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Preamble

Purpose

The purposeof this documents to describe gxplain, andjustify the designof thei | og. | an-
guage. desi gn packagelts maingoalis to sene asa specificatioraswell asa documentation
of the detailsof variousof its intricacies.As suchi,it senesmainly its authorhelpinghim to keep
track of subtletieshe alonemay know of but may not rememberat leastnotin full detail—and,
of coursejt is alsomeantfor thosebrave enoughto useit, let alonethosewho wish to understand
it in details(gasp) to adaptand/orextendits functionalities.
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Chapter 1

Programming languagedesign

Language is a meansof communication. By this definition, a particularlanguagesenes as a
conduitfor informationexchangéetweercommunicatingntities.Suchentitiesmaybeof various
kinds(beit sentient—e.g., humansanimals—ompragmatidools—e.g., elevators,cars,computers,
etc). A programminglanguage is a languagefor human-to-computeor computesto-computer
communication.

A natural language, suchasthe oneyou arereadingandl amusingright now, is a languagedor
human-to-humanommunicationSuchlanguageare(generally)notdesigned—thgevolvelProgramming
languagesare designed.They aredesignedodaymoreformally thanksto linguistic researchhat

led to syntacticscience(leadingto parsertechnology)andresearchn the formal denotationake-
manticsof programmingconstructs As in the caseof a naturallanguagea grammamwill regulate
theformationof sentencegprogramsyhatwill be understoodinterpreted/gecuted)accordingto
thelanguages natural(denotational/operationasemantics.

Designinga programminglanguages difficult becauset requiresbeingaware of all the (over-
whelmingly numerousonsequenced the slightestdesigndecisionthatmayoccurarnytime dur-
ing the lexical or syntacticalanalysesandthe static or dynamicsemanticgphases.Becauseof
the potentially high designcosts(in time and effort, but alsoin termsof the quality of the end
product—viz., performanceandreliability of the languagebeingdesigned) investingin defining
andimplementinga new languages prohibitive.

Fortunately therehave beendesigntools to help in the process.So-calledmeta-compilerave
beenusedto greatbenefitand higher quality of languagemplementations.The “meta” partis

n fact, naturallanguages—welo not include hereartificial humanlanguagedik e Espeanto, etc.—have co-
evolvedunderoneanothers historicalandgeographicainfluenceandoften mutatethroughexchangeof syntaxand/or
semantics The “damage”incurredby a languageadoptinga new often mutatedconceptfrom anotherbeingthis co-
evolution. Therealsoaresomerarenaturallanguageshatevolvedaway from othersfor simplegeographicateasons.

°Not to mentionhow to justify, let aloneguaranteethe correctnessf the designsimplementation.

1
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actually mostly true for the lexical and syntacticphasesf the languagedesign. Even then,the
metasyntactitools areoftenrestrictedto specificclasse®f grammarsand/orparsingalgorithms,
andvery few proposetoolsfor abstract syntax andmostthatdo confinethe abstractsyntaxlan-

guageto someform of idiosyncraticrepresentationf a treelanguagewnith somead hocinterpre-
tation. Evenlesscanwe find systemghat proposeabstraciandreusablecomponentsn the form

of expression®f aformal typedkernelcalculus.Thisis whatthis work proposesnddesigns.

This work is thereforea metadesignit is the designof a designtool. The emphasis—thaovelty
of whatis proposedhere—isnot so much on the lexical/syntacticalphasesput mostly on the
semantigphases.

This documentdescribeghe designof an abstractreusableprogramminglanguagearchitecture
andits implementationin Java. It representshe basisof the redesignof ILOG’'s New Genera-
tion OPL (hereaftereferredto asNGoO), and constituteshe secondfacetof a larger soon-to-be
proposedL0G R&D-wide projectwhosepurposenould beto enablethe quick integrationof new
usefulprogrammingabstractionsnto softwareatlarge insofar astheseabstracandreusablecon-
structs,andary well-typedcompositionghereof,maybeinstantiatedn variousmodularlanguage
configurations,

3Thelexical/syntactigphaseslsodesere attention,andl haveimplementeda setof extentionsto the corventional
| ex/ yacc (alternatvely, f | ex/ bi son) meta[lex/syntact]icaltools [3]. More hasto be doneon that side—e.g.,
documentation!l—anchuchof it is operationahndcanbeusedasa defacto[lex/syntact]icalfront endto the semantic
architecturegroposecdhere.

41LoG’s, for one,intra-and/orextra-compary. ..

SThefirst facetwasthe elaboratiorof Jace, anadvancedsystenfor syntax-directedtompilergeneratior{3]. The
third facetwill be the integrationof logic-relational(from Logic Programmingyandobjet-relationalfrom Database
Programming)A laterfacetmaybeto completethe designto enableboth L1 FE-technology{2] andcsp/LP technol-
ogyto cohabit.

PAGE 2 OF 85 HASSAN
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Chapter 3

The kernel language

3.1 Kernel expression

3.2 Processinga kernel expression

Typically, uponbeingread,anExpr essi on will be:

1. “name-sanitized™—in the contect of a Sani t i zer to discriminatebetweenlocal names
andglobalnamesandestablishpointersfrom the local variableoccurrenceso the abstrac-
tion thatintroduceghem,andfrom globalnamedo entriesin the globalsymboltable;

2. type-hedked—in the contet of a TypeChecker to discover whetherit hasa type at all,
or several possibleones(only expressionghathave a uniqgueunambiguousype arefurther
processed);

3. “sort-sanitized™—in thecontext of aSani t i zer to discriminatebetweerthoselocal vari-
ablesthatareof primitive Javatypes(i nt ordoubl e) orof Obj ect type(thisis necessary
becauseéhe set-upmeanso useunboxed valuesof primitive typesfor efficiency reasons);
this second‘sanitization” phaseis also usedto computeoffsetsfor local names(i.e., so-
calleddeBruijn indiceg for eachtypesort;

4. compiled—in the context of a Conpi | er to generatdhe sequencef instructionswhose
executionin anappropriateuntimeernvironmentwill evaluatethe expression;

5. executed—in thecontet of aRunt i me to executeits sequencef instructions.

5
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3.2.1 Sanitizer

A sanitizeris anobjectthat“cleansup’—soto speak—arexpressiorof its remainingambiguities
asit is beingprocessedT herearetwo kindsof ambiguitiesthatmustbe “sanitized:”

e after parsing,it mustbe determinedwhich identifiersare the namesof local variablesvs.
thoseof global variables;

e aftertype-checkingjt mustbe determinedhe runtime sort of every abstractiorparameter
andusethis to computethelocal variableervironmentoffsetsof eachlocal variable?

Thusa sanitizeris a discriminatorof namesandsorts?

3.2.2 Typechecler

The type checler is in fact a type inferencemachinethat synthesizesnissingtype information
by type unification. It may be (andoftenis) usedasa type-checkingautomatorwhentypesare
(partially) present.

Eachexpressionmust specifyits own t ypeCheck( TypeChecker) methodthat encodests
formal typing rule.

3.2.3 Compiler

This is the classdefininga compiler object. Suchan objectsenesasthe commoncompilation
contet sharedby an Expr essi on andthe subepressionsomprisingit. Eachtype of expres-
sionrepresenting syntacticconstructof the kernellanguagedefinesa conpi | e( Conpi | er)
methodthat specifiesthe way the constructis to be compiledin the context of a givencompiler
Sucha compilerobjectconsistsof attributesandmethodsfor generatingstraightlinecodewhich
consistf the sequencef instructionscorrespondindo atop-level expressiorandits subepres-
sions.

Upon completionof the compilationof a top-level expressiona resultingcodearrayis extracted
from the sequencef instructions,which may then be executedin the contet of a Runt i ne
object, or, in the caseof a Defi ni ti on, be saved in the codearrayin the Defi niti on’s
codeEntry() field—aDef i nedEnt r y object,which encapsulateiss codeentrypoint, which
in turn maythenbeusedto accesshe definedsymbol’s codefor execution).

Theseoffsetsarethe so-calledde Bruijn indicesof A-calculus[4]. Or rathey their sortedversion.

2lt has occurredto this author that his choice of the word “sanitizer” is perhapsa tad of a misnomes—
“discriminator” maybeabetterchoice.Thisalsogoesfor thei | og. | anguage. desi gn. kernel . Sani ti zer
class’'methodnameqi.e., di scri m nat eNanmes anddi scri ni nat eSor t s ratherthansani ti zeNanmes and
sanitizeSorts).

PAGE 6 OF 85 HASSAN
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Eachexpressionconstructof the kernel must thereforespecify a compiling rule. Sucha rule
expressesiow the abstracsyntaxconstrucimapsinto a straightlinecodesequence.

3.3 Description of kernel expressions

TheclassExpr essi on is the motherof all expressionsn the kernellanguage.It specifieshe
prototypesof the methodshatmustbe implementedy all expressiorsubclassesThe subclasses
of Expr essi on are:

Const ant : constan(void, booleanjnteger, realnumber object)?
Abst r act i on: functionalabstractior(a la \-calculus)?

Appl i cati on: functionalapplication;

Local : localname;

Par anet er : afunction’s formal parametelreally a pseudo-gpressionasit is not fully
processeds a real expressionandis usedas a sharedtype information repositoryfor all
occurrences afunction’s body of thevariableit standgor);

d obal : globalname;

Dummy : temporaryplaceholderin lieu of anameprior to beingdiscriminatednto alocal or
globalone.

Def i ni ti on: definitionof aglobalnamewith anexpressiordefiningit in a globalstore;
| f ThenEl se: conditional;

AndOr : non-strictbooleanconjunctionanddisjunction;

Sequence: sequencef expressiongpresumablywith side-efects);

Let : lexical scopingconstruct;

Loop: conditionaliterationconstruct;

Exi t Wt hVal ue: non-localfunctionexit;

Assi gnnment : constructo setthevalueof al ocal oragl obal variable;
NewAr r ay: constructo createa new (multidimensionaljarray;

ArraySl ot : constructto accesshe elementof anarray;

Array Sl ot Updat e: constructo updatethe elementof anarray;

3Section3.3.1.
4Section3.3.2.

AIT-KAcCI PAGE 7 OF 85
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e Tupl e: constructio createa new position-indeedtuple;

e NanedTupl e: constructo createa nev name-indgedtuple;

e Tupl ePr oj ect i on: constructo accesshecomponentf atuple;
e Tupl eUpdat e: constructo updatethe componentf atuple;

e New(bj ect : constructo createa new object;

e Dot t edNot at i on: constructo emulatethetraditionalobject-orienteddot” dereference
notation;

e Fi el dUpdat e: constructo updatethe valueof anobjectsfield;
e ArrayExt ensi on: construcdenotingaliteral array;

e Arraylnnitializer: constructdenotinga syntacticcorveniencefor specifyinginitial-
izationof anarrayfrom anextension;

e Hononor phi sm constructdenotinga monoidhomomorphism;
e Conpr ehensi on: construcidenotinga monoidcomprehension;

In this sectionwe aregoingto give adetaileddescriptiornof eachkernelconstruct.Thedescription
of anexpressiorwill have thefollowing items:

® ABSTRACT SYNTAX

® OPERATIONAL SEMANTICS

® TYPING RULE

® COMPILING RULE

ABSTRACT SYNTAX

This describeghe abstractsyntaxform of the kernel expression. A kernel expressionwill be
writtenin blue.

OPERATIONAL SEMANTICS

This describesnformally the meaningof the expression.The notation[e], wheree is anabstract
syntaxexpressiondenoteshe (mathematicalsemantialenotationof e. The notation[7’], where
T is atype, denoteghe (mathematicalsemanticdenotationof 7—namely [77] is the setof all
abstractenotationge]’s suchthatkernelexpressiore hastype 7.

TYPING RULE

PAGE 8 OF 85 HASSAN
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This describegormally thelogical rulesfor typing the kernelexpression A typewill bewrittenin
red.

A typingjudgments aformulaof theform ' = e : T, andis readas:“undertypingcontext I',
expressiore hastypeT.”

In its simplestform, a typing context I is a function mappingthe parametersf A-abstractionso
their types. In the formal presentatiorof an expressiors typing rule, the contect keepsthe type
bindingunderwhichthetyping dervationhasprogressedpto applyingtherulein whichit occurs.

Thenotationl'[z : 7] denoteghe contet definedfrom I" asfollows:

) def T if y=u;
Plz:T)(y) = { I'(z) otherwise (3-1)
A typingrule is aformulaof theform:
ST
_ 3.2
; (32)
whereJ andthe J;’s,i = 0,...,n, n > 0, aretyping judgments. This “fraction” notationex-

pressesssentiallyan implication: whenall the formulaeof the rule’s premisegthe J;'s in the
fraction’s “numerator”)hold, thenthe formulain therule’s conclusion(the fraction’s “denomina-
tor”) holdstoo. Whenn = 0, therule hasno premise—e., thepremises tautologicallytrue (e.g.,
0 = 0)—theruleis calledanaxiomandis written with anempty“numerator’

A conditionaltyping rule is a typing rule of theform:

T T,

; e(Jiyny ) (3.3)

wherec is abooleammetaconditiorinvolving therule’s judgments.

