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Preamble

Purpose

The purposeof this documentis to describe,explain, andjustify the designof theilog.lan-
guage.design package.Its maingoalis to serve asa specificationaswell asa documentation
of thedetailsof variousof its intricacies.As such,it servesmainly its authorhelpinghim to keep
trackof subtletieshealonemayknow of but maynot remember—at leastnot in full detail—and,
of course,it is alsomeantfor thosebraveenoughto useit, let alonethosewho wish to understand
it in details(gasp!) to adaptand/orextendits functionalities.

Acknowledgement

Many thanksaredueto the few, the proud, the “volunteer” pre-� -testersof the viability of the
whole design—especiallythe NGO designteam,1 andany othershaving beenexposed,willy or
nilly, to someof, or thewholepackageasits designwasunfolding!.. .

Many thanksalsoto ILOG for their openmind, aswell astheir keenacumenmakingthe savvy
intellectualinvestmentof trustingtheir R&D to make no compromisein thebestquality of their
software.I haveenjoyedthechallengeof meetingtheir customersdemandswith thebestpossible
scientificenvironment.2

1Thankyou ChritianeBracchi,ChrisptopheGefflot, Fréd́ericPaulin,andPatrick Viry!. . .;-)
2Thanks,in particular, to Jean-Fran� ois Puget,ILOG’s VP of Optimization,andJean-Fran� oisAbramatic,ILOG’s

CTO, for their support,andof coursePierreHaren,ILOG’sCEOfor his tirelesscontagiousenthusiasm.





Contents

1 Programming languagedesign 1

2 Overview 3

2.1 Abstractprogramminglanguagedesign . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 Surfacelanguage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.2 Kernellanguage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.3 Typelanguage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.4 Intermediatelanguage . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.5 Executionbackend . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.6 Pragmatics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

3 The kernel language 5

3.1 Kernelexpression. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3.2 Processingakernelexpression . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3.2.1 Sanitizer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.2.2 Typechecker . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.2.3 Compiler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.3 Descriptionof kernelexpressions. . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.3.1 Constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.3.2 Abstraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.3.3 Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.3.4 Local . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3.5 Parameter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

i



IncompleteDraft of January14,2003 ABSTRACT AND REUSABLE

3.3.6 Global . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3.7 Dummy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3.8 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3.9 IfThenElse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3.10 AndOr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.3.11 Sequence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.3.12 Let . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.3.13 Loop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.3.14 ExitWithValue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.3.15 Assignment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.16 NewArray . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.17 ArraySlot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.18 ArraySlotUpdate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.19 ArrayExtension. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.20 ArrayInitializer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.21 Tuple . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.22 NamedTuple . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.23 TupleProjection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.24 TupleUpdate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.25 NewObject . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.26 DottedNotation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3.27 FieldUpdate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.3.28 Homomorphism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.3.29 Comprehension. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4 The type language 51

4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1.1 Polymorphism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.1.2 Multiple TypeOverloading. . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.1.3 Currying . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.1.4 Standardizing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

ii HASSAN



PROGRAMMING LANGUAGE ARCHITECTURE IncompleteDraft of January14,2003

4.1.5 Copying . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.1.6 Equality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.1.7 Unifying . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.1.8 Boxing/Unboxing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2 Thetypesystem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.3 Statictypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.3.1 Primitive types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.3.2 Typeconstructors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.3.3 Polymorphictypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.4 Typedefinitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.4.1 Typealiasing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.4.2 Typehiding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.5 Dynamictypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.5.1 Extensionaltypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.5.2 Intensionaltypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5 The intermediate language 61

5.1 Do-nothinginstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.2 Pushinstructions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.3 Subroutineinstructions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.4 Popinstructions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.5 Relocatableinstructions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.6 Conversioninstructions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.7 Assignmentinstructions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.8 Tuplecomponentinstructions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.9 Array/Mapallocationinstructions . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.10 Array/Mapslot instructions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.11 Field instructions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.12 Built-in operations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.12.1 Arithmetic operations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.12.2 Arithmetic relations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
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Chapter 1

Programming languagedesign

Language is a meansof communication. By this definition, a particular languageserves as a
conduitfor informationexchangebetweencommunicatingentities.Suchentitiesmaybeof various
kinds(beit sentient—e.g., humans,animals—orpragmatictools—e.g., elevators,cars,computers,
etc.). A programminglanguage is a languagefor human-to-computeror computer-to-computer
communication.

