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Abstract

In thisreport,theoften-ignoredtopicof languagepreprocessingsystems,ormacrolan-
guages,isrevisitedfromtheviewpointof metaprogrammingandapreprocessor/macro
systemcapableof subsumingmanyof thefront-endstagesof compilationdeveloped.
Thefar-reachingconsequencesof this for thedesignandusageof programminglan-
guagesareexaminedin turn,with thehelpof asimpletoy languageimplementinglittle
elsebut theauthor’spreprocessingsystembutwhichprovesitself capableof remark-
ableexpressivepower. Notesfor theapplicationof thesystemto “real” languagesare
givenin thetext.
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1. Introduction

Much researchhasbeenput into the holy grail of increasingthe expressivepower of
programminglanguages.Although somewould arguethat any Turing-completelanguageis
equally“expressive”,mostwill point out that they’d ratherwrite compilersin a languagewith
patternmatchingthanin rawmachinecode.

Developmentsof note in the field include Knuth’s work on sourcedocumentationand
control structures(including the controversialGOTOconstruct)[4], variousworks on object
orientation(a techniquefor bringingprogrammingcloserto the problemdomain),studiesof
novelwaysto expressimperativeoperations[2], thestudyof functionallanguages,andresearch
into languagesintendedfor problemdomainswherethenormalapplicativestructurewe have
grownaccustomedtobecomesahindrance,andmoreesoterictechnologiesarise.Theseinclude
thelogical [6, section4.4]andnondeterministiclanguages[6, section4.3].

Onearea,however,which hastraditionallybeenneglected,is thestudyof languagecon-
structsdealtwith beforethecompilergetsto seethesource.Typically,a seperatepreprocessor
acceptsasourcefile, andproducesonewith identicalsemanticsbutexpressedin asubsetof the
original language- thesubsetmadeby removingthepreprocessorconstructswhich theprepro-
cessoractsuponfrom thelanguage.

Many of theearlystagesof “real” compilationin modernlanguagesconsistof reducing
the resultof the last stageinto a semanticallyidenticalprogramin a simpler language.The
StandardML compiler,for example,simplifiesprogramsinto a continuationpassinglanguage,
thenproceedsto simplify it into continuationpassinglanguagesthat arecloserandcloserto
assemblylanguagebeforefinally handingover to what I would actuallycall a compiler,which
producesmachinecode[1].

However,thosecompilerstagesarenot implementedin the preprocessordueto lack of
expressivenessof thepreprocessorsublanguageitself. For example,in C or C++, theprepro-
cessorallowstheprogrammerto expresssimplesourcetransformationsat 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 */

1
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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 PI 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,z2)
((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++; \

} \
}

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 preprocessoris crippledboth by the fact that it canonly expressionsthe triggers
of transformationsasbeing the constructsthe preprocessortransformsitself - prefixedby a
# symbol - or “function-like” constructslike our MAPPER example;and the fact that once
it hasrecogniseda programmer-definedtransformation,it cando no morethana very simple
tokensubstitution.

Schemehasamacrosystem.However,it alsohasaveryregularsyntaxin whicheverypro-
gramminglanguageconstructisa list with thenameof theconstructat theheadandtheremain-
ingelementsinterpretedin amannerdependentontheconstruct.Forexample,aconditionalex-
pressionisrepresentedas(if control- variable then- arm else- arm) ,whilealambda
expressionis written (lambda (argument1 argument2) body) .

This allowsthe macrosystemto bebetterthanC’s in that thenewconstructscreatedby
programmerscanlook like anyotherconstruct- andviceversa,thatanystandardprogramming
languageconstructcould actually be implementedby a sourcetransformationrather than
requiringspecialcasecodein thecompiler. TheSchemeReport[5] actuallypresentsa simple
corelanguageandusesthesourcetransformationsystemtoaddhigherlevellanguageconstructs
to it.

However,thedownsideof Scheme’ssourcetransformationsystemis that it still canonly
perform limited substitutionoperations,much like the C preprocessoralthoughdefinitely an
improvement.It introducesapatternmatchinglanguageto expressmultiplepossiblerewritings
dependingon the body of the input construct,which althoughuseful is anotherthing for the
programmerto learn;andmanySchemeprogrammersdon’t bother,consideringit anadvanced
esoterictopic.

Perhapsthemosttechnicallyadvancedsourcetransformationsystemin theliteraturesofar
is theFORTHprogramminglanguage.A FORTHcompilertakesinput source,representedas
aseriesof whitespaceseperated“words”, andconvertsit into asimplestackmachinecodewith
theoperationspush andcall . Theruntimesystemcontainsawiderangeof primitive wordsto
call .

Thecompilerloopsthroughtheinput source,readinga word at a time. For eachword,if
theword is a synacticallyvalid number,it emitsa pushinstructionto pushthat number. If it
is a word, it looks it up in the word table; if the word is markedas immediateit is executed
immediatelyby thecompiler,otherwiseacall to theword is emitted.

Theword tableis seededwith variouswords,perhapsthemostimportantof which is “ : ”,
whichisusedtodefinenewwords. : isanimmediateword,whichwhenexecutedreadsasingle
word from theinputstreamto bethenameof thenewword;it thensavestheoutputstateof the
compilerandcreatesa newoutputstatepointingto a freememorybuffer,andletsthecompiler
compileinto thatbuffer asusualuntil anotherspecialimmediateword,“ ; ”, is found,at which
point the resultingcompiledcodeis put into theword tableunderthesuppliedname,andthe
compilationstateis restored.A variant on this is usedto createimmediatewords. A word
definitionis oftenwrittenwith acommentin roundbracketsshowingthe“stackpicture”,which
wewouldnormallythink of asthetypeof thefunction. Forexample,afunctionacceptingabyte
(character)andreturningthesamemightbe:

: rev8 (ch -- ch) 0 SWAP
8 0 DO DUP 1 AND

ROT 2* OR
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SWAP2/
LOOP

DROP;
\
\ Brute force bit reversal of a byte.

Clearly,aFORTHcompilercanbewrittenveryeasily;thepowerof thelanguageisalmost
entirelyin thestandardlibraries. Stringsarehandledby animmediateword,“S" ”, which reads
charactersuntil a closingquoteis found,when it storesthe result into a memoryblock and
emitscodeto pushtheaddressof thestring;thisallowsusto write literal stringsin our source.
Commentsare implementedby the “( ” word, which discardsinput until a closing bracket
is encountered.

As somepeopleareunfamiliarwith thestackmachineor reversepolisharchitecture,they
maywant to usea FORTHmodulethat implementsa recursivedecentparser.To createsuch
a beast,wemight defineanimmediateword “EVAL( ” whichparsesandcompilesanarithmetic
expressionterminatedby a closingbracket.That’sa fairly drasticthingto beableto dowith an
easilywrittenextensionlibrary.

Perhapstheultimateextensionof that ideais to write compilersfor totally unrelatedlan-
guages- asimmediateFORTHwords. A C compilercouldbewritten asan immediateword,
allowingyouto imbedCsourcecodein yourFORTHprograms.Thebeautyof thiscompilation
architectureis only offset by the fact that FORTH is a relativelyunweildyanduntypedstack
language.