A typing rule (or axiom), whetheror not in conditionalform, is usually read backwards (i.e.,
upwards)from therule’s conclusion(the bottompart,or “denominator”)to therule’s premisegthe
top part,or “numerator”). Namely therule of the form:

F1|_613T1,...,Fn}_€nITn
F'Fe: T

(3.4)
is readthus:

“The expressiore hastype7” undertypingcontextI" i f theexpressiore; hastypeT;
undertyping context I'y, ..., theexpressiore,, hastypeT,, undertyping contet
r,”

AIT-KAcCI PAGE 9 OF 85
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For example,

I' - c: Boolean, ' F ey : T, ' F ey : T
' F ifctheneyelseey : T

is readthus:

“The expressionif ¢ then e else eo hastypeT” undertypingcontextI' | T the expres-
sionc hastype®Boolean undertypingcontext I’ if bothexpressiong; ande, have
thesametypel” underthe sametypingcontet I'”

With judgmentsspelled-outa conditionaltyping rule (3.3) lookslik e:

Fll—el:Tl,...,Fn}—en:Tn
'e: T

c(l,Ty, ..., Tpye e, o0, 7,100, T,) (3.5)

wherec(I',T'y, ..., [, e eq,...,e,, 17,11, ..., T,) is aboolearmeta-conditiorinvolving the con-
texts, expressionsandtypes.Sucharule is readthus:

“1 T themeta-conditiorholds, theexpressiore hastype’’ undertypingcontext
['i T theexpressione; hastype7’; undertyping context I';, ..., theexpression
e, hastypeT,, undertypingcontetl’,,”

An exampleof a conditionalrule is thatof abstractionshatmusttake into accountwhetheror not
the abstractions exitable—i.e., it maybe exited non-locally®

Pl : -z 1) Fe: T
I' - junctionzy,...,2, - : Ty,.... 7T, =T

function z1,...,x, - elisnotexitable

Similarlly, atypingaxiom
F'ke: T (3.6)

is readas,“The expressione hastype7” undertypingcontext I'” anda conditionaltyping axiom
is atyping axiomof theform:

rre.7 | beD (3.7)

wherec(T', e, T') is abooleanmeta-conditioron typing context I', expressiore, andtype 7" andis
readas,” | f themeta-conditiorz(T', e, T") holds the expressione hastype 7’ undertyping
contxtI"” We shallseeexamplesof typing axiomsin Sections3.3.1and3.3.5.

5SeeSections3.3.2and3.3.14.

PAGE 10 OoF 85 HASSAN
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COMPILING RULE

This describeghe way the expressions componentsare mappedinto a straightlinesequencef
instructions. An instruction(or generallyary instructionsequenceill be written in MAGENTA.
Any meta-informatiorannotatiorusedn codeinstructionsor instructionsequencewill bewritten
in

Thecompilingrule for expressiore is givenasafunction compile|_| of theform:

compile[e] = 1 NSTRUCTI ON
: (3.8)
| NSTRUCTI ON

3.3.1 Constant

Constantsepresentshe built-in primitive (unconstructedjlataelementsf the kernellanguage.

ABSTRACT SYNTAX

A Constantexpressionis anatomicliteral. Objectsof classConst ant denoteliteral constants:
the integers(e.g., —1, 0, 1, etc), the real numbers(e.g.,, —1.23, ..., 0.0, ..., 1.23, etc), the

characterge.g., 'd’,'t/,'@', '#', etc), andthe constant®oid, true, andfalse. Theconstanboio is

of type Loid, suchthat:

[Void] = {[void]}
andtheconstantsrue andfalse of type Boolean, suchthat:

[Boolean] = {[false], [true]}.

Otherbuilt-in typesare:

[ng] =z = {..[-1],]0],[1],...}
[Real] £ R = {...,[-1.23],...,[0.0],...,[1.23],...}
[¢hat] = setof all Unicodecharacters
[Gtring] = setof all finite stringsof Unicodecharacters.

Thus,the Const ant expressionclassis further subclassednto: | nt, Real , Char, NewQb-
j ect ,andBui | ti nQbj ect Const ant ,whoseinstanceslenoterespectrely: integers floating-
pointnumberscharactersnew objects,andbuilt-in objectconstantge.g., strings).

AIT-KAcCI PAGE 11 oF 85
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TYPING RULE
Thetyping rulesfor eachkind of constantre:

vordl oo + Wom
[truel ' = true : Boolean
[false] I' - false : ‘Boolean
[int] [RE——— n is aninteger (3.9)
[real ] T Seal n is afloating-pointnumber
[char] I'F ¢ Cha cisacharacter
[ string] T F 5 Giung s isastring

We postpondor now thetyping of objectconstantsuntil we understanabjecttypes.

3.3.2 Abstraction

ABSTRACT SYNTAX

This is the standard\-calculusfunctionalabstractionpossiblywith multiple parametersRather
thanusingthe corventional\ notation,we write anabstractioras:

functionx1,...,x, - e (3.10)

wherethe z;’'s are abstraction parametes—identifiersdenotingvariableslocal to the expression
e, theabstractiors body.
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TYPING RULE

Therearetwo casego considedependingpnwhethertheabstractions or notexitable. An exitable
abstractions onethatcorrespond$o arealsourcdanguages functionfrom which ausermayexit
non-locally® Other(non-«itable) abstractionsrethosethatareimplicitly generatedby syntactic
desugaringf surfacesyntax—e.g., seeSections3.3.12and 3.3.29. It is the responsibilityof the
parserto identify thetwo kindsof abstractiongndmarkasexitableall andonly thoseabstractions
thatshouldbe.

Cloy : 1) vfan 1) F e T
I' F junctionzy,...,x, - e : Ty,.... 17, =T

function z1,...,z, - elisnotexitable

(3.11)

If the abstractions exitable however, we mustrecordit in the typing context. Namelyleta =
function z1,...,x, - e;then,

Pneolzy :Th) o fan Ty F e T

is exitable 3.12
TFa:T, . T,—T @15 e (3.12)
wherel'v., is thesamecontext asI’ exceptthatXp, £ a
3.3.3 Application
ABSTRACT SYNTAX
fler, ... eq) (3.13)
TYPING RULE
e :7,---,'+e,:T, ' f:T,....,7, =T (3.14)

- fler,...,en) : T

6Seeerit with v in Section3.3.14,0n Pagel7.
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ABSTRACT AND REUSABLE

3.3.4 Local
3.3.5 Parameter
3.3.6 Global
3.3.7 Dummy
3.3.8 Definition

3.3.9 IfThenElse

ABSTRACT SYNTAX

if c then e else ey

OPERATIONAL SEMANTICS

TYPING RULE

I' - ¢ : Boolean, ' F ey : T, ' F ey : T
' F ifctheney elseey : T

COMPILING RULE

compile[if ¢ then e; else ey = compile[c]
JumMP_ON_FALSE
compile[e; |
JumP
compile[es]

3.3.10 AndOr

ABSTRACT SYNTAX

PAGE 14 OF 85
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e; and/ot ey

TYPING RULE

' F e : Boolean, ' F ey : Boolean
' - e; and/or ey : Boolean

And

COMPILING RULE

compile[e; and ey = compile[eq ]
JumP_ON_FALSE | Of
compile[es]
JumMP_ON_TRUE | Ot
| of : PusH.FALSE

JumpP | NP
| ot : PUSH.TRUE
jnp:

Or
COMPILING RULE
compile[e; ot ex] = compile[eq ]

JumMP_ON_TRUE | Ot

compilees]

JumP_ON_FALSE | of
j ot : PUSH.TRUE

Juwmp | np
| of : PUSH_FALSE

AIT-KAcCI

(3.17)

(3.18)

(3.19)
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ABSTRACT AND REUSABLE

3.3.11 Sequence

ABSTRACT SYNTAX

{e; . ien}

TYPING RULE

F|_€11T1,

., I'F e,

: T,

I'F {e;

COMPILING RULE

compile[{ er; ...

3.3.12 Let
3.3.13 Loop

ABSTRACT SYNTAX

tohile c 0o e

;En }]]:

wherec ande areexpressions.

OPERATIONAL SEMANTICS

TYPING RULE

'V ¢ : Boolean, I' - e :

e b T,

compile]eq ]
Pop_ €1

compile]e,]

T

I' - whilecdoe :

PAGE 16 OF 85
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COMPILING RULE

compile[tohile c Do e] = : compile[c]
JUMP_ON_FALSE
compile[e] (3.24)
JumpP
PusH_VoI D

3.3.14 ExitWithValue

ABSTRACT SYNTAX

erit with v (3.25)
wherev is anexpression.

OPERATIONAL SEMANTICS

Normally, exiting from an abstractionis donesimply by “falling off” (one of) the tip(s) of the
expressiontree of the abstractiors body This operationis capturedby the simple operational
semantic®f eachof thethreeRe Turn instructions Namely whenexecutinga RET URN instruction,
theruntimeperformsthe following three-steprocedure:

1. it popstheresultfrom its resultstack;
2. it restoreghelatestsavedruntimestate(poppedoff the saved-statestack);

3. it pushegheresultpoppedn Stepl ontotherestoredstates own resultstack.

However, it is also often desirable,undercertaincircumstancesthat computationnot be let to
proceedurtheratits currentlevel of nestingof exitable abstractionsThen,computationmay be
allowed to returnright away from this currentnesting(i.e., asif having fallen off this level of
exitable abstractionwhenthe conditionsfor this to happenare met. Exiting an abstractiorthus
mustalsoreturnaspecificvaluethatmaybea functionof the context. Thisis whattheerit toith v
kernelconstructiorerit toith v expressesThis kernelconstructions providedin orderto specify
that the currentlocal computationshouldterminatewithout further ado, and exit with the value
denotedy the specifiedexpression.

"Wherestadk heremeans'‘stack of appropriate runtimesort;” approppriatethatis, aspertheinstructions sort—
viz., | NT, REAL, or runtimeOBJ ECT.
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TYPING RULE

Now, thereareseveralnotionsin the above paragraphshatneedsomeclarification. For example,
whatan“exitable” abstractions, andwhy worry aboutadedicateatonstrucin thekernellanguage
for suchanotionif it doesnothingmorethanwhatis doneby a ReTurN instruction.

Firstof all, from its very nameerit with v assumeshatcomputatiorhasenteedthatfrom whichit
mustexit. Thisis anexitableabstractionthatis, thelatestA-abstractiorhaving the propertyof be-
ing exitable. Not all abstractionareexitable. For example,arny abstractiorthatis generateéspart
of thetargetof someotherkernelexpressionssyntactingsugare.g., let 1 = e1;...; 2, = €,; ine
or (@, lg){e|z1 + e1,...,z, < e,}, andmoregenerallyary constructhathideimplicit ab-
stractionswithin), will notbedeemedxitable.

Secondlyexiting with avaluev meanghatthetype7” of v mustbecongruenwith whatthereturn
typeof theabstractiorbeingexitedis. In otherwords:

Xy :T"—>T, T'Fw:T

3.26
T - eritwitho : T (3.26)

whereRX- denoteghelatestexitable abstractionn thecontext I.
Theabove schemendicateshefollowing necessities:

1. The typing rulesfor an abstractiondeemedexitable mustrecordin its typing contet I'
the latestexitable abstractionjf any suchexists; (if nonedoes,a static semanticserroris
triggeredto indicatethatit is impossibleto exit from anywherebeforefirst enteringsome-
where)?

2. Congruently the AppL vy instructionof an exitable closuremusttake careof chainingthis
exitable closurebeforeit pushesanew statefor it in the saved statestackof theruntimesys-
temwith the lastsaved exitable closure,andmarkthe saved stateasbeingexitable; (dually,
this exitable statestackmustalsobe poppedupon“f alling off"—i.e., normally exiting—an
exitable closure.Thatis, whenerer anexitable stateis restored).

3. New NL_ReTurN instructiongfor eachruntimesort)mustbedefinedik etheircorresponding
RETURN instructionsexceptthat the runtime stateto restoreis the one poppedout of the
exitable statestack.

COMPILING RULE

compile[exit with v] = compile[v]

NL_RETURN_ v (3.27)

8SeeTyping Rule3.120n Pagel3.
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3.3.15 Assignment
3.3.16 NewArray
3.3.17 ArraySlot
3.3.18 ArraySlotUpdate
3.3.19 ArrayExtension
3.3.20 Arraylnitializer
3.3.21 Tuple

3.3.22 NamedTuple
3.3.23 TupleProjection
3.3.24 TupleUpdate
3.3.25 NewObject

3.3.26 DottedNotation

This classrepresents syntacticconstructthatis often used,albeitwith different,thoughrelated,
interpretations A dottednotationis an expressionmostoftenanapplication,but it couldbe ary
composition—ofwhatto/with whatto be determinedaccordingto partialtype analysis).

Thus, this classcanbe usedto represent particularkind of functionalapplicationsa la object-
orientedprogrammingpr (equialently),arrov compositionin Cateyory Theory More precisely
it representsheapplication(resp.,composition)of anExpr essi on to (resp.,with) anotherEx-
pr essi on, thoseExpr essi ons beingdeterminedaccordingto the type of the expressionon
theleft of the”dot”.

Thus,adottednotationis interpretedasfollows.

A Dot t edNot at i on objectis a wrapperof an expression—mosbften, of an application,but
moregenerally of any composition. It is a binary expressionof the form e;.es, wheree; ande,
areexpressionsThisis interpreteddependingon thetypeof e; asfollows:
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e if e;'stypeis aclassC, thenthisis interpretedas:

where 0:C,e)is some’mangling” of thenameof thememberof the objectexpres-
siono of classtype (' beingso-referredand is eitherthe emptystring or the args of
thememberexpressior.