A natural language, suchastheoneyou arereadingandI amusingright now, is a languagefor
human-to-humancommunication.Suchlanguagesare(generally)notdesigned—they evolve.1Programming
languagesare designed.They aredesignedtodaymoreformally thanksto linguistic researchthat
led to syntacticscience(leadingto parsertechnology)andresearchin theformal denotationalse-
manticsof programmingconstructs.As in thecaseof anaturallanguage,agrammarwill regulate
theformationof sentences(programs)thatwill beunderstood(interpreted/executed)accordingto
thelanguage’snatural(denotational/operational)semantics.

Designinga programminglanguageis difficult becauseit requiresbeingawareof all the (over-
whelminglynumerous)consequencesof theslightestdesigndecisionthatmayoccuranytimedur-
ing the lexical or syntacticalanalyses,andthe staticor dynamicsemanticsphases.Becauseof
the potentiallyhigh designcosts(in time andeffort, but also in termsof the quality of the end
product—viz., performanceandreliability of the languagebeingdesigned)2 investingin defining
andimplementinganew languageis prohibitive.

Fortunately, therehave beendesigntools to help in the process.So-calledmeta-compilershave
beenusedto greatbenefitandhigherquality of languageimplementations.The “meta” part is

1In fact, naturallanguages—wedo not includehereartificial humanlanguageslike Esperanto, etc..—have co-
evolvedunderoneanother’shistoricalandgeographicalinfluenceandoftenmutatethroughexchangeof syntaxand/or
semantics.The“damage”incurredby a languageadoptinga new oftenmutatedconceptfrom anotherbeingthis co-
evolution. Therealsoaresomerarenaturallanguagesthatevolvedaway from othersfor simplegeographicalreasons.

2Not to mentionhow to justify, let aloneguarantee,thecorrectnessof thedesign’s implementation.

1
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actuallymostly true for the lexical andsyntacticphasesof the languagedesign. Even then,the
metasyntactictoolsareoftenrestrictedto specificclassesof grammarsand/orparsingalgorithms,
andvery few proposetools for abstract syntax, andmostthatdo confinetheabstractsyntaxlan-
guageto someform of idiosyncraticrepresentationof a treelanguagewith somead hoc interpre-
tation. Evenlesscanwe find systemsthatproposeabstractandreusablecomponentsin theform
of expressionsof a formal typedkernelcalculus.This is whatthis work proposesanddesigns.

This work is thereforea metadesign:it is thedesignof a designtool. Theemphasis—thenovelty
of what is proposedhere—isnot so much on the lexical/syntacticalphases,but mostly on the
semanticphases.3

This documentdescribesthe designof an abstractreusableprogramminglanguagearchitecture
and its implementationin Java. It representsthe basisof the redesignof ILOG’s New Genera-
tion OPL (hereafterreferredto asNGO), andconstitutesthe secondfacetof a larger soon-to-be
proposedILOG R&D-wide projectwhosepurposewouldbeto enablethequick integrationof new
usefulprogrammingabstractionsinto softwareat large,4 insofarastheseabstractandreusablecon-
structs,andany well-typedcompositionsthereof,maybeinstantiatedin variousmodularlanguage
configurations.5

3Thelexical/syntacticphasesalsodeserveattention,andI haveimplementedasetof extentionsto theconventional
lex/yacc (alternatively, flex/bison) meta[lex/syntact]icaltools [3]. More hasto be doneon that side—e.g.,
documentation!—andmuchof it is operationalandcanbeusedasadefacto[lex/syntact]icalfront endto thesemantic
architectureproposedhere.