FORTH’sarchitecturehasn’tarisenin anythingotherthanFORTHderivativesandclones.
Certainly,asfar astheauthorhasbeenableto ascertain,nothinglike it hasneverbeenusedin
a prefix notationapplicativelanguageof thetypewe arefamiliar with today. Therealcrux of
thesystemis thatnotonly canthedeveloperplaywith languageconstructsatpreciselythesame
levelof powerastheconstructsbuilt into thecorelanguage,theactualtransformationsappliedto
theconstructsareexpressedin thetargetlanguageitself,ratherthanalimitedsubstitutionsystem
or a totally seperatepatternmatchinglanguage.

1.1. About this project

The aim of this project is to developa compilationsystemreminiscentof FORTH’s,
but broughtup to datewith modernlanguagearchitectures.Sadly,nothingof the techniques
usedto implementFORTHcanbecarriedfar beyondlanguageswith the its uniquestructure,
requiringa totalredesign.It will beshownthatcompilerscanbedrasticallysimplifiedby using
“standardlibraries” of commonlanguageconstructsbuilt upona very simplecore language
supplementedwith a syntactictransformation“preprocessor”,insteadof dealingwith a wide
rangeof constructsin thecompileritself. It will alsobeshownthattheability to addpowerful
newconstructseasilycanbeusedto massivelyextendtheexpressivepowerof thelanguage.

Ontheonehand,wecanimplementspeclaisedconstructsdesignedfor theproblemdomain
ourprogramsareworkingin; andontheotherhandwecanincreaseperformanceandreliability
with syntactictransformsdesignedto optimisecodeor performextensive“precompilation”of
abstracthigh level problemdescriptionsinto the tight, nasty,tangledcodecommonin hand
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optimisedalgorithms.Thisalsodecreasestheopportunityfor bugstocreepin byautomatingthe
optimisationprocess.

Knuth[4] producedthe earliestreferenceknown to the authorconcerningthe processof
producingoptimisedcodeby first writing animplementationemphasisingclarity andmaintain-
ability, thenapplyingsemantic-preservingoptimisationtransformationsto thatcodeoneby one
until anoptimisedversionisproduced.Theonly difficulty with thatapproachismaintainability
- if thealgorithmis to bechanged,thechangeis eitherappliedto theoriginalmaintainableform
andtheoptimisationsreappliedlaboriously,or theoptimisedversioncanbepatchedatthecostof
possiblyintroducingconfusingbugs.In thisreport,adevelopmentprocessissuggestedwherethe
high levelalgorithmis developedthenaseriesof sourcetransformationsaddedto it to showthe
compilerhowto “handoptimise”it; theadvantagebeingthattheoriginalcodecanbechanged,
andthecompilerwill still applytheoptimisingtransformationsgivento it. Of course,changes
to thealgorithmwill oftenwarrentnewoptimisationsandmakeold onesobsoleteor invalid,but
anenvironmentin whichoptimisingtransformationscanbesimplycommentedouttoseeif they
arecausingabugor arenotpulling theirweightanymoreshoulddrasticallyeasethisprocess.

2. The Qubelanguage

Webeginby defininga toy languagewith barelyenoughprimitivesto makeit Turing-com-
plete,thenproceedto augmentit with thepreprocessordevelopedin thisproject. Althoughthe
Qubelanguageis not intendedfor usebeyondtheresearchlab,theauthorgivesnotesaboutthe
issuesinvolvedin implementingthesourcetransformationsystemfor a “real” languagewhere
applicable.

2.1. The core language

Qubeis a very simplenearly-functionallanguage;the author’sobjectivein startingwith
suchatrivial languageisbothtoavoidrepeatingthewell-knownstepsinvolvedin creatingacon-
ventionallanguage,andto makethelanguagesimpleenoughto showthatit hasnoparticularly
specialfeaturesto supportthepreprocessorthatis goingto bewrappedaroundit. Thismakesit
clearthatthepreprocessingtechnologycouldjustaseasilybeappliedtoanexisting“realworld”
compiledlanguage.

2.1.1. Languageprimitives

• (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))

• (if <a> <b> <c> ) if a is thebooleanfalsevalue,evalutesto thevalueof c, otherwise
thevalueof b. Forexample:

(if (> 21 age) Old Young)
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• ( <func> <args…>) appliesthefunctionto thearguments,andevaluatesto theresultof
theapplication.Forexample:

(+ 1 2)

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

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

• (quote <value> ) evaluatesto the given value;quote actsasa way to preventlists
from being interpretedasfunction applications,or symbolsasvariablereferences.The
SchemeparserinheritedbyQubetreatsthestring“ ’x ” as“(quote x) ”; thisisasyntactic
convenience.Forexample:

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

• A <symbol> evaluatesto the value of the symbol in the current lexical environment
(definedby fun constructs).Forexample:

current-time

• " <string> ", <integer> , or <float> all evaluateto saidstring,integer,or float;
theseareliteral constants.Forexample:

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

The only constructthat bindsnew variablesis fun . Thesebindingshavelexical scope,and
functionscloseover their environments,asis thenormfor functionallanguages.Thetop level
environmentin whichprogramsareevaluatedis presetwith aselectionof standardfunctions:

• (prepend <anything> <list> ) is the direct analogueof Scheme’scons function.
prepend takesanobjectof anytypeanda list, andreturnsa newlist with theobjectat its
headandthepassedlist astheremainderof thelist. Forexample:

(prepend 1 ’(2 3)) = ’(1 2 3)

• (head <list> ) returnsthehead(first element)of a list. Forexample:

(head ’(1 2 3)) = 1
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• (tail <list> ) returnsthetail of a list, thetail beingall theelementsof thelist afterthe
first; for example,

(tail ’(1 2 3)) = ’(2 3)

• (list? <anything> ) returnsthe argumentif it is a list and returnsthe empty list
’() otherwise.

• (fun? <anything> ) , (number? <anything> ) , (string? <anything> ) and
(symbol? <anything> ) all testtheirargumentfor membershipof thenamedtype,in
thesamemannerasthepreviousfunction.

Fromthesefunctionstheusuallibrary of functionsin a LISP-likefunctionallanguagecan
bederived- map,fold, andfriends,which I shallusein laterexampleswithout explanation;the
interestedreadershouldconsultoneof themanySchemereferencebooks[6].

2.2. Partial evaluation

Thecoreof theQubepreprocessoris a partialevaluationengine.Partialevaluationis the
processof evaluatinganexpressionwhensomeof itsvariablesareunknown.Whereasin normal
evaluationtheresultisasinglevalue,theresultof partialevaluationcaneitherbeavalue(if there
arenounknownsin theexpression,or few enoughunknownsto makethefinal resultdecidable)
or an expressionin termsof thoseunknowns.In the worst case,the outputexpressionmight
beexactlythesameastheinputexpression;however,little codewrittenby humansexhibitsthat
manyunknowns,anda largeproportionof codecanbeexecutedat “compiletime” to producea
somewhatsimplifiedprogram.

TheQubepartialevaluationengineconsistsof rulesfor partiallyevaluatingeachbasicform,
which usuallystartby recursivelypartiallyevaluatingthesubformswithin to seeif theycanbe
reducedto simplevalues.This allowstherule to selectfrom a numberof casesdependingon
whichparametersarefully knownandwhichstill containsomeunknowns.

Eachrulehas,asinputs,theexpressiontobematchedandtheenvironmentof staticbindings
it is to bepartially evaluatedin. Theenvironmentis representedasa binaryrelationmapping
symbolsto values.