For example,consider:
counter.set(1);

whencounter : Count er isanobjectof classCount er , with method(say)Count er _set
(Counter, int) -> int.Thenforexampleadefault’mangling”

maysimply concatenatéhenamesf theclassandthememberseparateavith anunderscore

characte(’ '), followedby’( ’, theobject,and’) ’; in otherwords:

="Count er set (counter)” and . Therefore,
counter.set(1l) ====> Counter_set(counter)(1);
thatis:

counter.set(1l) ====> Counter_set(counter,1);

o if e;’'stypeisatupletype(T},...,T,) or{l; : T1,...,l, : T,,), thenthisis interpretedas:

project,,(e1)

whereproject, is atuple projectionof type (71, ...,T,) — T, ande = k,k = 1,...,n, or
of type(ly : T1,...,l, : T) — T, ande = 1, k = 1,...,n. Thisis interpretedas:

TupleProjection(ey, e3) : Ty.

For example:

(name := "a”, number := 1).name ~» (name := ”a”, number := 1)@name
In otherwords,

M AP

proj,ame : (name : string, number : int) — string((name := ”"a”, number := 1))) : string

e Otherwisethedefaultis simplyto interpretthis asthe application:
member name(es)(e)( )

Thisdefaultbehaior canbeoverridderandcustomizedhroughthemethodsset NoDef aul t ()
andset Def aul t ( Expr essi on) .
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3.3.27 FieldUpdate

3.3.28 Homomorphism

By homomorphisnrme meanspecificallymonoidhomomorphismFor our purposesamonoidis a
setof datavaluesor structureqi.e., a datatype)endavedwith anassociatre binaryoperationand
anidentity element Examplesare:

Type Operation Identity
Int ~+nt 0

Int *nt 1

Int maxyn —007nt
Int mMing, + 007t
Real +%Real 0.0
Real *QReal 1.0
Real Marseal —OOReal
Real MiNReqr +00Rear
Boolean 0TBo0lean false
Boolean andgoolean true
setdatastructures setunion theemptyset{}

list datastructures list concatenation theemptylist [|

Monoid homomorphismsirequite usefulfor expressinga certainkind of iterationdeclaratvely.

ABSTRACT SYNTAX

This is the classof objectsdenoting(monoid) homomorphisms.Suchan expressionmeansto
iteratethrougha collection, applyinga function to eachelement,accumulatinghe resultsalong
theway with anoperationandreturningtheendresult. More precisely it is the built-in versionof
thegenerakcomputatiorschemevhoseinstances thefollowing “hom” functional,whichmaybe
formulatedrecursvely, for the caseof alist collection,as:

homz?*(f)[] =1

1 " (3.28)
homg® (f)[H|T] = f(H) & homg® ()T
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Clearly, this schemeextendsafunctionf to ahomomorphisnof monoids from themonoidof lists
to themonoiddefinedby (@, 15).

Thus, an objectof this classdenoteghe resultof applying sucha homomorphicextensionof a
function (f) to an elementof collection monoid (i.e., a datastructuresuchasa set, a list, or a
bag), the image monoid being implicitly definedby the binary operation(g¢)—also called the
accumulatioroperation.t is madeto work iteratively.

For technicalreasonswe needto treatspeciallyso-calledcollectionhomomorphismsi.e., those
whoseaccumulationoperationconstructsa collection, suchas a set. Although a collectionho-

momorphismcan conceptualybe expressedvith the generalschemethe function appliedto an
elementof the collectionwill returna collection(i.e., a free monoid) element,andthe result of

the homomorphisms thenthe resultof tallying the partial collectionscomingfrom applyingthe
functionto eachelementinto afinal “concatenatiori.

Other(non-collectionhomomorphismarecalledprimitive homomorphismskor those thefunc-
tion appliedto all elementwf the collectionwill returna computecelementthat may be directly
composedwith the otherresults. Thus, the differencebetweenthe two kinds of (collection or
primitive) homomorphismsvill appeatn thetyping andthe codegeneratedcollectionhomomor
phismrequiringanextraloop for tallying partialresultsinto thefinal collection). It is easyto make
the distinctionbetweerthe two kinds of homomorphismshanksto the type of the accumulation
operation(seebelow).

Therefore,a collectionhomomorphisnexpressionconstructinga collectionof type coll(7) con-
sistsof:

e thecollectioniteratedover—of typecoll' (T");
e theiteratedfunctionappliedto eachelement—otype7’ — coll(T); and,
¢ theoperatiorfadding” anelemento a collection—oftypeT’, coll(T)) — coll(T).

T’ primitive homomorphisncomputinga valueof typel’ consistof:

e thecollectioniteratedover—of typecoll' (T");
¢ theiteratedfunctionappliedto eachelement—otype7” — T’; and,
e themonoidoperation—otype 7,7 — T.

Eventhoughthe schemeof computatiorfor homomorphismslescribedabove is correct,it is not
often used,especiallywhenthe function alreadyencapsulatethe accumulatioroperation,as is
alwaysthe casewhenthe homomorphisntomesfrom the desugaringof a compehensior—see
belaw). Then,sucha homomorphisnwill directly side-efectthe collectionstructurespecifiedas
theidentity elementwith afunctionof theform function z - = @ 14 (i.e., addingelement: to the
collection)anddispensealtogethemwith the needto accumulatentermediateesults.We shall call
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thosehomomorphismé-placehomomorphismsTo distinguishthemandenablethe suprression
of intermediatecomputationsa flag indicatingthatthe homomorphisnis to be computedn-place
is provided. Both primitive and collection homomorphismgan be specifiedto be in-place. If
nothing regardingin-place computationis specifiedfor a homomorphismthe default behaior
will dependon whetherthehomomorphisnis collection(defaultis in-place),or primitive (default
is notin-place).Methodsto overridethe defaultsareprovided.

For anin-placehomomorphismtheiteratedfunctionencapsulatethe operationwhich affectsthe
identity element,which thus accumulatesntermediateresultsand no further compositionusing
the operationis needed. This is especiallyhandyfor collectionsthat are often representedfor
(spaceandtime) efficiency reasonshy iteratablebulk structuresonstructedby allocatinganempty
structurethatis filled in-placewith elementausinga built-in “add” methodguaranteeinghatthe
resultingdatastructureis canonical—e., thatit abidesby the algebraicpropertiesof its type of
collection(e.g., addinganelemento a setwill not createduplicatesgtc).

Althoughmonoidhomomorphismsredefinedasexpressionsn the kernel,they arenot meantto
berepresentedirectly in a surfacesyntax(althoughthey could, but would leadto rathercumber
someandnot very legible expressions) Rathey they aremeantto be usedfor expressinghigher
level expressiongknown asmonoidcompehensionswhich offer theadvantageof thefamilar (set)
comprehensionotationusedin mathematicsandcanbetranslatednto monoidhomomorphisms
to betype-checkdandevaluated.

A monoidcomprehensiors anexpressiorof theform:

(@, L) {e | qrs---,an} (3.29)

where(®, 1) defineamonoid,e is anexpressionandtheq_i'sarequalifiers. A qualifieris either
anexpressiore or apairz < e, wherez is avariableande is anexpression.The sequencef
gualifiersmay alsobe empty Sucha monoid comprehensiois just syntacticsugarthat canbe
expressedn termsof homomorphismasfollows:

def

(@ 1e){e|} ol
(@, Le)e|z « ¢,QF £ homg®Az.(®, La){e | Q}](¢) (3.30)
(@, 1g){e|c,Q} = if ¢ then (@, Ig){e | Q} else Tg

Thisis explainedmoreformally in Section3.3.29.

Comprehensionare alsointerestingas they may be subjectto transformationdeadingto more
efficient evaluationthantheir simple“nestedloops” operationakemanticgby using“unnesting”
techniquesindusingrelationaloperationsasimplementatiorinstructions).
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3.3.29 Comprehension

Theconcepbf monoidhomomorphisnis usefulfor expressingaformalsemantic®f iterationover
collections.However, it is notvery corvenientasa programmingconstruct.A naturalnotationfor
sucha constructthat is both conspicuousand can be expressedn termsof monoid homomor
phismsis a monoidcompehension This notiongeneralizeshe familiar notationusedfor writing

a setin comprehensiofas opposedo writing it in extension)usinga patternanda formula de-
scribingits elementgasoppposedo listing all its elements) For example the setcomprehension
{{z,2?) | z € N, In.z = 2n} describeshesetof pairs(z, 22?) (thepatterr), verifying theformula
z € N,dn.z = 2n (thequalifier).

This notationcanbe extendedto ary (primitive or collection)monoid®. The syntaxof a monoid
comprehensiors anexpressiorof theform &{e | @} wheree is anexpressiorcalledthe headof
thecomprehensiorand( is calledits qualifierandis asequence;, ..., g,, n > 0, whereeachg;
is either

e ageneator of theformz <« e, wherez is avariableande is anexpressionpr,
e afilter ¢ whichis abooleancondition.

In amonoidcomprehensioexpressiong{e | @}, themonoidoperations is calledtheaccumu-
lator.

As for semanticsthe meaningof a monoidcomprehensiois definedin termsof monoidhomo-
morphisms.

DEFINITION 3.3.1 (MoNoID COMPREHENSION) Themeaningof a monoidcompehensiorover
amonoide is definednductivelyasfollows:

ug(e) if @ is acollectionmonoid

olel} = N |
e if @ is a primitive monoid

ofe[z « ¢,Q} = pomdz. @ {e[ Q}](¢)

ofe | ¢, Q} = ifcthen @ {e | Q} else 36

sudthate : T4, ¢’ : T, and® is a collectionmonoid.

Notethatalthoughtheinput monoid& is explicit, eachgenerator: <« ¢’ in thequalifierhasan
implicit collectionmonoid® whosecharacteristicsanbeinferredwith polymorphictypingrules.

Although Definition 3.3.1canbe effectively computedusingnestedoops(i.e., usingtheiteration
semantic$3.28)),suchwouldbein generafatherinefficient. Ratheranoptimizedimplementation
canbeachiezedby varioussyntactictransformatiorexpressedsrewrite rules. Thus,theprincipal

PAGE 24 OF 85 HASSAN



PROGRAMMING LANGUAGE ARCHITECTURE IncompleteDraft of Januaryl4, 2003

benefitof using monoid comprehensions to formulateefficient optimizationson a simpleand
uniform generakyntaxof expressionsrrespectve of specificmonoids.

Thus,monoidcomprehensionallow theformulationof “declaratve iteration? Notethefactmen-
tionedearlierthata homomorphisntomingfrom the translationof a comprehensioencapsulates
the operationin its function. Thus,this is generallytakento advantagewith operationghatcause
a side-efect on their secondargumentto enableanin-placehomomorphisnto dispenseawvith un-
neededntermediatecomputation.

Section3.3.29givesa detailedexplanationof the syntacticdesugaringf a pattern-directedhigh-
level syntaxof comprehensionsito morebasickernelexpressions.

Comprehension

This classrepresentsa monoid comprehensionvhoseactualform is interpretedas a construct
involving the partsof the syntacticform of the comprehensionThe syntaxof a monoidcompre-
hensions givenby anexpressiorof theform:

[op,id] { e]|] 91, ..., gn}

where[ op, i d] definea monoid,e is anexpressionandthe qi s arequalifiers. A qualifieris
eithera booleanexpressionor a pairp <- e, wherep is a pattern(arny expression)ande is
an expression. The sequencef qualifiersmay also be empty Sucha monoid comprehension
is syntacticsugarthatis in facttranslatednto a combinationof homomorphismsnd/orfiltering
tests,possiblywrappednsidealet factoringout somecomputation.

package il og. | angi age. desi gn. ker nel . Conpr ehensi on;

public class Conprehensi on extends ProtoExpression

{
public static bool ean OPAQUE PARAMVETERS = tr ue;

private Tables _tables;
private Rawmi nfo _raw,

private Expression _construct;
private Expression _operation;
private Expression _identity;

private Expression _encl osi ngScope;

Constructsan alreadytranslatedcomprehensiomsa Let construct. This is provided asa public
constructorut shouldbe usedwith careasit truststhatthe specifiedargumentsare correctlyset

up.
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publ i c Comprehension (AbstractList paraneters, AbstractlList val ues, Expression body)

{

_construct = new Let (paraneters, val ues, body);

}

Constructsa raw comprehensionvith the specifedargumentsandassuminghe default in-place
modefor performingthe monoidoperation.

publ i c Conprehension (Tables tables, Expression operation, Expression identity,
Expressi on expression, AbstractLlist patterns, AbstractlList expre
{

thi s(tabl es, operation,identity, expression,patterns, expressi ons, Honmonor phi sm DEFAUL

}

Constructsaaraw comprehensiowith the specifedarguments A comprehensiors raw aslong as
it hasnot beentranslatednto a meaningfulexpression.Translationwill happenautomaticallyas
soonasthe meaningexpresssions needed.

publ i c Conprehension (Tables tables, Expression operation, Expression identity,
Expressi on expression, AbstractList patterns, AbstractList expre
byte inPl ace)

{

_tables = tables;

_operation = operation;

_identity = identity;

if (patterns == null)

patterns = expressions = new Arraylist(0);

_raw = new Rawl nf o(new Dumy (" $OP$") . addTypes(operati on) . set Ext ent (operati on),
new Dummy (" $I D$") . addTypes(identity). set Extent (i dentity),
expr essi on, patterns, expressi ons, i nPl ace);

}

Constructsa fully translateccomprehensionsingthe specifiedexpressiorasits meaningexpres-
sion.

private Conprehension (Expression construct)

{

_construct = construct;

}
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public bool ean _dolLet Wappi ng = true;

public final Conprehension setNoLet Wapping ()