4ILOG’s, for one,intra-and/orextra-company. . .
5Thefirst facetwastheelaborationof ������� , anadvancedsystemfor syntax-directedcompilergeneration[3]. The

third facetwill be the integrationof logic-relational(from Logic Programming)andobjet-relational(from Database
Programming).A laterfacetmaybeto completethedesignto enablebothLIFE-technology[2] andCSP/LP technol-
ogy to cohabit.

PAGE 2 OF 85 HASSAN
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Overview

2.1 Abstract programming languagedesign

2.1.1 Surfacelanguage

2.1.2 Kernel language

2.1.3 Type language

2.1.4 Intermediate language

2.1.5 Executionbackend

Semanticlanguage:Runtime objects

Type-directedDisplay manager

Type-directedData Reader

2.1.6 Pragmatics

Concretevs. abstract error handling

Concretevs. abstract Vocabulary
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Chapter 3

The kernel language

3.1 Kernel expression

3.2 Processinga kernel expression

Typically, uponbeingread,anExpression will be:

1. “name-sanitized”—in the context of a Sanitizer to discriminatebetweenlocal names
andglobalnames,andestablishpointersfrom thelocal variableoccurrencesto theabstrac-
tion thatintroducesthem,andfrom globalnamesto entriesin theglobalsymboltable;

2. type-checked—in the context of a TypeChecker to discover whetherit hasa type at all,
or severalpossibleones(only expressionsthathave a uniqueunambiguoustypearefurther
processed);

3. “sort-sanitized”—in thecontext of aSanitizer to discriminatebetweenthoselocalvari-
ablesthatareof primitiveJavatypes(int ordouble) or of Object type(this is necessary
becausetheset-upmeansto useunboxedvaluesof primitive typesfor efficiency reasons);
this second“sanitization” phaseis also usedto computeoffsetsfor local names(i.e., so-
calleddeBruijn indices) for eachtypesort;

4. compiled—in the context of a Compiler to generatethe sequenceof instructionswhose
executionin anappropriateruntimeenvironmentwill evaluatetheexpression;

5. executed—in thecontext of aRuntime to executeits sequenceof instructions.

5
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3.2.1 Sanitizer

A sanitizeris anobjectthat“cleansup”—soto speak—anexpressionof its remainingambiguities
asit is beingprocessed.Therearetwo kindsof ambiguitiesthatmustbe“sanitized:”	 after parsing,it mustbe determinedwhich identifiersare the namesof local variablesvs.

thoseof global variables;	 after type-checking,it mustbe determinedthe runtimesort of every abstractionparameter
andusethis to computethelocal variableenvironmentoffsetsof eachlocal variable.1

Thusasanitizeris adiscriminatorof namesandsorts.2

3.2.2 Typechecker

The type checker is in fact a type inferencemachinethat synthesizesmissingtype information
by type unification. It may be (andoften is) usedasa type-checkingautomatonwhentypesare
(partially)present.

Eachexpressionmustspecify its own typeCheck(TypeChecker) methodthat encodesits
formal typing rule.

3.2.3 Compiler

This is the classdefininga compilerobject. Suchan objectservesasthe commoncompilation
context sharedby anExpression andthesubexpressionscomprisingit. Eachtypeof expres-
sionrepresentinga syntacticconstructof thekernellanguagedefinesa compile(Compiler)
methodthat specifiestheway theconstructis to becompiledin thecontext of a givencompiler.
Sucha compilerobjectconsistsof attributesandmethodsfor generatingstraightlinecodewhich
consistsof thesequenceof instructionscorrespondingto a top-level expressionandits subexpres-
sions.

Uponcompletionof thecompilationof a top-level expression,a resultingcodearrayis extracted
from the sequenceof instructions,which may then be executedin the context of a Runtime
object, or, in the caseof a Definition, be saved in the codearray in the Definition’s
codeEntry() field—aDefinedEntry object,whichencapsulatesits codeentrypoint,which
in turn maythenbeusedto accessthedefinedsymbol’scodefor execution).