The resultof partially evaluatingan expressionor subexpressionis a memberof oneof
threetypes:

• Staticvaluesareconstants.A partial evaluationwill returna staticvalue if thereis no
uncertaintypresent,meaningtheexpressionhasa staticallydecidablevalue. Thenotation
usedfor staticvaluesis definedas:

∗ STATIC(x) constructsastaticvalue.

∗ unbox(STATIC(x)) = x since the unbox function extractsthe value from a “type
wrapper”.

∗ isStatic(STATIC(x)) is alwaystrue.
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• Functionvaluesarefunctionswhichdonot closeoveranyenvironmentalbindingsthatare
not reducableto staticvaluesat thepoint of functiondefinition;in otherwords,thebody
of thefunctioncanbe insertedverbatimat thepoint of functionapplicationwithout fear
of namespaceclashes.Functionvaluesarea specialcaseof staticvalueswhich allow for
partialevaluationof functionapplications.Functionvaluenotationis definedas:

∗ FUNCTION(x) constructsa functionvalue.

∗ unbox(FUNCTION(x)) = x, asyoumightexpect.

∗ isStatic(FUNCTION(x)) is alwaystrue,sincefunctionsarestaticvalues.

• Dynamic valuesare the resultsof partially evaluatingexpressionsthat cannotbe fully
evaluatedto asinglevalue,generallydueto a referenceto anunboundvariablein thebody
of theexpression.Theactual“value” is just thepartialevaluator’sbestattemptatpartially
evaluatingthe expression,andmay be amenableto further evaluationwhenhigher level
bindingconstructshavebeentakeninto account.Thenotationis:

∗ DYNAMIC(x) constructsadynamicvalue.

∗ unbox(DYNAMIC(x)) = x, asyoumightexpect.

∗ isStatic(DYNAMIC(x)) is alwaysfalse.

∗ isDynamic(x) iff ¬isStatic(x)

Thevaluesboundto symbolsin anenvironmentarealsotype-taggedasabove,butonly STATIC
andFUNCTIONtypesarevalid in environments.

Forclarity, I write rulesin theform

environment⊥ expression→ result

Symbolswith tildes(eg,~x) ontheleft handsideareconsideredto bepatternwildcardswhichare
boundto thevaluestheymatchon theleft handsidewhentheyappearon theright handside.

I havealsoadoptedthe conventionof representingthe partially evaluatedform of some
subexpressionontheleft handsideof therulewith anunderlinedversionof thatsymbolon the
right handside. However,thissymbolis alwaysdefinedin thetext.

I haveusedahatoverasymbolin asmallnumberof casestorepresentaversionof thevalue
of theunadornedsymbolthathasbeenprocessedin somecomplexway,which is alsoalways
definedin thetext.

2.2.1. Literals

Forexample,therule:

~
Ε ⊥ ~

i → STATIC(
~
i ) iff

~
i ∈ integers
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statesthataninteger,
~
i , in anenvironment

~
Ε, partiallyevaluatesto STATIC(

~
i ). Likewise:

~
Ε ⊥ " ~s" → STATIC(~s) iff ~s ∈ strings

makesasimilarstatementaboutstrings,and:

~
Ε ⊥ ~

f → STATIC(
~
f ) iff

~
f ∈ floats

makesthe samestatementfor floatingpoint numbers.A slightly morecomplexlooking rule
statesthatthequote constructalwayspartiallyevaluatesto theenclosedvalue:

~
Ε ⊥ (quote~x) → STATIC(~x)

2.2.2. Variables

Symbols,if boundin theenvironment,reduceto thevaluetheyareboundto; thisvaluewill
alreadybetaggedwith STATIC or FUNCTIONsonofurthertaggingis required.

~
Ε ∪ {~x→~y} ⊥ ~x → ~y

~
Ε ⊥ ~x → DYNAMIC(~x) otherwise

If asymbolis notdefinedin theenvironment,thenit is left asadynamicexpression.

2.2.3. Conditionals

Conditionalsare,again,slightly more complex. In the casewherethe control value in
the conditionalexpressionis decidableandnot equalto the false value,we canreducethe
conditionalexpressionto thefirst branch:

~
Ε ⊥ (if ~c ~x ~y) → peval(

~
Ε ⊥ ~x) iff peval(

~
Ε ⊥ ~c) =/ STATIC(false)

Likewise,if thecontrolvalueis decidableand is equalto the false value,we canreducethe
conditionalexpressionto its secondbranch:

~
Ε ⊥ (if ~c ~x ~y) → peval(

~
Ε ⊥ ~y) iff peval(

~
Ε ⊥ ~c) = STATIC(false)

However,if the conditionalcannotbe staticallydetermined,thenthe bestwe cando with the
conditionalexpressionis replacethethreesubexpressionswith their partially evaluatedforms.
Perhapswe could test to seeif both armsareequaland,if so,not botherwith evaluatingthe
conditional,but I donotconsiderthatto beacommonenoughcaseto concernmyselfwith.

~
Ε ⊥ (if ~c ~x ~y) → DYNAMIC((if ~c−

~x−
~y−)) iff ~c− = STATIC(false)

where
~c− = peval(

~
Ε ⊥ ~c),
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~x− = peval(
~
Ε ⊥ ~x),

~y− = peval(
~
Ε ⊥ ~y)

2.2.4. Referencesto externalfiles

Theexternconstructiswhatwouldnormallybecalled“include” in mostlanguages,butthat
just soundstoo verb-liketo bein a functionallanguage.Externis usedto refer to sourcecode
containedin anexternalfile; if thefilenameis decideableatpreprocessingtime,andthefile can
befoundatpreprocesstime,thenit is includedthereandthen.

~
Ε ⊥ (extern~x) → peval(

~
Ε ⊥ e) iff ~x− = STATIC(filename) ∧ FileExists(filename)

where
~x− = peval(

~
Ε ⊥ ~x),

e = FileContents(filename)

However,otherwise,all wecandois partiallyevaluatethefilenameexpression.

~
Ε ⊥ (extern~x) → (extern~x−) otherwise

2.2.5. Functions

Theintroductionof functionswith thefun constructwill fall into oneof two cases.

The body of the function is partially evaluatedin a specialenvironment,where the
argumentsof thefunctionhavebeenboundto a specialstaticPLACEHOLDERvalue;if ^e, the
resultof thispartialevaluation,is staticthenthefunctionbodyhasno freevariablesotherthan
argumentsto thefunction,or thatall thenon-freevariablesit refersto canbestaticallyreduced
to constantvaluesandthuseliminated.ThisconditionMUST holdbeforewecansafelylift the
functionbodyawayfrom itspointof definitionto itspointof use;andso,if it holds,wereturna
FUNCTIONvalue.

~
Ε ⊥ (fun ~a ~e) → FUNCTION(~a, unbox(~e−)) iff isStatic(^e),

where
~e− = peval(

~
Ε ⊥ ~e),

^e = peval(Ε ⊕ {x→STATIC(PLACEHOLDER)|∀x ∈ ~a} ⊥ ~e)

If thebodyis not safelyliftable, it hasto beleft asis anddealtwith at run timeor whenhigher
level rewritingsprovidesvaluesfor all thevariablesreferencedin thefunctionbody.

~
Ε ⊥ (fun ~a ~e) → DYNAMIC((fun ~a ~e−)) otherwise

2.2.6. Functionapplication

Functionapplicationscanonly bepartially evaluatedto a simplerform if all of theargu-
mentsbeingpassedto thefunctionarestaticallydecidable.Thereasonfor this is thatdynamic
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argumentexpressionswill needtobeevaluatedin thecorrectenvironment;if theyaresubstituted
into thebodyof thefunctionthenvariablestheyreferto mayhavebeenreboundto othervalues.
Thiscanbefixedby wrappingthemupin closuresandvarioussuchtechniques,but thislevelof
complexityis notnecessaryhere.