{
_doLet Wapping = fal se;
_raw. operation = _operation;
_raw identity = _identity;
return this;
}
public final Tables tables ()
{
return _tables;
}
public final Expression operation ()
{
return _operation
}
public final Expression identity ()
{
return _identity;
}
public final Expression copy ()
{
if (_raw == null)
return new Conprehensi on(_construct. copy());
ArraylLi st patterns = new ArraylList(_raw. patterns.size());
for (int i=0; i<_raw patterns.size(); i++)
{
Expression pattern = (Expression)_raw patterns.get(i);
if (pattern !'= null) patterns.add(pattern.copy());
}
ArraylLi st expressions = new ArraylLi st(_raw. expressions.size());
for (int i=0; i< _raw. expressions.size(); i++)
expr essi ons. add( (( Expressi on) _raw. expressions.get(i)).copy());
return new Conprehension(_tabl es, operation.copy(), _identity.copy(),
_raw. expressi on. copy(), patterns, expr essi ons,
_raw. i nPl ace) ;
}
public final Expression typedCopy ()
{
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publ

}

publ
{

}

if (_raw == null)
return new Conprehensi on(_construct.typedCopy());

ArraylLi st patterns = new ArraylList(_raw. patterns.size());
for (int i=0; i<_raw patterns.size(); i++)

{

Expression pattern = (Expression)_raw patterns.get(i);
if (pattern !'= null) patterns.add(pattern.typedCopy());

}

ArraylLi st expressions = new ArraylLi st(_raw. expressions.size());
for (int i=0; i< _raw expressions.size(); i++)
expressi ons. add( (( Expressi on) _raw. expressions.get(i)).typedCopy());

return new Conprehension(_tables, operation.typedCopy(), identity.typedCopy(),
_raw. expressi on. typedCopy(), patterns, expressions,
_raw. i nPl ace) . addTypes(this);

ic final int nunber O Subexpressions ()

if (_raw != null) _construct();

return _construct. number O Subexpressi ons();

ic final Expression subexpression (int n) throws NoSuchSubexpressi onException

if (_raw!= null) _construct();

return _construct. subexpression(n);

ic final Expression setSubexpression (int n, Expression expression) throws NoSuch®

if (_raw!= null) _construct();

return _construct. set Subexpressi on(n, expression);

ic final Expression sanitizeNanes (ParaneterStack paraneters, O assTypeHandl e hanc

if (_raw!= null) _construct();

_construct = _construct.sanitizeNanes(paraneters, handl e);

return this;

ic final void sanitizeSorts (Enclosure encl osure)

_construct.sanitizeSorts(enclosure);
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Constructghis monoidcomprehensioby first desugaringts patternsnto simpleparameterghen
normalizingits qualifiersby unnestingdilters asfar to the left aspossible andfinally translating
thetransformedaw comprehensiomto its meaningexpression.

private final void _construct () throws UndefinedEqualityException

{

desugar Patterns();
unnestlnnerFilters();

}

Returnghecomprehensionbtainedafterapplyingthe specifiedsubstitutionto the subexpressions
of this. If this comprehensiors alreadytranslatedthis simply amountgo settingthe constructo
the substitutecconstruct.If thisis araw comprehensiom;aremustbe takento proceedrom left
to right overthe qualifiersandpreventinggeneratorariableso be substitutedn expressiondying
to theirright (includingthe mainexpressiorof thecomprehension).

public final Expression substitute (HashMap substitution)

{
if (_raw == null)
{
_construct = _construct.substitute(substitution);
return this;
}
if (!substitution.isEnpty())
{
_operation = _operation.substitute(substitution);
_identity = _identity.substitute(substitution);
_substituteQualifiers(0,substitution);
}
return this;
}

Proceedshroughtheraw qualifierssubstitutingexpressionsnakingsurethatgeneratoparameters
areremovedfrom the substitutionbeforeapplyingit to whatlies to theright of the specifiedndex
(includingthe mainexpressiorof the comprehension).

private final void _substituteQualifiers (int index, HashMap substitution)

{

if (index == _raw. patterns.size())
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_raw. expressi on = _raw. expression.substitute(substitution);
el se
{
Expression pattern = (Expression) _raw patterns. get(index);
Expressi on expression = (Expression)_raw. expressions. get(index);

/1 in all cases, apply the substitution to the qualifying expression
_raw. expressi ons. set (i ndex, expressi on. substitute(substitution));

if (pattern == null)
/1l thisis afilter - sinply proceed
_sSubstituteQualifiers(index+1, substitution);
el se
/1 this is a generator - nust check whether pattern is opaque paraneter
if (pattern instanceof Paraneter || (pattern instanceof Dunmmy && OPAQUE_PAR/
{
/1 this is an opaque paraneter - it is renoved fromthe substitution
/'l before proceeding further to the right, and reinstated afterwards
String nane = pattern instanceof Dummy ? ((Dumy)pattern). nane()
((Paraneter)pattern). nanme();
bj ect val ue = substitution.renove(nane);
_substituteQualifiers(index+1, substitution);
if (value !'= null) substitution. put(nane, val ue);
}
el se
{ /] this is not a paraneter - apply the substitution to the pattern and
_raw. patterns. set (i ndex, pattern.substitute(substitution));
_SubstituteQualifiers(index+l, substitution);

}

Setsthelink to theenclosingscopeof thiscomprehensioto thespecifiedexpressionthenvisitsall
the qualifierexpressiongo link up their scopetreesof nestedcomprehensiont this, andreturns
thenumberof suchnestedcomprehensions.

final int |inkScopeTree (Expression ancestor)

{
i f (_scopeTreelsLinked)
return _nestedConprehensi onCount;
_encl osi ngScope = ancestor;
_nest edConpr ehensi onCount = _raw. expressi on. | i nkScopeTree(this);
for (int i=_raw expressions.size(); i-->0;)

_nest edConpr ehensi onCount += ((Expression) _raw. expressions.get(i)).linkScopeTr e
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_scopeTreel sLinked = true;

return 1 + nestedConprehensi onCount;

}

Desugarghe patternsof this comprehensiomnto simple parameterssubstitutingexpressionin

termsof theseparametermsidethecomprehensiowhereappropriateThen,this proceedslesug-
aringthe patternsof nestedcomprehensiong ary. It is importantfor this methodto proceedop

down sothatthe patternsof potentialinner comprehensionsiay be affectedby the desugaringf

outerones.

final void desugarPatterns () throws Undefi nedEqualityException

{

if (_raw == null || _raw. isDesugared)
return;

_desugar Patterns();

i f (_nestedConprehensi onCount > 0)

{
for (int i=0; i< raw patterns.size(); i++)
{
Expression pattern = (Expression)_raw patterns.get(i);
if (pattern != null) pattern. desugarPatterns();
((Expression) _raw. expressions.get(i)).desugarPatterns();
}
_raw. expressi on. desugar Patterns();
}

Corvertsthe patternganto simpleparametersndsubstitutegree occurrencesf the formal names
from the patternsy whatis appropriatén termsof the new parametermsidetheraw expression
(andary otherpertinentexpressionn raw expressions—e., thoseto theright of a patterngener
ator). While desugaringnew filters may be generatedlongthe way uponrepeatedccurrences
of formal namesor the presenceof interpretablesxpressionsn the patterns. Theseare simply
appendedo theraw list of expressionsBecausef this, we needto appendasmary nul | sto the
list of patternsn orderto maintainthetwo lists at equallengths.

private final void _desugarPatterns () throws Undefi nedEqualityException
{
HashMap substitution = _initial Substitution();

int size = _raw patterns.size();
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for (int i=0; i<size; i++)
_raw. patterns.set(i,_desugarPattern(i, (Expression)_raw patterns.get(i), substitut

for (int i=_raw expressions.size()-size; i-->0;) _raw patterns.add(null);
_substituteDesugari ng(substitution);
_raw. i sDesugared = true;

}

Returnsa substitutioninitialized with thelocal parametersf the enclosingscopef thiscompre-
hensionf ary.

private final HashMap _initial Substitution ()

{
HashMap substitution = new HashMap();

for (Expression e = _enclosingScope; e != null; e = e.enclosingScope())
if (e instanceof Scope)
{
Scope s = (Scope)e;
for (int i =s.arity(); i-->0;)
{

String name = s.paraneter(i).nanme();
if (substitution.get(nane) == null)
substitution. put (name,
new | ndexedExpr essi on(new Dumy(s. paraneter(i))));

}

return substitution;

}

Transformsthe specifiedpatterninto a parameterand recordsin the specifiedsubstitutionary
appropriateexpressionin termsof this parameterfor correspondingpccurrencef the pattern
components the qualifying expressionatindex higherthanthe specifiedndex.

In OPAQUE_PARAMETERS mode (the default), an outer patternconsistingof just an identifier
is always consideredhen and createsan opaquescopefor its free occurrencesn the qualifier
expressiondying on its right aswell as for the main expressionof the comprehension.If on
the otherhand OPAQUE_PARAMETERS is f al se, suchan identifieris deemedsensitve to its
namesaksin the substitutionand global scalar(i.e., non-functional)definitions. Then, it will

be considereda repeatedor interpretedoccurrencewhichever the casemay be. It returnsthe
parametedesugaringhe specifiedpattern.
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private final Paranmeter _desugarPattern (int index, Expression pattern, HashMap substi
t hrows Undefi nedEqual i t yExcepti on
{
if (pattern == null || pattern instanceof Paraneter)
return (Paraneter)pattern;

Par anmet er paraneter = null;
Dumy variable = nul | ;

if (pattern instanceof Dunmy)
{ !/ the pattern is an identifier
vari abl e = (Dunmmy) pattern;
par anmet er = new Paraneter(variable);

i f (! OPAQUE_PARAVETERS)

{
| ndexedExpr essi on val ue = (I ndexedExpressi on)substitution.get(variable. nai
if (value == null)
{ /] this is the first occurrence - record only if not a global scalar
if (! _tables.isDefinedScal ar(variable.name()))
substitution. put (variabl e. name(), new | ndexedExpr essi on(i ndex, vari abl
}
el se
{ // this is a repeated occurrence - generate an equality filter
vari abl e = new Dumry(paranmeter = new Paranet er (val ue. expressi on. typeRe
_raw. expressi ons. add(new Application(_tables.equality(),
vari abl e,
val ue. expressi on. t ypedCopy()));
}
}

return paraneter;

}

paraneter = new Paraneter(pattern.typeRef());
vari abl e = new Dumry(paraneter. name());

if (pattern instanceof Tuple)
/1 the pattern is a tuple - proceed with desugaring it
_desugar Tupl ePat t er n(i ndex, ( Tupl e) pattern, vari abl e, substitution);
el se
/] the pattern is an interpreted expression - generate an equality filter
_raw. expressi ons. add(new Application(_tables.equality(),variable,pattern));

return paraneter;
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Desugarshe specifiedt upl e patterngiventhatthe expressionn whichit is immediatelynested
is the expressiorspecifiedasf at her .

private final void _desugarTupl ePattern (int index, Tuple tuple, Expression father
HashMap substitution)
t hrows Undefi nedEqual i t yExcepti on
{
if (tuple instanceof NanmedTuple)
{ I/ treat named tuples specially

_desugar NamedTupl ePat t er n(i ndex, (NamedTupl e) t upl e, f at her, substitution);
return;

}

int di mension = tuple.dinmension();
for (int i=0; i<dinmension; i++)
/1 desugar each tuple component using the appropriate tuple projection as father
_desugar Tupl eConponent (i ndex,
t upl e. conponent (i),
new Tupl eProj ecti on(father,new Int(i+1)),
substitution);

Desugarshe specifiednamed upl e patterngiventhatthe expressionin whichit isimmediately
nesteds theexpressiorspecifiedasf at her .

private final void _desugarNamedTupl ePattern (int index, NanmedTuple tuple, Expression
HashMap substitution)
t hrows Undefi nedEqual i t yExcepti on
{
Tupl eFi el dNane[] fields = tuple.fields();
int dimension = fields.|ength;
for (int i=0; i<dinmension; i++)
/1 desugar each tuple conponent using the appropriate tuple projection as father
_desugar Tupl eConponent (i ndex,
t upl e. conmponent (i),
new Tupl eProj ecti on(father, new StringConstant (fields[i].r
substitution);

Desugarshe specifieduple componentorrespondingo the specifieduple projection.

private final void _desugar Tupl eConmponent (int index, Expression component,
Tupl eProj ection projection, HashMap substi t ut
t hrows Undefi nedEqual i t yExcepti on

{
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i f (component instanceof Dunmy)
{1/ it is a leaf consisting of a nane
Dumry vari abl e = (Dummy) conponent ;
| ndexedExpr essi on val ue = (I ndexedExpressi on)substitution.get(variabl e. nanme())

if (value == null && ! tables.isDefinedScal ar(variabl e. name()))
/1 record only if first occurrence and not a gl obal scal ar
substitution. put (variabl e. name(), new | ndexedExpr essi on(i ndex, proj ection));
el se
/1 it is a repeated occurrence or a global scalar - generate an equality fil
_raw. expressi ons. add(new Application(_tables.equality(),
proj ecti on,
vari abl e. t ypedCopy()));

return;

}

i f (component instanceof Tuple)
/1 it is a nested tuple pattern - desugar the nested pattern
_desugar Tupl ePat t er n(i ndex, ( Tupl e) conponent, proj ecti on, substitution);
el se
/1 it is an interpreted expression - generate an equality filter
_raw. expressi ons. add(new Application(_tables.equality(), projection, conponent));

Appliesthe desugaringubstitutiongo eachqualifier expressiorandthe main expressiontaking
careof enablingonly thosesubstitutionsat indiceslessthantheindex of the qualifier (andall of
themfor the mainexpression).

private final void _substituteDesugaring (HashMap substitution)