1Theseoffsetsaretheso-calleddeBruijn indicesof 
 -calculus[4]. Or rather, theirsortedversion.
2It has occurredto this author that his choice of the word “sanitizer” is perhapsa tad of a misnomer—

“discriminator”maybeabetterchoice.Thisalsogoesfor theilog.language.design.kernel.Sanitizer
class’methodnames(i.e., discriminateNames anddiscriminateSorts ratherthansanitizeNames and
sanitizeSorts).

PAGE 6 OF 85 HASSAN
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Eachexpressionconstructof the kernel must thereforespecify a compiling rule. Sucha rule
expresseshow theabstractsyntaxconstructmapsinto astraightlinecodesequence.

3.3 Description of kernel expressions

The classExpression is the motherof all expressionsin the kernellanguage.It specifiesthe
prototypesof themethodsthatmustbeimplementedby all expressionsubclasses.Thesubclasses
of Expression are:

	 Constant: constant(void, boolean,integer, realnumber, object);3	 Abstraction: functionalabstraction(à la � -calculus);4	 Application: functionalapplication;	 Local: local name;	 Parameter: a function’s formal parameter(really a pseudo-expressionas it is not fully
processedasa real expressionand is usedasa sharedtype informationrepositoryfor all
occurrencesin a function’sbodyof thevariableit standsfor);	 Global: globalname;	 Dummy: temporaryplaceholderin lieu of anameprior to beingdiscriminatedinto a localor
globalone.	 Definition: definitionof aglobalnamewith anexpressiondefiningit in a globalstore;	 IfThenElse: conditional;	 AndOr: non-strictbooleanconjunctionanddisjunction;	 Sequence: sequenceof expressions(presumablywith side-effects);	 Let: lexical scopingconstruct;	 Loop: conditionaliterationconstruct;	 ExitWithValue: non-localfunctionexit;	 Assignment: constructto setthevalueof alocal or aglobal variable;	 NewArray: constructto createanew (multidimensional)array;	 ArraySlot: constructto accesstheelementof anarray;	 ArraySlotUpdate: constructto updatetheelementof anarray;

3Section3.3.1.
4Section3.3.2.
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	 Tuple: constructto createanew position-indexedtuple;	 NamedTuple: constructto createa new name-indexedtuple;	 TupleProjection: constructto accessthecomponentof a tuple;	 TupleUpdate: constructto updatethecomponentof a tuple;	 NewObject: constructto createanew object;	 DottedNotation: constructto emulatethetraditionalobject-oriented“dot” dereference
notation;	 FieldUpdate: constructto updatethevalueof anobject’sfield;	 ArrayExtension: constructdenotinga literal array;	 ArrayInitializer: constructdenotinga syntacticconveniencefor specifyinginitial-
izationof anarrayfrom anextension;	 Homomorphism: constructdenotinga monoidhomomorphism;	 Comprehension: constructdenotingamonoidcomprehension;

In thissection,wearegoingto giveadetaileddescriptionof eachkernelconstruct.Thedescription
of anexpressionwill have thefollowing items:

	
ABSTRACT SYNTAX	
OPERATIONAL SEMANTICS	
TYPING RULE	
COMPILING RULE

ABSTRACT SYNTAX

This describesthe abstractsyntaxform of the kernel expression. A kernel expressionwill be
written in ������ .
OPERATIONAL SEMANTICS

This describesinformally themeaningof theexpression.Thenotation � ����� � , where � is anabstract
syntaxexpression,denotesthe(mathematical)semanticdenotationof � . Thenotation � � ��� � , where� is a type, denotesthe (mathematical)semanticdenotationof � —namely, � ����� � is the setof all
abstractdenotations� ����� � ’s suchthatkernelexpression� hastype � .

