodule,but implementst by usingthe operatingsystem’s
primitivestoloadthesharedibraryfile andobtainpointergo thepublicbindingsfrom theshared
library. Thiswill requireextensivesupportfrom theruntime library, especiallywith regardgo
enforcingtype safetyby checkingthe embeddedype signaturein the sharedibrary in caseit
hasbeenswappedor anotherputwill notbeatall difficult. All of thegeneratiorof stubcode
canbeproducedoy meta poweredrewriting.

4. Conclusionsand Future Directions

Hopefully, the readerwill now havean idea of how a very simple additionto a pure
functionalprogrammindanguagecancompletelyreshapeheway the languageworks,adding
dimension®f expressivgpowerhithertobarelyimagined.

Needlesdo say, researchtime needsto be appliedto the implementationof the base
language=xtensionglescribedabove aswell asto otherissuessuchasthe implementatiorof
anobjectorientedtypesystem.lt is hopedthatadescenderdf Qubewill becomeaninvaluable
tool in the prototypingof new programminganguageparadigmsand constructsan the years
to come.

Otherworksin the areaof programtransformatiortendto focuson very specificusesof
transformationssuch as conversioninto continuationpassingstyle or eliminating multiple-
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argumenfunctionsby usingcurrying,ratherthanprovidinga practicalmodularframeworkfor
expressinghem. Theyalsotendnot to considerhow programtransformationganbe usedto
expressanguageonstructsn termsof aminimalbasdanguageor thequiteastoundingmplic-
ationsof thisapproactior languagedesign.

Continuedresearchnto the meta constructwill be carriedon as part of my ARGON
project,which | havebeenworking onfor morethanfive yearsnow. Theeventuabgoalof AR-
GONi s to developa so<alled“next generatiorcomputingsystem”;the programminganguage
partof thisis still undertheoreticadevelopmentasl amfocussingon communicationsssues
atthetime of writing. Interestedoartiesarewelcometo contactthe developmentnailing list,
argon@argon.cx
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