{
if (substitution.isEnmpty())

return;

int index = 0;
int size = _raw expressions.size();

while (index < size) // skip to the first desugared pattern

{
Par anet er paraneter = (Paraneter) raw. patterns.get(index);
if (paraneter != null && paraneter.islnternal())
br eak;
i ndex++;
}
HashMap parti al Substitution = new HashMap(substitution.size());
for (int i=index; i < size; i++)
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{
_updat eSubstitution(i,partial Substitution,substitution);
_raw. expressions. set (i, (( Expression) _raw expressions.get(i))
.substitute(partial Substitution));
}
_raw. expressi on = _raw. expression.substitute(partial Substitution);

}

Addsto the specifiedpartial substitutionany expressiorfromr ef er ence anindexed-epression
substitution)with an index lessthan, or equalto, the specifiedindex, remaoving suchindexed-
expressiongromr ef er ence.

private final static void _updateSubstitution (int index, HashMap partial, HashMap ref

{
ArrayLi st keys = new ArraylList();

for (lterator i=reference.entrySet().iterator(); i.hasNext();)

{
Map. Entry entry = (Map. Entry)i.next();

String key = (String)entry. getKey();
| ndexedExpr essi on val ue = (I ndexedExpressi on)entry. getVal ue();
if (index <= val ue.index)
{
parti al . put (key, val ue. expr essi on);
keys. add(key) ;

}
}

int size = keys.size();
for (int i=size; i-->0;)
reference. renove(keys. get(i));

First unnestghe filters of all nestedcomprehensiong ary, thenunnestshe filters of this com-
prehensionlt is importantto proceedoottomup becausdilters may migrateup from innercom-
prehensionsandthereforethefilters of a comprehensiomustbe unnestednly afterthoseof its
nesteccomprehensionBave beenunnested.

final void unnestlinnerFilters ()

{
i f (_nestedConprehensi onCount > 0)

{

_raw. expression.unnestinnerFilters();
for (int i=_raw expressions.size(); i-->0;)

PAGE 36 OF 85 HASSAN



PROGRAMMING LANGUAGE ARCHITECTURE IncompleteDraft of Januaryl4, 2003

((Expression)_raw expressions.get(i)).unnestlnnerFilters();

}

_unnestFilters();

}

Normalizesthe qualifiersof this comprehensioy unnestingthe filters to the left asfar asthey
may go, recognizingselectorsand slicing filters, and setsthe constructto the translationof the
comprehension

private final void _unnestFilters ()

{
Qualifier[] qualifiers = new Qualifier[_raw patterns == null ? 0 : _raw patterns.:
for (int i=qualifiers.length; i-->0;)

qualifiers[i] = new Qualifier((Paraneter)_raw. patterns.get(i),
(Expression)_raw. expressions.get(i));

if (qualifiers.length > 0) _normalize(qualifiers);

_construct = _translate(qualifiers,0);
if (_doLetWapping & ! isLet Wapped())
{

Parameter[] nonoi dParaneters = { new Paraneter ("$0P$"), new Paraneter("$l D$")
Expression[] nonoi dConponents = { _operation, _identity };

_construct = new Let (nonoi dPar anet er s, nonoi dConponents, _construct);

}

_raw = nul | ;
/ | Debug. st ep(this);

Returng r ue iff thefirst comprehensiom whichthisis nestedif ary) is oneinvolving thesame
monoid—thenasit is alreadywrappedinsidethat comprehensiolhet overthe sameoperation
andidentity, thereis no neededo wrapit again.

private final boolean _isLetWapped ()
{
for (Expression e = _enclosingScope; e != null; e = e.enclosingScope())
if (e instanceof Conprehension)
{
Conpr ehensi on ¢ = (Conprehensi on)e;
if (operation().equal s(c.operation()) & identity().equals(c.identity()))
return true;
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return fal se;

}

return false;

}

Reshapethe specifiedarrayof qualifiersunnestingall booleanfilters by moving themto theleft
asfar asthey maygo (i.e., no furtherthana generatomwhoseparameteoccursfreein thefilter),
andmeming all filters relatedto the samegeneratoiinto ancommonand. A selectoror slicing
conditionis recognizedandtreatedspecially:it is passedo its generatoqualifierwhereit is then
processe@ppropriately

private final void _normalize (Qualifier[] qualifiers)

{
/1 Systemout.print("Before nornmalization..."); Debug.step(qualifiers);
—unnestFilters(qualifiers.length-1, qualifiers);
/1 Systemout.print("After normalization..."); Debug.step(qualifiers);
}

Normalizesthe specifiedarrayof qualifiersup to the specifiedindex minusone,thenproceedgo
unnesteftwardthe qualifieratthe specifiedndex.

private final void _unnestFilters (int index, Qualifier[] qualifiers)

{

if (index == -1) return

int upperLimt = index;
_unnestFilters(upperLimt-1,qualifiers);
Qualifier qualifier = qualifiers[index];

/1 push this qualifier to the left over null qualifiers if any
int i = index-1;
while (i >= 0 && qualifiers[i] == null) i--;
if (i < index-1)
{
qualifiers[index] = null
qualifiers[index = i+1] = qualifier;

}

if (qualifier.isCGenerator()) return

/1 this qualifier is then a filter - unnest it as far as it can go
whil e (index > 0)
if (qualifiers[index-1].isGenerator())
if (qualifier.expression.containsFreeNane(qualifiers[index-1].paraneter.nanme()
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{ /] collect if selector, or slicing with no selectors; else, |leave the filt
if (qualifier.isSelector(qualifiers[index-1].paranmeter))

{
qualifiers[index-1].addSel ector(qualifier.expression);
_eraseQualifier(index,upperLint,qualifiers);
}
el se
if (qualifiers[index-1].selectors == null

&% qualifier.isSlicing(qualifiers[index-1].paraneter))
{

qual i fiers[index-1].addSlicing(qualifier.expression);

_eraseQualifier(index,upperLimt,qualifiers);

return; // this is as far as it can go

else // nmove this filter over one step to the |eft
{
qualifiers[index] = qualifiers[index-1];
qualifiers[index = index-1] = qualifier;

else // qualifiers[index-1] is a filter
if (index > 1) // if qualifiers[index-2] exists, it nust contain a generator
if ('qualifier.expression.containsFreeNane(qualifiers[index-2].paraneter. nal
{ /] nmove this filter over two steps to the |eft
qualifiers[index] = qualifiers[index-1];
qualifiers[index-1] = qualifiers[index-2];
qualifiers[index = index-2] = qualifier;

else // collect if selector, or slicing with no selectors; else, merge into

if (qualifier.isSelector(qualifiers[index-2].paraneter))
qual i fiers[index-2].addSel ector(qualifier.expression);
el se
if (qualifiers[index-2].selectors == null
&& qualifier.isSlicing(qualifiers[index-2].paraneter))
qual i fiers[index-2].addSlicing(qualifier.expression);
else // merge this filter with the previous one using an ’'and
qual i fiers[index-1].expression = new And(qualifiers[index-1].expres:
qualifier.expression);
_eraseQualifier(index,upperLimt,qualifiers);
return; // this is as far as it can go

}

el se // unnest further up, or nmerge this filter into the previous one using ar
{
i f (!_isFurtherUnnestabl e(qualifier.expression))
qualifiers[index-1].expression = new And(qualifiers[index-1].expression
qual i fier.expression);
_eraseQualifier(index,upperLimt,qualifiers);
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return; // this is as far as it can go

}

[l index ==
i f (_isFurtherUnnestable(qualifier.expression))
_eraseQualifier(index,upperLimt, qualifiers);

Goesupthe scopetreeasfar asit canwithout crossinga scopethateithercontainsmorethanone
nestedcomprehensionr capturesa free variablein the specifiedfilter, until it reachesa compre-
hension.If it cando soandthe found comprehensiors of samenatureasthis one,addsthefilter
to thatcomprehensiorgndreturnst r ue; otherwiseyeturnsf al se.

private final boolean _isFurtherUnnestable (Expression filter)
{

Expressi on encl osi ngScope = _encl osi ngScope;

whil e (encl osi ngScope != null && encl osi ngScope. nest edConpr ehensi onCount () == 1)
{
i f (encl osi ngScope instanceof Conprehension)
{
Conpr ehensi on conp = (Conprehensi on) encl osi ngScope;
if (operation().equal s(conp.operation()) & identity().equal s(conp.identit
{

conp. addFilter(filter);
return true;

}

return false;

}

Scope scope = (Scope)encl osi ngScope;
for (int i=scope.arity(); i-->0;)
if (filter.containsFreeNane(scope. parameter(i).name()))
return false;

encl osi ngScope = scope. encl osi ngScope();

}

return false;

}

Addsthe specifiedfilter to the qualifiersof this comprehension.

final void addFilter (Expression filter)
{
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_raw. patterns.add(null);
_raw. expressions. add(filter);

}

Setsthequalifieratthespecified ndex tonul | andpercolateshisnul | asfarto theright asit
maygo.

private final static void _eraseQualifier (int index, int upperLimt, Qualifier[] qual

{

qualifiers[index] = null;

for (int i=index; i < upperLimt && qualifiers[i+1] != null; i++)
{
qualifiers[i] = qualifiers[i+1];
qualifiers[i+1] = null;
}

}

This translatesnonoid comprehensiorsyntax using (possiblyfiltered) homomorphisms.It as-
sumeghatthearrayof qualifiershasbeennormalized.Thetranslationschemas asfollows:

[op,id]{e | } = op(e,id);

[op,id]{e | c} =if c then op(e,id) else id;

[op,id]{e | x <- €, ¢c, @ =f_home, lanbda x.[op,id]{e | Q, op, id, |lanbda x.c);
[op,id]{e | x <- e, y<- €', @ =home, lanbda x.[op,id] { e|] v < €', @, op, id);

private final Expression _translate (Qualifier[] qualifiers, int index)

{
if (index == qualifiers.length || qualifiers[index] == null)
return new Application(_raw op(),_raw expression, _raw.id());

Expressi on body = null;
Homornor phi sm hom = nul | ;

if (index < qualifiers.length-1 & qualifiers[index].paraneter != null
&& qualifiers[index+1l] != null && qualifiers[index+l].parameter == null)
{
body = _translate(qualifiers,index+2);
if (qualifiers[index].selectors != null)

return _sel ector Expression(qualifiers[index], qualifiers[index+1].expression,

hom = new Fi | t er Homonor phi sn( _t abl es,
qual i fiers[index].expression,
new Scope(qualifiers[index].paraneter, body),
_raw.op(), _rawid(),
new Scope((Paraneter)qualifiers[index]. paraneter.
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qualifiers[index+1].expression));

el se

{

body = translate(qualifiers,index+1);

if (qualifiers[index].paranmeter == null)
return new | f ThenEl se(qualifiers[index].expression,body, rawid());

if (qualifiers[index].selectors != null)
return _sel ector Expressi on(qualifiers[index], null, body);

hom = new Homonor phi sm(qual i fiers[index].expression
new Scope(qualifiers[index].paramneter, body),
_raw.op(), _raw.id());

}

if (qualifiers[index].slicings !'= null)
hom set Sli ci ngs(qualifiers[index].slicings);

if (_raw. inPlace == Hononor phi sm ENABLED | N_PLACE)
return hom enabl el nPl ace();

if (_raw. inPlace == Hononor phi sm DI SABLED | N_PLACE)
return hom di sabl el nPl ace();

return hom

}

This returnsa Let wrappingan| f ThenEl se asthe transformedexpressionresultingfrom a
(possiblyfiltered) generatothat containsat leastone selectorexpression.More precisely if the
generatois of theform:

X <- e such that f
sliced by s1, ..., sm
selected by v1, ..., vn

andthebodyof translatingheremainingqualifiersis body, thentheresultingselectorexpression
is:

let x = vl
inif xis_ine
and x == v2 and ... and x == vn
and s1 and ... and sm
and f
t hen body
else id

whereeachslicing hasits slicing variableunsanitizedrom adummylocal backto adummy
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private final Expression _selectorExpression (Qualifier generator, Expression filter
Expr essi on body)
{
Expression condition = new Application(_tables.in(),
new Dummy( gener at or. paraneter),
gener at or . expr essi on);

for (int i=1; i<generator.selectors.size(); i++)
condition = new And(condition
(Expressi on)generator.sel ectors.get(i));

if (generator.slicings !'= null)
for (int i=0; i<generator.slicings.size(); i++)
condition = new And(condition
((Application)generator.slicings.get(i)).undoDumryLocal ())

if (filter !'= null)
condition = new And(condition,filter);

return new Let (generator. paraneter,
((Application)generator.selectors.get(0)).argument(1),
new | f ThenEl se(condi tion, body, _raw.id()));

public final void setCheckedType ()

i f (setCheckedTypelLocked()) return
_construct. set CheckedType();
set CheckedType(_construct. checkedType());

public final void typeCheck (TypeChecker typeChecker) throws Typi ngErrorException
i f (typeCheckLocked()) return;

if (!(_construct instanceof Let))

{
_construct.typeCheck(_type, typeChecker);

return;

}

Let let = (Let) _construct;
| et.set Type(_type);

Scope scope = (Scope)let.function();

t ypeChecker. uni fy(scope. paraneter (0).typeRef (), operation().typeRef(),this);
t ypeChecker. uni fy(scope. paraneter(1).typeRef(),identity().typeRef(),this);
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Expressi on operation = let.argument (0);
Expression identity = let.argument(1);

Type[] argunent Types = { operation.typeRef(), identity.typeRef() };
FunctionType functionType = new Functi onType(argunent Types, |l et.typeRef()). set NoCul

identity.typeCheck(typeChecker);
I et.function().typeCheck(functionType,typeChecker);
operation. typeCheck(functionType. domai ns()[0],typeChecker);

}
public final void compile (Conpiler conpiler)
{
if (_construct instanceof Let) _fixTypeBoxing();
_construct.conpil e(conpiler);
}