~
Ε ⊥ (

~
f ~a …) → DYNAMIC((

~
f−

~a−…))
iff isDynamic(

~
f−) ∨ isDynamic(~a−) ∨ …

where
~
f− = peval(

~
Ε ⊥ ~

f )…

If all of theargumentsarestaticvaluesandthefunctiontobeappliedisaFUNCTIONvalue,we
maybeableto performanin-placebetaexpansion,or inlining asit is usuallyknown:

~
Ε ⊥ (

~
f ~a

~
b …) → peval(

^
Ε ⊥ ^e) iff

~
f− = FUNCTION( ^a

^
b …, ^e)

where
~
f− = peval(

~
Ε ⊥ ~

f ),
^
Ε = {^a→~a−,

^
b→

~
b−, …}

~a− = peval(
~
Ε ⊥ ~a),

~
b− = peval(

~
Ε ⊥ ~

b) …

Note how the environmentto partially evaluatethe body of the function in is generatedby
bindingthenamesof thefunction’sargumentsto thevaluessuppliedby thecaller,whichareall
staticvaluessincethefirst rule for functionapplicationsdid notmatch.

If the function is a STATIC value, then therecan be one of two cases;either it’s the
PLACEHOLDERvalue,indicatinga functionargumentthat is not availablepresentlybut will
bedecidablewhenthefunctionis applied,or thefunctionwill beanactualfunctionobject(as
opposedto a referenceto a functionintroducedby thefun construct,whichwouldbetaggedas
FUNCTION insteadof STATIC); theseonly comeinto thesystemthroughtheinitial top level
environment,which is setupto containtheprimitive functionlibrary describedpreviously.

In theformercasewe cansavesometime by just reducingthefunctionapplicationto the
PLACEHOLDERvalue. In thelattercasethefunctioncanbeappliedthereandthen,makingit
possibleto computethevalueof expressionsin thepreprocessor,at “compiler time” (insteadof
everytimeanenclosingloopis executed!).Therulehandlingthiscanbewritten:

~
Ε ⊥ (

~
f ~a

~
b…) → STATIC(apply(

^
f , ~a−,

~
b−, …))

iff
~
f− = STATIC(

^
f ) ∧

^
f =/ PLACEHOLDER

~
Ε ⊥ (

~
f ~a

~
b…) → STATIC(PLACEHOLDER)

iff
~
f− = STATIC(PLACEHOLDER) ∨ ~a− = STATIC(PLACEHOLDER) ∨

~
b− = …

Theserulesmustbe appliediteratively,startingwith the input sourceexpressionuntil a
fixed point is reached.Togetherthey makeup the peval(Ε ⊥ x) function,which will reduce
any Qubesourceexpressionto a significantlysimpler (thoughnot necessarilysmaller)form.
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However,thisis nothingnewin itself.

For example, the input expression (f a b) in the environment
{f →FUNCTION(x y, (PrimitiveAdditionOperation x y)), a→1} will initially match
oneof thefunctionapplicationrules. Therefore,thethreesubexpressionsarepartiallyevaluated
in turn;thepartialevaluationof f , throughthevariablereferencerule,returnsthefunctionfrom
ourenvironmentandthepartialevaluationof a yieldsthestaticinteger1.However,b matchesthe
rule for variablesnot boundin theenclosingenvironmentsowill only reduceto DYNAMIC(b);
thismeansthattherule for a functionapplicationwherenot all of thesubexpressionsarestatic
is invoked,makingtheresultDYNAMIC((f a b)).

However,shouldb havebeenboundto theinteger2 in theenvironment,a differentresult
wouldemerge.All of thesubexpressionsof theapplicationwouldhavereducedtostaticvalues,
with thefirst beingaFUNCTIONvalue,thuspermittingtheuseof theinlining rule. Thiswould
createanenvironmentfor thebodyof thefunctionlike so:

{x→1, y→2}

Thebodyof thefunctionwouldbepartiallyevaluatedin thisenvironment.Thebodyis:

(PrimitiveAdditionOperation x y)

The first element,beingalreadyof function type,will partially evaluateto itself, while x and
y partially evaluteto 1 and2 respectivelyfrom the environment.The result is an expression
matchingtherulefor a functionapplicationwherethefunctionisaprimitive,whichisevaluated
by applyingthefunction,in this caseyielding the integer3; this,markedasa staticvalue,can
thenbetheresultof theentirepartialevalation:

STATIC(3)

2.3. The meta construct

The preprocessoralso addsan additionalconstructto the language,called meta . This
constructis remarkablysimpleto define,yethasaveryprofoundeffectontheexpressivepower
of thelanguage.

Therule for partiallyevaluatingthemeta constructis:

~
Ε ⊥ (meta~x) → peval(

~
Ε ⊥ unbox(~x−))

iff isStatic(~x−)
where~x− = peval(

~
Ε ⊥ ~x)

In theidealcase,themeta constructfully evaluatesits enclosedsubexpressionto a staticvalue.
It thentreatsthisasanexpression,partiallyevaluatesit, andreturnsthatastheresultof its own
partial evaluation. In other words,the meta constructallows for metaprogramming;instead
of just executingthe code inside the meta, the value resulting from executingsaid code
is executed.

In theeventof thebodyof a meta constructbeinga placeholderor a dynamicvalue,we
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cannotproperlyevluateit yet,andhaveto defertheprocessappropriately:

~
Ε ⊥ (meta~x) → STATIC(PLACEHOLDER)
iff ~x− = STATIC(PLACEHOLDER)
~
Ε ⊥ (meta~x) → DYNAMIC((meta~x−)) otherwise

3. Programming with the meta construct

Perhapsthemostobvioususeof themeta constructis to theintroductionof newlanguage
constructs.If we definea compiler functionthat returnsvalid Qubesourcefor an expression
with semanticssomehowcontrolledby thefunction’sarguments,wecanuseit like so:

(meta (compile-let ’(
(x (+ 1 a))
(y (+ c d)))
’(+ x y)))

Wherethecompile-let functionmightbedefinedas:

(fun (bindings body)
(prepend (prepend ’fun

(prepend (map head bindings)
(prepend body ’())))

(prepend (map (fun (x) (head (tail x))))
’())))

Thepartialevaluationof theabovemeta expressionstartsby partially evaluatingtheen-
closedexpression,in thiscasetheapplicationof compile- let tosomearguments.compile-
let simplyconstructsa fun expressionwith thevariablesboundin thevirtual let expressionas
arguments,with thebodyof theexpressionpassedthrough,thenwrapsthisfunctionexpression
in anapplicationwhich bindsthevariablesto their values. In this case,compile- let would
returnthestaticvalue:

((fun (x y) (+ x y)) (+ 1 a) (+ c d))

Thisiswherethemagicoccurs.Themeta constructthenpartiallyevaluatesthisagainand
thenusestheresultof thesecondpartialevaluationastheresultof partiallyevaluatingtheentire
meta expression.

In otherwords,a functionappliedat compiletime hasreturneda snippetof sourcecode
whichis thenusedin theprogram.To put it anotherway,theprogrammerhasbeenableto write
codethatwriteshisor program!

3.1. Implementing a modulesystem
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Thepreviousexamplewasanugly wayto expresslet statements.While Scheme’smacro
systemwould requireyou to usea specialrewrite rule languageto expresslet in termsof
lambda, atleasttheresultwouldn’t needall thatquoting,andit wouldbe(let … ) insteadof
(meta (compile-let … )) .However,thisiseasilyfixed,alongwith severalotherproblems;
usingthemeta construct,we canturn this toy language,in which programsarenothingmore
thanexpressionsto beevaluated,into a “real” languagewith modulesandnamespaces!All that
is requiredis to implementa top level compilerfunctionthatprovidesa syntaxfor a “module”
with exportednames,importsfrom othermodules,anda way of settingup moreaesthetically
pleasingwaysto invokemetaprogrammingconstructslike compilerfunctions.

The first tool in my metaprogramminglibrary was the modulesystem. A “module” is
representedasa list containing:

1. A list of pairs of the form (name value) , which representnamesexportedby the
module

2. A list of functionswhich areto beusedassourcetransformations;all expressionsin the
moduleimportingthismodulearepassedthrougheachfunctionin this list in turn. This is
explainedin moredetailbelow.

3. A list of metaprogrammingconstructs,representedaspairsof theform (name compiler-
func) . Thisis justaspecialcaseof thepreviouselement;if theform (name … ) is found
in thebodyof codeimportingthemodule,thentheformisreplacedbytheresultof applying
thecompiler- func to theform. Thismakesit easyto addnewconstructslike let to the
language.

A Qubemodulefile is of theform:

(meta ((extern “$QUBELIB/module.qube”)
(module “modulename” )
(import (module1 name1) (module2) …)

Thenanynumberof eachof thesestatements,in anyorder:

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

Terminatedby:

))

Theimport declarationlistsmodulesthatareimportedinto thenamespaceof thismodule,
alongwith thenamethemoduleisbeingreferredto,whichisprefixedtoall bindingandconstruct
namesimportedfrom themoduleif specified,seperatedby a . (dot)character.Thisallowsthe
userto import from two differentmodulesthatexportthesamepublicnames.

Normally, modulesfor importing would be obtainedwith an (extern “filename”)
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constructreferringto afile containingaQubemoduledefinition.

The private andpublic declarationsin the modulebody arecombinedtogetherinto
a singlerecursivelet expression,which is in turn implementedwith a fun usinga form of
fixpoint combinator,to allow thevaluesspecifiedin anyof thefour kindsof declarationto refer
to both public andprivatebindingsin the module. The “value” of the resultingexpressionis
nothingmorethanthemoduleimplementedasa list asabove.

All of the expressionsin the declarationsarepassedthroughthe transform functions
providedby any importedfunctions,in the order in which they appear,thenscannedfor ref-
erencesto constructnamesdefinedin importedmodules,optionally prefixedif a namewas
given to the import. The codethat performsthis transformationis definedas a function in
“$QUBELIB/module.qube” ; so if a userwishesto changethemodulesystemfor whatever
reason,theycantrivially createanewone,perhapscompatiblewith thisone’srepresentationfor
modulesif not thesyntaxused.

Having implementedthe modulesystem,a library of standardconstructscan then be
implementedsuchaslet andcond . While doingthis in hissampleimplementation,it became
clearthatamethodwasneededto combineseveralmodulesinto one.

For example,a seriesof modulesprovidingstandardfunctionality in variousareascould
becombinedinto a single“commonfunctionality” module. It wassurprisinglyeasyto write a
functionwhichcreateda “library” modulecomposedfrom aseriesof modules:

;; 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: the elem <n> <list> function returnsthe
n’th elementof thelist, andis usedwith map to preparelistsof all thebindings,processors,and
constructsin thepassedlist of modules;eachof theselistsof lists is thenmergedinto onelist
with theappend-list function,which “flattens”out onelevel of nestedlists. This resultsin
asetof threelistswhichcanbeconsideredtheunionof thecorrespondinglistswithin theinput
modules;if bindingsor constructsin anyof themoduleshavenamingconflictswith others,the
conflict resolutionin themodulesystemitself will simply give precedenceto the “rightmost”
definition,sowedonotneedto removeduplicateswhenconstructinglibraries. Thesethreelists
canthenbeusedto constructanewmoduleobject.

Thisallowsastandardlibrary for Qubemodulestobecreated,andimportedwith (extern
“$QUBELIB/core.lib”) .Theunpleasantsyntaxfor introducingmodules((meta ((extern
“$QUBELIB… ))) ) canalsobe replacedwith a muchnicer system;the file module.qube
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containingthemodulesystemcanbeextendedto definea top levelmodule,whichdiffersfrom
a normalmodulein that it cannotcontainpublic declarations,andinsteadcontainsa single
main declaration.Thetoplevelmoduleis transformedinto a recursivelet-like statementasper
thenormalmoduleconstruct,but insteadof evaluatingtoamoduleobject,it insteadevaluatesto
theresultof evaluatingits main declarataion.Thismodulealsoautomaticallyimportsthecore
library, which wasextendedto supporta new module constructwhich canbe usedto create
normalmoduleswith theenhancedsyntax:

(module “ modulename”
(import (module1 name1) (module2) …)

Thenanynumberof eachof thesestatements,in anyorder:

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

Terminatedby:

)

Havingmovedthe initial useof the meta constructto extendbasicQubeinto a serious
programminglanguageinto a standardlibrary, we can now makea wrapperscript to take
a file comprisingnothingother thanthe body of a top level module,thentransparentlywrap
it between:

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

and

))

With relatively little work, we havenow extendedthe primitive Qubelanguagealmost
beyondrecognition!

3.2. The implications of meta for compiler design

Theeasewith whichit ispossibletobolt a fully featuredmodulesystemontoalanguageas
primitive asQubeusingour meta constructcomesasquitea surprise.Theonly featuresof the
underlyinglanguagebeyondmeta thatwereessentialin this wereits functionalpurity, which
makesit safeto rearrangecodewith meta without havingto worry aboutsideeffects,andthe
extern constructwhich providesa simpleway to bring codein from thefilesystem.Neither
of thesethingsareparticularlyspecial;themagicis all in thepartialevaluationandthemeta

constructaddedby thepreprocessor.

As we makethelanguagericherandricherwith high levelconstructs,thebulk of thelan-
guage’scomplexityquickly movesinto the standardlibrary, makingthe compiler itself seem
moreandmorelike nothingmorethananassembler.In effect,wehavecreateda typeof “open
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compiler”,amenableto extensionandalterationfrom theverycodeit compiles.Thishasmod-
ularisedthecompilerinto easilycomprehensiblesections,whicharealsoeasilydebuggablesec-
tions. The transform declarationwithin a module,which introducesa functionto beapplied
to anyexpressioninsidea moduleimportingtheonedeclaringthetransformation,opensup the
possibilityof puttingoptimisationsinto modules;not only canthesebestandardgenericoptim-
isations,theycanbeoptimisationsthatmakeuseof deeperknowledgeof thesemanticsof the
functionsexportedfrom thatmodule. A matrix manipulationmodulecouldcontainoptimisa-
tionsthatunderstandthatmultiplicationby anidentitymatrix is redundant.I will explorethese
issuesin moredetailin thefollowing sections.

3.3. Domain specificsublanguages

Theeasewith which arbitrarily complexnewconstructscanbeaddedto Qubeusingthe
meta constructandits moreuserfriendly but lessflexible childrensuchasthemodulesystem
opensthefloodgatesto anentiregenerationof domainspecificsublanguages.