This fixesthe boxing of the monoid operatorandidentity by systematicallyunboxingall occur

rence®f thecollectionelementype. Thisis necessarpecauseollection-tuilding built-in dummy
instructionslike SET_ADD have a needlesslypolymorphictype that becomesnstantiatedonly

whenit is applied.However, amonoidcomprehensiogonstructis aLet 3.3.12thatabstractshe
monoidoperatiorandidentity. Now, whentheoperationis SET_ADD, for example,asthecompiler
compilestheapplicationcorrespondingo the”Let ,” it seest asanon-appliedunctionargument
with apolymorphictypeandwill proceedo "pad” it (seeExpr essi on ??. This”padding” must
beavoided,aswell asall boxingof thetypescorrespondingo the elementf the collection.

private final void _fixTypeBoxing ()
{

Let let = (Let)_construct;

Functi onType potype = (FunctionType) ((FunctionType)let.function().checkedType())-.
Functi onType otype = (FunctionType)let.argunment (0).checkedType();
Type itype = let.argunment(1).checkedType();

if (itype.kind() == Type. BOXABLE)
((Boxabl eTypeConst ant )i type). set Boxed(fal se);

i f (otype.donmin(0).kind() == Type. BOXABLE)

{
((Boxabl eTypeConst ant ) ot ype. domai n(0) ). set Boxed( f al se);

ot ype. unset Domai nBox( 0) ;

( (Boxabl eTypeConst ant ) pot ype. donmai n( 0) ) . set Boxed(f al se);
pot ype. unset Donmai nBox( 0) ;
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if (otype.domain(0).isEqual To(otype. domain(1))) [l primtive conprehension
{
((Boxabl eTypeConst ant ) ot ype. domai n(1) ). set Boxed(fal se);
ot ype. unset Domai nBox( 1) ;

((Boxabl eTypeConst ant ) pot ype. domai n( 1)) . set Boxed(f al se);
pot ype. unset Domai nBox( 1) ;

((Boxabl eTypeConst ant ) ot ype. range()) . set Boxed(f al se);
ot ype. unset RangeBox() ;

((Boxabl eTypeConst ant ) pot ype. range()) . set Boxed(f al se);
pot ype. unset RangeBox() ;

}
}
}
public final String toString ()
{
return _raw == null ? _construct.toString() : _raw.toString();
}
public final String toTypedString ()
{
return _raw == null ? _construct.toString() : _rawtoString() + " : " +
checkedType() == null ? type().toString() : checkedType().toString();
}

private class Rawl nfo
{

Expressi on operati on;
Expression identity;
Expressi on expression;
AbstractList patterns;
AbstractLi st expressions;
byte inPl ace;

bool ean i sDesugar ed;

Rawl nfo (Expression operation, Expression identity, Expression expression,
AbstractList patterns, AbstractLi st expressions, byte inPlace)
{
t hi s. expressi on = expression;
thi s. operation = operation;
this.identity identity;
this.patterns patterns;
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t hi s. expressi ons = expressions;

this.inPlace = inPlace;
}
final Expression op ()
{
return operation.typedCopy();
}
final Expression id ()
{
return identity.typedCopy();
}
public final String toString ()
{

StringBuffer buf = new StringBuffer("[")
. append(operation())
.append(",")
.append(identity())
-append("] { ")
. append( expr essi on)

-append(” | ");
for (int i=0; i<patterns.size(); i++)
{
hj ect pattern = patterns.get(i);
if (pattern !'= null)
buf . append(pattern).append(" <- ");
buf . append( expressions.get(i));
if (i < patterns.size() - 1)
buf . append(", ");
}

return buf.append(" }").toString();

}
}

private static class | ndexedExpression

{
int index = -1;
Expressi on expression;

I ndexedExpr essi on ( Expressi on expression)

{

t hi s. expression = expression

}
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I ndexedExpression (int index, Expression expression)
{
this.index = index;
t hi s. expression = expression

}

public final String toString ()
{

return expression + "/" + index;

private class Qualifier
{
Par anet er paraneter;
Expressi on expression;
Arrayli st slicings;
ArraylLi st selectors;

Qualifier (Paraneter paraneter, Expression expression)

{

thi s. paraneter = paraneter;
t hi s. expression = expression

}
final bool ean i sGenerator ()
{
return paraneter != null
}
final boolean isSlicing (Paraneter paraneter)
{
return expression.isSlicing(tables(), paraneter);
}
final void addSlicing (Expression slicing)
{

if (slicings == null)
slicings = new ArrayList();
slicings. add(slicing);

}
final bool ean isSel ector (Paraneter paraneter)
{
return expression.isSel ector(tables(), paraneter);
}

final void addSel ector (Expression selector)
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{
if (selectors == null)
sel ectors = new ArraylList();
sel ectors. add(sel ector);
}
public final String toString ()
{
if (paraneter == null)
return expression.toString();
return paraneter + " <- " + expression +
(selectors == null 2?2 "" " selected by " + selectors) +
(slicings == null 2 "" " sliced by " + slicings);
}
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Chapter 4

The type language

4.1 Overview

We first definesomebasicterminologyregardingthe type systemandoperationn types.

4.1.1 Polymorphism

Here, by “polymorphisni we meanML-polymorphism (i.e., 2nd-order universal)—witha few
differenceghatwill beexplainedalongtheway—in otherwords,typespresentedvith agrammar
suchas:

[1] Type ::= SimpleVpe | TypeSbeme

[2] SimpleYpe  := Basicype | Functionype | TypeRrrameter
[3] Basiclype = Jnt | Real | Boolean | ...

[4] Functionype := SimpleType — SimpleType

[6] TypeRwrameter:= o | o' | ... | 5| B | ...

[6] TypeSbeme ::= V TypeRrameter. Type

thatensureshatuniversaltype quantifiersoccuronly atthe outsetof a polymorphictype?

1Or morepreciselythatV never occursnestednsidea functiontype arrov —. This apparentlyinnocuousdetail
ensuresdecidability of type inference. BTW, the 2nd order comesfrom the fact that the quantifierappliesto type
parametergasopposedo 1storder if it hadappliedto valueparameters)Theuniversal comesfrom V, of course.
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4.1.2 Multiple Type Overloading

This is alsooften calledad hoc polymorphism. Whenenabled(the default), this allows a same
identifierto have severalunrelatedypes.Generallyit is restrictedto nameswith functionaltypes.
However, sincefunctionsarefirst-classcitizens,this restrictionmakesno senseandthereforethe
defaultis to enablemultiple type overloadingfor all types.

Notethatthereis noestablishedechnologythatprevailsfor supportingoothML-polymorphictype
inferenceandmultiple type overloading.Here (andin several otherpartsof this overall design)l
have hadto innovateandput to usetechniquegrom (Constraint)Logic Programmingo beableto
prove the combinationof typessupportabldy this architecture.

4.1.3 Currying

Curryingis anoperatiorthatexploits the following mathematicaisomorphisnof types?

T.T" - T" ~T — (T" = T") (4.1)
which canbegeneralizedo its multiple form:

Ty,....T, - T ~T,....Tg = (Th1,..., T, —T) k=1,...,n—1 (4.2)

Whenfunctioncurryingis enabledthis meanghattype-checking/inferenceaustbuild this equa-
tional theoryinto the type unificationrulesin orderto considertypesequalmodulothis isomor
phism.

4.1.4 Standardizing

As aresultof, e.g., currying, the shapeof a function type may changein the courseof a type-
checking/inferencerocessType comparisormaythusbetestedon variousstructurallydifferent,
althoughsyntacticallycongruentformsof a sametype. A type mustthereforeassumea canonical
form in orderto becomparedThisis whatstandadizingatypedoes.

Standardizings a two-phaseoperationthat first flattensthe domainsof function types,thenre-
namesthe type parametersThe flatteningphasesimply amountsto uncurryingasmuchaspos-
sible by applyingEquation(4.1) asa rewrite rule, althoughbadkwards (i.e., from right to left) as

2For the intrigued readercuriousto know what deepconnectionthere might be betweenfunctional types and
Indian cooking,the answeris, “None whatso&er!” The word was coinedafter Prof. Haslell B. Curry’s lastname.
Curry wasoneof thetwo mathematicians/logician@longwith RobertFeys) who conceved CombinatorLogic and
CombinatorCalculus andmadeextensive useof theisomorphismof Equation(4.1)—hencehefolklore’s useof the
verbto curry—(currying curryed),—in French:curryfie—(curryficationcurryfié), to meantransforminga function
typeof severalargumentsnto thatof a functionof oneargument.The homorymy is oftenamusinglymistalenfor an
exotic way of [un]spicingfunctions.
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long asit applies.The secondohaseg(renaming)consistan makinga consistentopy of all types
reachabldrom atype’s root.

4.1.5 Copying

Copying a type is simply taking a duplicatetwin of the graphreachablefrom the type’s root.

Sharingof pointerscomingfrom thefactthattype parameterso-occurarerecordedn aparameter
substitutiontable (in our implementationsimply aj ava. uti | . HashMap) alongtheway, and

thusconsistenpointersharingcanbe easilymadeeffective.

4.1.6 Equality

Testingfor equalitymustbe donemoduloa parametesubstitutiontable (in our implementation,
simplyaj ava. uti | . HashMap) thatrecordspointerequalitiesalongtheway, andthusequality
up to parameterenamingcanbe easilymadeeffective.

A tablelessrersionof equalityalsoexistsfor which eachtype parameters consideredqualonly
to itself.

4.1.7 Unifying

Unifying two typesis the operationof filling in missinginformation(i.e., type parametersi each
with existing informationfrom the otherby side-efecting (i.e., binding) the missinginformation
(i.e., thetype parametersjo pointto the partof the existing informationfrom the othertype they
shouldbe equalto (i.e., theirvalues).Notethat,lik e logical variablesn Logic Programmingtype
parametersanbeboundto oneanotherandthusmustbe dereferencetb their values.

4.1.8 Boxing/Unboxing

The kernellanguagds polymorphicallytyped. Therefore a function expressionthathasa poly-
morphictype mustwork for all instantiationsof this type’s type parametergnto eitherprimitive
unboxed types(e.g., Int, Real, etc) or boxed types. The problemthis posesis: how canwe
compileapolymorphicfunctioninto codethatwould correctlyknow whattheactualruntimesorts
of the function’s runtime agumentsand returnedvalue are, before the functiontypeis actually
instantiatedinto a (possiblymonomorphicYype?® The problemwasaddressedby Xavier Leroy

3Besidescompiling distinct copiesfor all possibleruntimesortinstantiationglik e, e.g., C++ templatefunctions),
nor recompilingeachtime a specificinstantiationis needed.The formeris not acceptabléecauseéts tendsto inflate
the codespaceexplosively. The latter canneitherbe ervisagedbecauset goesagainsta few (rightfully) sacrosanct
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10 yearsago[5] andhe proposeda solution? Leroy’s methodis basedon the useof type anno-
tationthatenablesa source-to-sourceansformation.This sourcetransformatioris the automatic
generatiorof wrappes andunwrappess for boxingandunboxingexpressionsvhenaer necessary
After that,compilingthetransformedsourceasusualwill beguaranteedb be correctonall types.

| adaptedandimprovedthe mainideafrom Leroy’s solutionsothat:

e thetypeannotatiorandrulesaregreatlysimplified;
e nosource-to-sourceansformations needed,;
e un/wrappergenerations doneatcode-generatiotime.

This saresa greatamountof spaceandtime.

4.2 Thetype system

The type systemconsistsof two complementaryarts: a staticanda dynamicpart® The former

takescareof verifying all typeconstraintghatarestaticallydecidablgi.e., beforeactuallyrunning

the program). The latter pertainsto type constraintshat mustwait until executiontime to decide
whetherthose(involving runtimevalues)may be decided. This is calleddynamictype-checking
andis bestseen(andconceved)asanincrementakextensionof the staticpart.

A typeis eithera statictype, or a dynamictype. A statictype is a type thatis checled before
runtimeby thetype-checkr. A dynamictypeis awrapperarounda typethatmayneedadditional
runtimeinformationin orderto befully verified. Its staticpartmustbe (andis!) checledstatically
by the statictype checler, but the compilermay completethis by issuingruntimetestsatadequate
placesin thecodeit generatespamely when:

¢ bindingabstractiorparametersf thistypein anapplication,or
e assigningo localandglobalvariableof this type,or
e updatinganarrayslot, atuplecomponentpr anobjectsfield, of this type.

Therearetwo kindsof dynamictypes:

e Extensionaltypes—definedvith explicit extensions(either statically provided or dynami-
cally computeduntimevalues):

principleslik e separateompilationandabstractibrary interfacing—imagindhaving to recompilecodefrom alibrary
everytimeyou wantto useit!

4This solutionis the oneimplementedn the CAML compiler[6].

5See Appendix Section B.2 on Page 82 for the complete class hierarchy of types in the package
i | og. | anguage. desi gn. types.
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— Setextensiontype;

— Int rangeextensiontype (closeinterval of ints);
— Realrangeextensiontype (closeinterval of reals).

A specialkind of setof int type is usedto defineenumeratiortypes(from actualsymbol

sets)throughopaqueaypedefinitions.

¢ Intensionaltypes—definedisingary runtime booleanconditionto be checled at runtime,
callstowhicharetestsgeneratedtatically;e.g.non-ngativenumbergi.e.,i nt +,f | oat +).

4.3 Statictypes

Thestatictypesystem...

4.3.1 Primiti vetypes

Boxabletypes

Void
Int
Real

Char

SBoolean

Boxedtypes

Built-in type constantge.g., Gtring).