Currently,domainspecificlanguagesareusuallyimplementedin oneof two ways:

1. Writing theentirelanguagefromscratch.Thisapproachis usuallytakenin thebelief that
thelanguageissosimpleit will beeasierto implementfrom scratchthanto takeanyof the
otheroptions.Thebigproblemis that,inevitably,featurecreepsetsin andtheDSL endsup
“reinventingthewheel”byfindingitsownuniquewayof implementingall thefeaturesof a
fully fledgeprogramminglanguage,while still remainingcrippledby its heritage.Perhaps
Perlisagoodexample;it isnowrarely,if ever,usedasfor the“extractionof reports”!UNIX
scriptingshellsalsocometo mind.

2. Skeletonswrappinga baselanguage.This is theapproachtakenby toolssuchaslex and
yaccwhichareusedin compilergeneration.Theunderlyinglanguageisusedtoexpressthe
thingsit is bestat,suchashowto handleevents,while theDSL is a skeletonwith thebase
languagesnippetsembeddedin it. TheDSL compilerworksby convertingtheskeletonto
theunderlyinglanguageandtheninsertingthecodesnippetsfrom theskeletonverbatim.

Thissavesontheeffortof reimplementingfunctions,modules,andothersuchstandard
constructs,yet is still relatively“clunky” andawkwardto use. It shouldbefairly obvious
by now that implementingsaidskeletonDSL asa Qubeconstructusingmeta processing
wouldbeamuchmoreelegantandlaboursavingtechnique.

Let usconsidersomeexamplesof how metaprogrammingcould beusedto constructdomain
specificlanguagesthatareverytightly integratedwith thebaselanguage,with little effort.

3.3.1. Parallel problemsolving

Parallelprogramscanbeexpressedin manyways,perhapsthemostusefulof whichiswith
“skeletons”,whichareveryhigh levelconstructsexpressingpatternsof parallelism.Embedded
within a skeletonwill be snippetsof sequentialcode responsiblefor handling individual
subproblems,andareexpectedto beexecutedin parallelwith eachotheronseperateprocessing
nodes.Thecommunicationbetweenthesesubprogramsis definedby thetypeof skeletonused.
Forexample,wemightdefineparallel-pipeline skeletonthatis usedlike so:
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(public render
(parallel-pipeline

(fun (my-3D-model)
(transform my-3D-model viewpoint))

clipWorld
renderPerspectiveTransform))

Theparallel-pipeline skeletonworksmuchlike a fun construct,with theconstraintthat
it acceptsexactlyoneparameter.Thebodyof theconstructis a list of functions.Thesemantic
meaningof theparallel-pipelineis thatthefunctionsarecomposedandappliedto eachelement
of theinputlist,asif with themapfunction,andalist of theresultscollectedtobereturned;in this
case,thefunctiongeneratedby theparallel-pipeline constructmapsa list of 3D models
to a list of bitmappedimages.

Two implementationsof parallel-pipline can be provided;one of which simply
composesthefunctionsgivento it andmapstheover theinput list to yield theoutput,andthe
otherof whichactuallyexploitsparallelprocessing.Theformercanbeusedin singleprocessor
environments,while the latter can be used(without needingto changethe sourcecode)in
distributedmultiprocessorenvironments.

Imaginewehaveaccessto anativelibrary providinginter-processormessagepassing.We
couldrun,oneach“slave”processor,aprogramwhichacceptsamessage,executesit asaQube
program,thengoesbacktowaitingfor anewQubeprogramtoexecute.Theprogramit receives
andexecutescan,itself,usethemessagepassinglibrary.

With this runtimeenvironmentin place,theparallel-pipeline constructcanrewrite
to codethatsendseachfunctionin thepipelineto a differentprocessor.Eachfunctionwill be
wrappedin a loop which waitsfor a message,appliesthefunctionto themessage,thenpasses
theresulttowhicheverprocessorisnextin thepipeline;uponreceiptof aspecial“stop” message
on theinput theloopexits. Havingsentout theseprogramsto all theslaveprocessors,thecode
runningonthemasterprocessorcanthensendtheinput list to thefirst processorin thepipeline,
elementby element,followedby a “stop” message,while at thesametimecollectingtheresults
sentto it by the lastprocessorin thepipelineandbuilding theminto a list which,whenit has
reachedthelengthof theinput list, canbereturnedastheoutput.

3.3.2. Finite statemachinesfor control flow

Finitestatemachinesarethemostgenericmechanismfor expressingtheflow of controlin
animperativeprogram.By defininga customconstruct,it is possibleto programdirectlywith
finite statemachines.If definedcarefully they canbe very useful,especiallyin systemslike
communicationsprotocolimplementations,games,anduserinterfaces,wheretheconceptof a
statemachineis veryapplicableto theproblemdomain.

Therearemanyapproacheswe could take,but perhapsthe simplestis to modela state
machineasalist of namedstate,whereeachstateisafunctionmappingthemachine’sparameter
toanewparameter,andnamingthenextstateto takecontrol. Themachine’sparameterisavalue
of arbitrarytype.

Wemightwrite ourstatemachineslike so:

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

a (if (> STATE 1)
(a (- STATE 2))
(terminate STATE))

)

Weareforcedto provideaninitial state,calledstart , andthesystemautomaticallyprovidesa
pseudo-stateterminate for ustopasscontrolontowhenwewishthemachineto terminateand
returnthefinal valueof its parameter.

It shouldbeclearthat this is little morethana slightly rearrangedlet constructinsidea
fun construct;it couldrewriteto:

(fun (STATE :: Integer -> Integer)
(let

((a (fun (STATE)
(if (> STATE 1)
(a (- STATE 2))
(terminate STATE))))

(terminate (fun (STATE) STATE)))
(a (+ STATE 1))))

However,thespeciallydesignedstate-machine syntaxis muchclearerto follow.

3.4. Completing the evolution of Qubeinto a usefulprogramming language

Theminimaldesignof thebasicQubelanguage,withoutmeta , waschosento savetimeon
theimplementationof fairly standardinterpretertechnologyandto presentaverysimple,clean,
canvasuponwhich to demonstratethepowerof meta .

However,it isconstructivetofind theminimumsetof featuresthatwouldberequiredin the
baselanguageto allow thedevelopmentof Qubeinto a fully usefulprogramminglanguage.

3.4.1. A compiler

Currentlytheresultof preprocessinga Qubeprogram,expressedin thebaselanguage,is
interpreted.However,dueto thetriviality of thebaselanguage,it wouldbeasimpletasktowrite
a compilerfor anygivenhostarchitecture.Themostdifficult implementationarewouldbethe
provisionof aruntimegarbagecollector,sincetheexistingQubeinterpreterusestheunderlying
Schemeruntimesystemto handlememorymanagement.

The baseQube languagehas no particularly special features,so existing compilation
techniquessuchasconversionto continuationpassingstyle[1] canbeused.Theconversionto
CPS,itself,canbeexpressedasasourcetransformationandthebaselanguagereducedtoaneven
moreprimitive form with continuationsinsteadof functions,a taskwhich Appel leavesto the
first stagesof hiscompiler,butwhichwecanimplementin standardlibrarieswith meta !