4.3.2 Typeconstructors

Function types

Tuple types

Positiontupletypes

Namedtupletypes

AIT-KAcCI
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Array types

0-basednt-indexedarrays
Int range-indgedarrays
Set-indeedarrays
Multidimensionalarrays

Collection types

Set,bag,andlist types

Classtypes

This is the type of objectstructures. It declaresan interface (or membertype signature)for a
classof objectsandthe membersomprisingits structure.lt holdsinformationfor compilingfield
accesandupdate andenablespecifyinganimplementatiorior methodsmanipulatingobjectsof
thistype.

A classimplementatiorusesthe informationdeclaredn its interface. It is interpretedasfollows:
only non-methodnembers—hereaftealledfields—correspondo actualslotsin anobjectstruc-
turethatis aninstanceof the classandthusmaybe updated On the otherhand,all membergi.e.,
bothfieldsandmethodmembersparedefinedasglobal functionswhosefirst agumentstandsfor
theobjectitself (thatmaybereferredto as’ this’).

The syntaxwe shallusefor a classdefinitionis of theform:
class cl assnane { LA } (4.3)

Theinterfaceblock specifieghetype signatureof the membes (fieldsandmethod} of theclass
andpossiblyinitial valuesfor fields. Theimplementatiorblockis optionalandgivesthedefinition
of (someor all of) themethods.

For example,onecandeclarea classto represena simplecounterasfollows:

class Counter { value:Jnt=1;
method set : Int — Counter;

} (4.4)

{ set(val ue:Jnt): Count er = (this.val ue = val ue);

}

Thefirst block specifieghe interfacefor the classtype Count er definingtwo members:a field
val ue of typeJnt andamethodset takinganargumentof type Jnt andreturninga Count er
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object. It alsospecifiesaninitialization expression(1) for theval ue field. Specifyinga field’s

initialization is optional—whemmissing,the field will beinitialized to a null valueof appropriate
type: 0 for anJnt, 0.0 for afieal, false for aBoolean, "\000' for aChar," " for a Gtring, void for

oid,® andnull; for ary othertype7'. Theimplementatiorblock for the Count er classdefines
thebody of theset method.Notethata methods implementatiorcanalsobe givenoutsidethe

classdeclaratiorasafunctionwhosefirst algumentstypeis theclass.For example,we couldhave

definedtheset methodof theclassCount er as:

oef Count er ::set (x : Count er,n : Jnt) : Count er = (x.val ue = n); (4.5)

Ontheotherhand,althoughafield is alsosemanticallya functionwhosefirst amguments typeis a
class,it may not be definedoutsideits class.Defining a declaredield outsidea classdeclaration
causesanerror. Thisis becausehe codeof afield is alwaysfixed anddefinedto returnthe value
of anobjects slot correspondingo the field. Note however thatone may definea unaryfunction
whoseargumentis a classtypeoutsidethis classwhenit is notadeclaredield for this class.It will
beunderstoodsamethodor theclass(eventhoughit takesno extraargumentandmaybeinvoked
in "dot notation”without parentheseasafield is) andthusactasa "static field” for the class.Of
coursefield updateausingdot notationwill not be allowedon thesepseuddields. However, they
(like ary global variable)may be (re)setusinga global (re)definitionat the top level, or a nested
globalassignment.

Note alsothat a field may be functionalwithout beinga method—theessentiadifferencebeing
thatafield is partof thestructureof every objectinstanceof aclassandthusmaybeupdatedvithin
anobjectinstancewhile a methodis commonto all instancesf a classandmay not be updated
within a particularinstanceput only globally for all the class’instances.

Thus,everytimea Count er objectis createdwith neto, asin, for example:
¢ = neto Count er ; (4.6)

thevaluel will be usedto initialize the slot thatcorrespondso the locationof theval ue field.
Then,field andmethodinvocationcanbe doneusingthefamiliar "dot notation”; e.g.:

c.set (c.val ue + 2);

write(c.val ue); (4.7)

Thiswill setc’sval ue field to 3 andprint outthis value. This codeis exactly equialentto:

Count er ::set (c,Count er ::val ue(Count er ::c) + 2);

wr i t e(Count er ::val ue(Count er ::c)); (4.8)

SStrictly speakinga field of type Boid is uselessinceit canonly have the uniquevalueof this type (i.e., void).
Thus,avoid field shouldarguablybe disalloved. Ontheotherhand,allowing it is not semanticallyunsoundandmay
betoleratedfor the sale of uniformity.
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Indeed field andmethodinvocationsimply amountgo functionalapplication.This schemeoffers
the advantagethat an objects fields and methodsmay be manipulatedasfunctions(i.e., asfirst-
classcitizens)andno additionalsetupis neededor type-checkingand/ortype inferencewhenit
comedo objects.

Incidentally someor all type informationmay be omittedwhile specifyinga classs implementa-
tion (thoughnotits interface aslong asnon-ambiguousypesmay beinferred. Thus,theimple-
mentationblock for classCount er in classdefinition(4.4) could be written moresimply as:

{set (n) = (val ue =n); } (4.9)
Declaringa classtype anddefiningits implementatiorcauseshe following:

e thenameof theclassis enteredwith anew typefor it in thetypetable(anobjectcomprising
symboltablesof typei | og. | anguage. desi gn. t ypes. Tabl es,whereits typedef-
inition associates with a Cl assType whoseclassstructureis encapsulatefdy anobject
of typei | og. | anguage. desi gn. t ypes. d assl nf o wherecodeentriesfor all its
memberstypesarerecorded;

e eachfield of adistincttypeis assignedanoffsetin anarrayof slots(persort);

e eachmethodandfield expressionis name-sanitizedype-checkd, andsort-sanitizechfter
closingit into anabstractiortaking this asfirst agument;

e eachmethoddefinitionis thencompiledinto a globaldefinition,andeachfield is compiled
into a globalfunctioncorrespondindgo accessingts valuefrom the appropriateoffset;

e finally, eachfield’s initialization expressionis compiledandrecordedn the Cl assType
to be usedat objectcreationtime. An objectmay be createdat run-time (using the neto
operatorfollowedby a classname).

4.3.3 Polymorphic types

4.4 Type definitions

Beforewe review dynamictypes,we shalldescribehow onecandefinenew typesusingexisting
types. Type definitionsare provided both for convenienceof making programsmore legible by
giving “logical” namegor terms)to otherwiseverbosaypes,andthatof hidinginformationdetails
of atype makingit actasa new type altogether Theformerfacility is thatof providing aliasesto
types(exactly lik e apreprocessos'macrosgetexpandedight away into their textual equivalents),
while the latter offers the convenienceof definingnew typesin termsof existing ones,but hiding
this information. It follows from this distinctionthata type aliasis alwaysstructurallyequvalent
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to its value(in factanaliasdisappearassoonasit is readin, beingparsedaway into the structure
definingit). By contrasta definedtype is never structurallyequivalentto its valuenor any other
type—itis only equivalentto itself. To enablemeaningfulcomputatiorwith a definedtype, two
meta-(de/con)structor@re thus provided: onefor explicitly castinga definedtype into the type
thatdefinesit, andoneexplicitly seeingatype asa specifieddefinedtype (if sucha definedtype
doesexist andwith this typeasdefinition).

Theclassi | 0og. | anguage. desi gn. t ypes. Tabl es containsthe symboltablesfor global
namesandtypes. The namespacef theidentifiersdenotingtype andnon-type(global or local)
names(which arekeptin the global symboltable) are disjoint—sothereare no nameconflicts
betweertypesandnon-typeidentifiers.

Thet ypeTabl e variablecontainsthe namingtablefor typesandthe synbol Tabl e variable
containghe namingtablefor other(non-type)globalnames.

This sectionwill unfold all the type-relateddata-structurestartingfrom the classthat manages
symbols:i | og. | anguage. desi gn. t ypes. Tabl es. Thenamesanbethoseof typesand
values.They areglobal names’. Thetypenamespacis independenof thevaluenamespace--€.,
thesamenamecandenotea valueandatype.

4.4.1 Typealiasing
4.4.2 Typehiding

4.5 Dynamictypes

Dynamictypesareto be checled, if possiblestatically(atleasttheir staticpartis), atleastin two
particularplacesof anexpressionNamely

e atassignment/updateme; and,
e at(function) parametebindingtime.

Thiswill ensurehatthe actualvalueplacesn theslot expectinga certaintype doesrespectaddi-
tionnal constraintghatmay only be verifiedwith someruntimevalues.Generally dynamictypes
areso-calleddependentypes(suchas,e.g., ar r ay -of _si ze(n), a“safe” arraytype depending
onthearraysizethatmaybeonly computedatruntime—t.e., ala Javaarrays.).

Fromthis, we requirethata classimplementingthe Dynam cType interfaceprovidesa method
publ i c bool ean verifyCondition() thatis invokedsystematicallypy codegenerated

At the moment thereis no namequalificationor namespacenanagementWhenthis serviceis provided, it will
alsobethroughthei | og. | anguage. desi gn. t ypes. Tabl es class.
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for dynamicallytyped function parametersand for locationsthat are the target of updates(i.e,
arrayslot update pbjectfield update fuplefield update)at compilationof abstractiongendvarious
assignmentonstructs Of this class threesubclassederive their properties:

e extensionaltypes;

e Boolean-assertiotypes;

e Nnon-ngatve numbertypes.
We shallconsidetereafew suchdynamictypes(motivatedesssentiallypy the needexpressedor
OrPL, andhenceNGo, types).Namely

e extensionaltypes;

e intensionakypes(e.g., non-ngative numbers)
An extensionaltypeis a type whoseelementsaredeterminedo be membersof a predetermined
andfixed extension(i.e., arny runtimevaluethatdenotesa collection—suclasa set,anint range,
a float range,or an enumeration). Suchtypes posethe additional problemof being usableat
compile-timeto restrictthe domainsof othervariables.However, someof thosevariables’'values
may only fully be determinedat runtime. Theseparticulardynamictypeshave thereforea simple
veri fyCondition() methodthatis automaticallyrun assoonasthe extensionis known. It
justverifiesthatthe elementis a bonafide memberof the extension) otherwiseit reliesonamore
complicatedschemebasedon the notion of contract Basically a contract-basetypeis anexten-
sionaltypethatdoesnot have anextension(asyet) but alreadycarriesthe obligationthatsomepar
ticular individual constantse part of their extensions.Thoseelementsonsitute‘contracts”that

mustbe honoredassoonasthe type’s extensionbecomesknown (eitherpositvely—eliminating
the contract,or negatively—causingatypeerror).

4.5.1 Extensionaltypes

Settypes

Int rangetypes
Floatrangetypes
Enumtypes

4.5.2 Intensional types
Example: non-negatve numbers

Definenew (opaquelypesNat asadynamicallyconstrainedint type...
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Chapter 5

The intermediate language

Thecompletdist of instructionghatarecurrentlydefinedis asfollows.

5.1 Do-nothing instruction

1. No.Or

5.2 Pushinstructions

PUSH_I

PusH.O

PUSH_R
PUSH_OFFSET_I
PUSH_.OFFSET_O
PUSH_.OFFSET_R
PUSH_TUPLE

PUsSH_SET_I

© © N o g s~ wDdPRE

PUsH_SET_R

[EEN
o

. PUSH_SET_O

=
=

. PusH_I NT_RNG

[EEN
N

. PUSH_REAL_RNG
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13.
14.

o
w

© ©® N o g~ wDd P

NN NN R B R R R R R R R
W NP O © 0 N O 0l W N L O

24.

PusH_CL OSURE

PUSH_.NEWOBJECT

Subroutine instructions

APPLY
APPLY_HomI
APPLY_HOMR
ApPPLY_Hom.O
APPLY_l P_HOMI
APPLY_l P_.HOM R
AppPLY_l P_.HOM O
AppLY_CoLL .|

APPLY_COLL_R

. AppLY CoLL_O

. ApPPLY_CoLL_HomI

. AppLY_COLL_HOMR

. AppPLY_CoOLL_HOM.O

. APPLY_l P_CoLL _HomI
. ApPLY_| P_.COLL_HOMR
. ApPPLY_l P_.COLL_HOM O
. CaLL

. EnD

. RETURNLI

. RETURN_R

. RETURN_O

. NL_RETURN_I

. NL_RETURN_R

NL_RETURN_O
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5.4 Popinstructions

1. Por.I
2. Por.O
3. PorP_R

5.5 Relocatableinstructions

1. Juwmp
2. JUMP_ON_FALSE
3. JUMP_ON_TRUE

5.6 Conversioninstructions

.1 _ToO
.1 ToR
OTol
OToR
RTo.l
RTo.O
ARRAY_TO_MAP_|
ARRAY_TO_MAP_R
ARRAY_TO_MAP_O

© © N o g bk~ 0w DdPE

[EEN
©

MaP_TO_ARRAY_O

[EEN
=

. CHECK_ARRAY_SI ZE

[EEN
N

. RECONCI LE_| NDEXABLES

=
w

. ARRAY_I NI TI ALI ZE

=
N

. SHUFFLE_MAP_|

=
a1

. SHUFFLE_MAP_R
16. SHUFFLE_MAP_O
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5.7 Assignmentinstructions

1. SET_GLOBAL

2. SET_OFFSET._I
3. SET_OFFSET_O
4. SET_OFFSET_-R

5.8 Tuple componentinstructions

GET_TUPLE.I
GET_TUPLE_R
GET_TUPLE_O
SET_TUPLE.I

SET_TUPLE_R

2L T o

SET_TUPLE_O

5.9 Array/Map allocation instructions

PUSH_ARRAY_I
PUSH_ARRAY_R
PUSH_ARRAY_O
PUsSH_MAP_I
PusH_MAP_R
PuUsH_MaP_O
MAKE_ARRAY_I

MAKE_ARRAY_R

© © N o g bk wDdpE

MAKE_ARRAY_O

[EEN
©

MaKE_MaP._|

=
=

. MAKE_MAP_R
12. Make_MaP_O
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13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

5.10 Array/Map slotinstructions

el o
A W N R O

© 0o N b~ wDNPE

FI LL_ARRAY_I A
F
F
F
F
FI LL_ARRAY_RM
FiLo_Mapl A
FiLL_MapPI M
FiLL_Map_CA
FiLL_.MaP_.OM
FILL_MAP_RA
FiLL_MAP_.RM

LL_ARRAY_I M

LL_ARRAY_CA

LL_ARRAY_OM

LL_ARRAY_RA

GET_ARRAY_|

GET_I NT_| NDEXED_MAP_I
GET_I NT_| NDEXED_MAP_O
GET_I NT_| NDEXED_MAP_R
GET_MAP_|

GET_ARRAY_O
GET_MAP_O

GET_ARRAY_R

GET_MAP_R

. SET_ARRAY I

. SET_| NT_| NDEXED_MAP_I
. SET_I NT_| NDEXED_MaP_O
. SET_I NT_| NDEXED_MAP_R
. SET_MaP_|

15.