3.4.2. Strict types
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Interestingly,a strict type systemrequiresno modificationto the baselanguage.If we
extendour fun , let , andmodule constructs(theconstructswe havesofar definedthat bind
variablesto values)to accepttype annotations,we candefinea processingphasethat checks
the correctnessof thesetype annotationsthen stripsthem off; ideally, the let and module

constructswould beimplementedto passthesetypeannotationsthroughto the fun constructs
theyuseto implementthemselvesandthenleavethetypecheckerto only haveto dealwith fun .
A suggestedsyntaxfor typeannotationson fun declarationsis:

(fun (x :: Int y :: String -> String) … )

This definesthe function asacceptingtwo arguments,x andy , with typesInt andString

respectively,with the whole function returningtype String . This is acheivedby giving the
symbols:: and-> specialmeaningin fun constructargumentlists.

Polymorphismin typescanbeexpressedwith a furtherextensionto this,suchasdefining
typenamesstartingwith ? to be typevariableswith implicit scopeof the functiondefinition,
or by introducinga specificpolymorph constructto introducenewtypevariablesanddefinea
scopefor them,possiblycrossingseveralfun constructs.

We can also add type inferencingby adding a transformthat looks for missing type
declarationsin fun constructs(thesyntaxhasbeenchosensuchthat it canbeunambiguously
specifiedfor someargumentsand not othersif necessary)and addsthem with the standard
unificationalgorithm. Again,sincethisis justpartof a standardlibrary, theusermaychooseto
useamorepowerfultypesystemthatis notalwaysdecidable.

Currently,theQubebaselanguageis dynamicallytypedlike Scheme.If the typecheck-
ing phase(which would beeasierto expressin termsof thebaselanguagethanhigherup,any-
way)wereforcibly appliedby thecompiler,it would thenhavea proof thatprogramspassedto
it werecorrectlytyped,andassuchcould thenbecomecompletelyuntyped,like anassembly
language.

3.4.3. Mutatingoperationsandmultithreading

Theability to performmutatingoperationssuchas“I/O” or “updates”arevery usefulin
a language,the former for communicatingwith the outsideworld beyondbeinggiven initial
argumentsandproducinga result,andthelatterfor efficientlyexpressingcertainalgorithms.

However,it is noteasyto providesuchoperationsin apurelyfunctionallanguage.Making
thebaselanguageimpurewould presentmanydangers;thepartialevaluationsystemassumes
thatexpressionshavenosideeffectsandsowill merrilyrepeatthem,executethemin arbitraryor-
ders,executethemonceandreplacethemwith theresultof thatexecutionundertheassumption
thattheywill alwaysreduceto thesamevalue,andsoon. Also,shouldexpressionsexhibit side
effects,thedesignof sourcetransformationsbaseduponmeta wouldbea muchmorecomplex
affair. Theconsequencesof reorderingtheexecutionof expressionswouldneedto becarefully
consideredandexpressedin thenewconstruct’sdocumentation.

An extensiveliteraturesurveyled to the conclusionthat the bestavailabletechniquefor
expressingmutatingoperationscurrentlyavailable,let alonewith therestrictionof remaininga
purelyfunctionallanguage,is theuseof linear types[2] to expressmutableobjects.Thelinear
typing systemusedin that reference,asimplementedin thelanguageClean[3], is awkwardto
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usedueto syntacticconstraints;it is somewhattoolow level for normaluse.

Thefundamentalideaof linearvalues,in summary,is thatthelanguagebeextendedwith a
“linearity” flagthatcanbesetonbindings.A linearbindingismuchlike anormalbindingin that
thevariableis definedandgivena value(or, in thecaseof a functionargument,theassignment
of a valueis deferreduntil application).Thedifferenceis that thevariablemayonly be refer-
encedoncein theflow of controlwithin thescopeof its definition;it maybereferencedin both
branchesof anif , sincethosearemutuallyexclusive,butnowehereelse.Also,if thevariableis
usedasanargumentin afunctionapplication,thenthereceivingargumentof theappliedfunction
mustbealinearlyboundargument.Enforcingthisrequiresastricttypechecker.Whereaslinear
variablescanbeinitialisedfrom linearor nonlinearvalues,theycanneverbe“convertedback”
to nonlinearvariables.

Additionally, everyvariablehasto bereferredto exactly once. This meansthatanycode
usinga linearvariablewill beforcedto eitherreturnit asavalueor passit to a functionthatcan
destroyit. Likewise,dueto the impossibilityof referringto a linear variabletwice, it cannot
duplicatethatvalueunlessa duplicationfunctionfor that typehasbeendefined,or a function
convertinglinearelementsof thattypeinto nonlinearelements.Thesetwo constraintstogether
meanthatlinearvaluesareexemptfrom garbagecollection;theyarealwaysexplicitly destroyed
atsomepointby a destroy primitive.

Sinceanyfunctioncan,if it declaresa parameteras“linear”, know that it hastheoneand
onlyreferencetoavalue,it couldbesoimplementedastodestructivelyupdatethatvaluewithout
fear of spoiling the pure functionality of the language.Note that suchan operationis still
inherentlyimpossiblein apurelanguage,andhasto beprovidedby theprimitivesfor accessing
eachbasictype which aredefinedasaxiomsof the language,alongwith the duplicationand
destructionoperationsmentionedearlier.

In abaselanguagewith lineartypes,themostflexiblebasicaggregratedatastructureis the
array.Arrayscouldbeimplementedwith theusualsetof primitivestocreateanarrayof acertain
length,find thelengthof anarray,andselectthenth elementof anarray. Sincewedonotmind
if usersduplicatearrays,weprovidea primitive to converta lineararrayinto a nonlineararray.
To provideanefficientupdateoperation,wecreateanupdate! primitive thatacceptsa linear
array,anindex,anda newvaluefor thearrayelementat thatindex,which returnsa lineararray
result. This primitive is implementedusingtheefficient in-placeupdatesfunctionallanguages
arenotoriousfor lacking,unliketheupdate function,whichacceptsanonlineararrayargument
insteadandreturnsacopyof theoriginalarraywith thatoneelementchanged.

Verybriefly,theadvantagesof linearvaluesoverothertechniquessuchasmonadiccombin-
atorsstartto manifestwhenweconsiderI/O andmultithreading.I/O is implementedby passing
theprograma linearvalueof typeWorld,which it mustreturnuponcompletion(programsare
functionsof type linearWorld→linearWorld). No primitivesareprovidedto createvaluesof
typeWorld or to convertlinearWorldsto nonlinearWorldsor to duplicateWorlds. Sincethe
programhastoreturnaWorldandcannotcreatenewWorldsfromanywhere,it mustreturneither
theWorld it waspassedor theresultof oneof asuiteof primitivesthataccepta linearWorld as
their parameterandreturna modifiedWorld. Theseprimitivesmayincludeprint , which ac-
ceptsaWorldandastring,andreturnsaWorld in whichthatstringhasbeenoutputontoadisplay
device,andinput , which acceptsa World andreturnsbotha World in which enoughtime has
elapsedfor ahumanto inputastringon thekeyboard,andthatinputtedstring.
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Thephilosophyis clear;we treatthe “outsideworld” asa valuetheprogrammodifiesto
createa world in which theconsequencesof executingtheprogramhaveunravelled.Treating
interactionwith theoutsideworld thesameway aswe treatinteractionswith internalmutable
stateis anintuitively pleasinggeneralisation,if awkwardto codewith dueto havingto passthe
World valueeverywhere.