SET_ARRAY_O

AIT-KAcCI
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16. SET_MapP_O
17. SET_ARRAY_R
18. SET_MAP_R

5.11 Field instructions

o 0 ks~ WP

GET_FI ELD_I
GeET_FI ELD.O
GeET_FI ELD.R
SET_FI ELD_I
SET_FIELD.O

SET_FI ELD.R

5.12 Built-in operations

5.12.1 Arithmetic operations

el
N B O

© © N o 0 bk~ w DN

ADD_I |
ADD_I R
ADD_RI
ADD_RR
SuB.l |
SuB_l R
SuUB_RI
SUB_RR

M Nus_I

. M NUS_R
. MuL_L ]
.MULIR
13.

MuL _RI
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14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

MUL_RR
Di vl
D VIR
D V_RI
D V_.RR
MoDUL US
M NI
M NI R
M N_RI
M N_RR
Max_I |
Max_l R
MaX_RI
MaX_RR
ABs_| R
ABS_R
SQRT

PoOwWeER

5.12.2 Arithmetic relations

© © N o o A~

Equ_l |
Equ_CO
EQU_RR
NEQ.I |
NEQ_.CO
NEQ-RR
Gre.l |
Greld R
Gre-Rl

AIT-KAcCI
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10. GTe RR
11. Grr I |
12. GrRTIR
13. GrRT_RI
14. GRT_RR
15. LTE!]
16. LTEIR
17. LTERI
18. LTERR
19. Lst.l1
20. LsTIR
21. LsT R
22. LSTRR

5.12.3 Booleanoperations

1. Not

5.12.4 Map and Sizeoperations

1. MapP_SI ZE
2. ARRAY_SI ZE
3. | NDEXABLE_SI ZE

4. GET_| NDEXABLE

5.12.5 Container operations

1. BELONGS.I
2. BELONGS_O

3. BELONGS_.R
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5.12.6 Setoperations

SET_CoPY
MAaKE_SET I
MAaKE_SET_O
MAKE_SET_R
SET.DI FF
SET_SYM.DI FF
| NTER

UNI ON
D.SET.DI FF

© ©® N o o b~ wDdPRE

[EEN
o

. D_.SET_SYM.DI FF

[EEN
=

. DI NTER

[EEN
N

. D_UNI ON

5.12.7 Setrelations

1. SuBSET

5.12.8 Setelementoperations

SET_ADD.I
SET_ADD_R
SET_ADD_O
SET_Rwv_|
SET_Rw_R
SET_Rw_O
FI RST_I

FI RST_O

© © N o g bk~ wDdPRE

FI rRST_R

[EEN
o

. LAsT.I

=
=

. LAST_O
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12. LasT R
13. NexT_|
14. NexT_Cl
15. NExT_O
16. NexT_CO
17. NexT R
18. NexT CR
19. OrD.|

20. OrD.O
21. OrD R
22. PrRevV._|
23. Prev _C|
24. PrRev_O
25. PREV_.CO
26. PREV R
27. PREV.CR

5.12.9 Rangeoperations

| NT_.RNG_UB
| NT_.RNG_LB
REAL_RNG_UB

o N

REAL_RNG_LB

5.12.10 String operations

1. STRCON

5.12.11 1/O operations

1. WRI TE.I
2. WRI TE_O
3. WRI TE_R
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5.13 Dummy instructions

Dummy _EQu
Dummy _NEQ
Dummy _AND
Dummy_OR
DumMMY_STRCON
DumMmMmY_WRI TE
Dummy_SI zE

DumMMY_SET_ADD

© © N o g s~ DN

DumMMY_SET_Rmv

[EEN
o

. Dummy _BEL ONGS

[EEN
=

. Dummy_ORD

[EEN
N

. Dummy_FI RST

[EEN
w

. Dummy_LAST

[EEN
N

. Dummy_NEXT

[EEN
ol

. Dummy_NEXT_C

[EEN
o

. Dummy _PREV

[EEN
\'

. bummy_PREV_C
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Chapter 6

The backend system

6.1 Theruntime system

Thisis theclassdefiningaruntimeobject. Suchanobjectsenesasthecommonexecutionenviron-
mentcontext sharedoy | nst r uct i onsbeingexecuted.It encapsulatea stateof comptutation
thatis effectedby eachinstructionasit is executedn its context.

A Runt i me objectconsistf attributesandstructureghattogetherdefinea stateof computation,
and methodsthat are usedby instructionsto effect this stateasthey are executed. Thus, each
instructionclassdefinesanexecut e( Runt i me) methodthatspecifiests operationakemantics
asa statetransformatiorof its givenruntimecontext.

Initiating executionof a Runt i me objectconsistsof settingits codearrayto a giveninstruction
sequencesettingits instructionpointer _i p to its codes first instructionand repeatedlycalling
execut e(t hi s) onwhatererinstructionis currentlyat addressi p in the currentcodearray
The final stateis reachedvhena flag indicatingthatit is sois setto t r ue. Eachinstructionis
responsibldor appropriatelysettingthe next stateaccordingo its semanticsincludingsaving and
restoringstates and(re)settingthe codearrayandthe variousruntimeregisterspointing into the
states structures.

Runtime statesencapsulatedy objectsin this classare essentiallythoseof a stackautomaton,
specificallyconcevedto supportthe computation®f a higherorderfunctionallanguagewith lex-

ical closures—e., a A-calculusmachine—g&tendedto supportadditionalfeatures—e.g., assign-
mentside-efects, objects,automaticcurrying... As suchit may viewed asan optimizedvariant
of PeterLandin’s SECD machine[4]—in the samespirit as Luca Cardelli's FunctionalAbstract
Machine (FAM) [1], althoughour designis quite differentfrom Cardelli's in its structureand
operations.

Becausehis is a Java implementationjn orderto avoid the spaceand performanceoverheadof
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beingconfinedto boxedvaluesfor primitive type computationsthreeconcurrensetsof structures
are maintained:in additionto thoseneededfor boxed (Java object) values,two extra onesare
usedto supportunboyed integer andfloating-pointvalues,respectiely. The runtime operations
performedoy instructionsonaRunt i me objectareguaranteetb betype-safan thateachstateis
alwayssuchasit mustbeexpectedor thecorrectaccessingndsettingof values.Suchaguarantee
mustbe (andis!) providedby the TypeChecker andtheSani ti zer , which ascertairall the
conditionsthatmustbemetprior to having aConpi | er proceedo generatingnstructionswvhich
will safely act on the appropriatestacksand ervironmentsof the correctsort (integer, floating-
point, or object).

6.2 Theruntime objects
6.3 The display manager

6.4 The error manager
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Chapter 7

A full example—HAK_LL

Thischaptedetailsthedesignof aconcretdanguagdrom scratch We call thislanguagedAK_L L—
presumablyto mean,somavhatpresumptuouslyHassamit-Kaci’s Little Languagé.

HAK_L L is afully-working prototypelanguagevhoseessentiagoalis to illustrateanddemonstrate
our architecturetheexpressve power of thekernellanguageandtheworkingsof its type-checkr,
compiler andruntimesystems.lt is animperatve functionallanguagewith objects,wherefunc-
tions arefirst-classcitizens. HAK_LL hasa surface syntaxfor an interactve languagethat can
definetop-level constructsand evaluateexpressions.lt supports2nd-order(ML-lik e) type poly-
morphism,automaticcurrying, multiple type overloading,dynamicoperatoroverloading,aswell
asflat classe@ndobjects(i.e., no subtypingnor inheritance—ye.

1... andpronounced hakle’—not to be confusedwith an otherwiseknown programminglanguageof greater
notorietyandwhosenameis thefirst nameof Prof. Haslell B. Curry.
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Chapter 8

Conclusion
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Appendix A

A word on traceabillity

A.1 Relating concreteand abstract syntax

Errortraceability..

Al.1l Syntax errors

A.1.2 Static Semanticserrors
Typing errors

Other Static Semanticserrors

A.1.3 Dynamic Semanticserrors
Runtime errors

Javaerrors
A.2 Displaying and reading

... In concrete/abstrastyntax.

77



IncompleteDraft of Januaryl4,2003

ABSTRACT AND REUSABLE

A.2.1 Displaying
A.2.2 Reading

A.2.3 Concretizing abstract syntaxdown

... With writing tables.

A.2.4 Abstracting concrete syntax away

... with readingtables.
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Appendix B

A four-panelledarchitecture

B.1 The CompleteKernel

B.1.1 Sanitizing
B.1.2 Typecheckingvs. inference

B.1.3 Compiling
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B.2 The Complete Type System

Classhierarchy of typesin the package

IncompleteDraft of Januaryl4,2003
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B.2.1 Thetype prover

B.3 Structureofthe TypeChecker

An objectof theclassi | 0og. | anguage. desi gn. t ypes. TypeChecker is abacktracking
prover thatestablishesariouskinds of goals The mostcommongoalkind establishedby atype
checleris atypinggoal—but thereareothers.

A Typi ngGoal objectis a pair consistingof an expressionanda type. Proving a typing goal
amountsto unifying its expressioncomponens type with its type component. Suchgoalsare
spavnedby thetype checkingmethodof expressionsaspertheir type checkingrules. Someglob-
ally definedsymbolshaving multiple types,it is necessaryo keepchoicesof theseandbacktrack
to alternatve typesuponfailure. Thus,a TypeChecker objectmaintainsall the necessargtruc-
turesfor undoingthe effectsthathappenedincethelastchoicepoint. Theseeffectsare:

1. typevariablebinding,
2. functiontypecurrying,

3. applicationexpressiorcurrying.

In addition,it is alsonecessaryo remembeall Goal objectsthatwereprovensincethelastchoice
pointin orderto prove themanev uponbacktrackingto an alternatve choice. This is necessary
becausdhe goalsare spavnedby callsto thet ypeCheck methodof expressionghat may be
exited long beforea failure occurs. Then, all the original typing goalsthat were spavnedin the
meantime sincethe currentchoicepoint’s goal mustbe reestablishedin orderfor this to work,
ary choicepointsthatwereassociatedo theseoriginal goalsmustalsobe recovered. To enable
this, whena choicepointis createdor ad obal symbol,choicesarelinkedin thereverseorder
(i.e., endingin theoriginal goal)to enablereinstatingall choicesthatweretried for this goal.

In orderto coordinatetype proving, atypecheckr objectis passedo all type checkingandunifi-
cationmethodsasanamgumentin orderto recordary effectin theappropriatdrail.

To recapitulatethe structureof aTypeChecker objectare:

e agoal stadk containinggoal objects(e.g., Typi ngGoal ) thatareyetto beproven;

e abindingtrail stadk containingtype variablesandboxingmaskso resetto "unbound”upon
backtracking;

e afunctiontypecurrying trail containing4-tuplesof the form (function type, previous do-
mains,previousrange previousboxing mask)for resettingthe functiontypeto therecorded
domainsrange andmaskuponbacktracking;
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e anapplicationcurrying trail containingtriplesof theform (applicationtype, previousfunc-
tion, previousargumentsfor resettingheapplicationto therecordedunctionandarguments
uponbacktracking;

e agoaltrail containingTypi ngGoal objectsthat have beenproven sincethe last choice
point,andmustbereprovenuponbacktracking;

e achoice-pointstak whoseentriesconsistf:

— aqueueof Typi ngGoal Ent r y objectswherefromto constructshew Ty pi ngGoal
objectsto try uponfailure;

— pointersto all trails up to which to undoeffects.
B.3.1 Thetype constructs
B.3.2 Defining newtypes

B.4 The Basiclnstruction Set

B.5 The CompleteBackend

B.5.1 TheRunti ne class
B.5.2 TheRunti neQbj ect class
B.5.3 TheDi spl ayManager class

B.5.4 The Err or Manager class
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Jacc is a java-basedsoftware that generatest LALR( 1) parsingautomatorfrom a familiar yacc-like action-

annotatedcontext-free grammar it providesseveral useful extensionsto yacc'’s parsingcapabilities(e.g., dynamic
operatordefinitionsa la PROL 0G, non-terminalkubclassingetc., ...). Jacc is the propertyof ILOG but is not partof
the softwareproductssoldand/ormaintainedy | LoG—it is not this authors interestto commercializejacc (atleast
notin theimmediatefuture andin its currentstate) but uponspecificrequestandon a percasebasis,compiledjava
classegnot sourcesjor Jacc maybemadeavailableonan*“as is” basisif it is worth ILOG’s andthis authorstimeto
doso.
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