Multithreadingcan be implementedin the World systemby providing a function that
executesmultipleprogramsin parallel.Thisfunctionitself mustacceptalinearWorldargument
andfinally returna linearWorld in whichall of thoseprogramshaveexecuted.Foreachthread,
theWorld representstheentireoutsideworld includingall of theotherthreads;therefore,any
inter-threadcommunicationfunctionsmustbefunctionsacceptinga linearWorld andreturning
anewlinearWorld in whichthatcommunicationhasoccurred.It slowly becomesapparentthat
thepassingof theWorld from functionto functionencapsulatestheflow of time;everyprimitive
functionthattouchestheWorld hasbeforeandafter definedfor it by thedataflowof theWorld
object. Thewayin whichlineartypingnaturallyexpresses“causality”and“the flow of time” is,
in my opinion,almosteerie.

Anotherbenefitof usinglineartypesfor mutablevaluesis that theyenforcethreadsafety.
Sincea givenlinearvaluecanneverbeduplicated,it maybecontrolledby only onethreadof
executionatanygiventime;usinginter-threadcommunicationscontroloverthelinearvaluemay
bepassedover,but accessesto mutablevariablesareinherentlyserialisedby the typesystem.
If explicitly passingcontrolovera mutablevaluebetweenthreadsis too cumbersome,we can
easilydefinea “sharedstateobject”which enforcesa kind of transactionstructure;theshared
stateobject is not itself linear,but it wrapsa linearly typedvalue. A function is providedto
obtaina nonlinearcopyof the“state”at a givenpoint in time - sinceit is specificto thatpoint
in time,it needsto acceptandreturna linearWorld. Thesharedstateis consideredto bea part
of the“world”, sinceit is outsideof thecurrentthread.In orderto updatethestate,wecanuse
a function that acceptsa linearWorld, thesharedstatewrapperobject,anda functionof type
linearState→linearState,whichcanbeconsidereda transactiononthestate.Thespecialthread
controllingtheactuallinearstatevalueinsidethesharedstateobjectacceptsthesetransactions
throughsomekind of inter-threadcommunicationqueue,executesthemin arrival or priority
orderby passingthemthe linearstateandthenloopingwith thenewvalueof the linear state
replacingtheold.

Thedownsideof this is thatanunweildysyntaxis required.For example,a programthat
acceptsanintegerfrom thekeyboard,addsthat integerto a sharedcounter,andthenprintsout
thatvaluelookslike this:

(fun (world :: linear World -> linear World)
(let ((world1 (print! world “Enter an integer”)))
(let (((world2 number) (input-int! world1)))
(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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world5))))))

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

This is wherecustomisableprogramtransformationprovesits worth! We candefinean
improvednotationfor “procedures”,a namegivento functionsthatoperateuponmutablestate
andtraditionallyboundto namessuffixedwith an exclamationpoint,which handlesthe nitty
gritty of passinglinearvaluesaround:

(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 x)))))
set total-count = (get-state! shared-counter)
do (print! (+ “Total count: ” (int2string total-

count)))
return)

The intent thereis muchclearer;the only item that needsexplanationis that the syntaxfor a
proc argumentlist is anextendedversionof thetypedfun constructintroducedabove,which
specifiesa lineartypeasthefirst elementof theargumentlist followedby a | seperator(purely
for clarity), thenanynonlinearargumentstheprocedurerequires.If theprocedurespecifiesa
returntype,it will actuallyreturna list with thelinearoutputvaluefirst andthereturnedvalue
of theproceduresecond.

The body of the proc is a list of statements,eachstartingwith a symbolicname. do

executesa procedurethat returnsnothing beyondit’s linear statevariable,set executesa
procedurethatreturnsadditionalvaluesandbindsthosereturnedvaluesto names,andreturn

formally markstheendof theprocedure,returningthelinearstatevariableandanyotherreturn
valuesspecified.

A morecomplexexample,toounweildyto expressin plainnestedlet notation,is:

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

return name
else

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

endif
)
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Hereargumentsto proceduresaredemonstrated,alongwith an if statement.

Ideally, this would be implementedin sucha way asto allow the easyadditionof new
constructs;perhaps,usingameta construct,theproc constructcompilerfunctioncouldhandle
a statementof type XXX by finding and invoking a function calledXXX-statement ; this is
trivially expressedas:

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

A constructfor easilydealingwith multiplelinearstatesin aprocisslightlytrickertodefine,
butnotawesomelyso;however,it is certainlybeyondthescopeof thisreport.

3.4.4. Seperatecompilation

As thingsstand,theQubemodulesystemworksby includingthefull bodyof everyrefer-
encedmoduleusingextern constructs.Althoughthismeansthatoptimisationssuchasinlining
areappliedovertheentireprogram,it isgenerallyinefficientsinceit meansthatcompilationwill
beaslowprocessandtheresultingmachinecodeprogramquitelarge. It wouldbemuchnicerif
wesupporteda form of seperatecompilation,wheremodulescouldbecompiledindependently
andthenlinkedat run time,allowingfor operatingsystemsupportof sharedlibrariesto reduce
thememoryfootprintof Qubeprogramsconsiderably.

Luckily, this is madeeasyby relativelyminor changesin theQubecompilerandruntime
primitive library.

Currently, the Qube compiler acceptstop level module definitions. A slightly altered
versionof it canbecreatedthatacceptsnormalmoduledefintionsandcompilesthemto a Unix
sharedlibrary (.so)or Windowsdynamiclibrary (.dll) file, anda “stub” Qubemodulefile that
exportsthe interfaceof thesourcemodule,but implementsit by usingtheoperatingsystem’s
primitivestoloadthesharedlibraryfile andobtainpointerstothepublicbindingsfromtheshared
library. Thiswill requireextensivesupportfrom therun time library,especiallywith regardsto
enforcingtypesafetyby checkingtheembeddedtypesignaturein thesharedlibrary in caseit
hasbeenswappedfor another,but will not beat all difficult. All of thegenerationof stubcode
canbeproducedby meta poweredrewriting.

4. Conclusionsand Future Directions

Hopefully, the readerwill now havean idea of how a very simple addition to a pure
functionalprogramminglanguagecancompletelyreshapetheway thelanguageworks,adding
dimensionsof expressivepowerhithertobarelyimagined.

Needlessto say, researchtime needsto be applied to the implementationof the base
languageextensionsdescribedabove,aswell asto otherissuessuchasthe implementationof
anobjectorientedtypesystem.It ishopedthatadescendentof Qubewill becomeaninvaluable
tool in the prototypingof new programminglanguageparadigmsandconstructsin the years
to come.

Otherworksin theareaof programtransformationtendto focuson very specificusesof
transformations,suchas conversioninto continuationpassingstyle or eliminating multiple-
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argumentfunctionsby usingcurrying,ratherthanprovidinga practicalmodularframeworkfor
expressingthem. Theyalsotendnot to considerhow programtransformationscanbeusedto
expresslanguageconstructsin termsof aminimalbaselanguage,or thequiteastoundingimplic-
ationsof thisapproachfor languagedesign.

Continuedresearchinto the meta constructwill be carriedon aspart of my ARGON
project,which I havebeenworkingon for morethanfive yearsnow. Theeventualgoalof AR-
GONis to developaso-called“next generationcomputingsystem”;theprogramminglanguage
partof this is still undertheoreticaldevelopment,asI amfocussingon communicationsissues
at thetime of writing. Interestedpartiesarewelcometo contactthedevelopmentmailing list,
argon@argon.cx .
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