TYPING RULE
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Thisdescribesformally thelogical rulesfor typing thekernelexpression.A typewill bewritten in� ��� .
A typingjudgmentis a formulaof theform � � � ! � , andis readas: “undertypingcontext � ,
expression� hastype � .”

In its simplestform, a typingcontext � is a functionmappingtheparametersof � -abstractionsto
their types. In the formal presentationof an expression’s typing rule, the context keepsthe type
bindingunderwhichthetypingderivationhasprogressedupto applyingtherulein whichit occurs.

Thenotation�"� # ! � � denotesthecontext definedfrom � asfollows:

�"� # ! � �%$ & ' def( ) � if & ( # *�"$ # ' otherwise+ (3.1)

A typingrule is a formulaof theform:,.-0/ +1+1+ /�,32, (3.2)

where
,

andthe
,34

’s, 5 (76 / +1+1+ /98:/;8=< 6 , aretyping judgments.This “fraction” notationex-
pressesessentiallyan implication: whenall the formulaeof the rule’s premises(the

,34
’s in the

fraction’s “numerator”)hold, thentheformulain therule’s conclusion(thefraction’s “denomina-
tor”) holdstoo. When

8 (>6 , therulehasnopremise—i.e., thepremiseis tautologicallytrue (e.g.,6?(@6 )—therule is calledanaxiomandis writtenwith anempty“numerator.”

A conditionaltyping rule is a typing rule of theform:,.-0/ +1+1+ /�,32, if AB$ ,.-�/ +1+�+ /�,32 ' (3.3)

where A is abooleanmetaconditioninvolving therule’s judgments.

A typing rule (or axiom), whetheror not in conditional form, is usually readbackwards(i.e.,
upwards)from therule’sconclusion(thebottompart,or “denominator”)to therule’spremises(the
toppart,or “numerator”).Namely, therule of theform:

� - � � - ! � - / +1+1+ / � 2 � � 2 ! � 2�C� � ! � (3.4)

is readthus:

“The expression� hastype � undertypingcontext � if theexpression� - hastype � -
undertypingcontext � - , and . . . , theexpression� 2 hastype � 2 undertypingcontext� 2 .”
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For example,�C� A ! DFE3EHGJI0K�L / �C� � - ! � / �C� �1M ! ��C� N�OPARQTSHI%LU� - IVG W�IX�1M ! �
is readthus:

“The expressionN�OPAYQTSHI%LZ� - IVG W�I:�1M hastype � undertypingcontext � if theexpres-
sion A hastype DFE3EHGJI0K�L undertypingcontext � and if bothexpressions� - and �1M have
thesametype � underthesametypingcontext � .”

With judgmentsspelled-out,aconditionaltyping rule (3.3) lookslike:� - � � - ! � - / +1+�+ / � 2 � � 2 ! � 2�[� � ! � if A\$]� / � -�/ +1+�+ / � 2�/ � / � - / +1+1+ / � 2 / � / � - / +�+1+ / � 2 ' (3.5)

where A\$]� / � -�/ +1+1+ / � 2�/ � / � - / +1+1+ / � 2 / � / � - / +1+1+ / � 2 ' is abooleanmeta-conditioninvolving thecon-
texts,expressions,andtypes.Sucha rule is readthus:

“ if themeta-conditionholds,then theexpression� hastype � undertypingcontext� if theexpression� - hastype � - undertypingcontext � - , and . . . , theexpression� 2 hastype � 2 undertypingcontext � 2 .”
An exampleof a conditionalrule is thatof abstractionsthatmusttake into accountwhetheror not
theabstractionis exitable—i.e., it maybeexitednon-locally:5�"� # - ! � - �_^�^�^1� # 2 ! � 2 �`� � ! ��C� O�aHL�bcQ]N]E1Ld# -�/ +�+1+ / # 2 ^e� ! � -�/ +1+1+ / � 2df � if O�aHLgb%Q]N�E�Lh# -�/ +1+1+ / # 2 ^i� is notexitable+
Similarlly, a typingaxiom:

�C� � ! � (3.6)

is readas,“The expression� hastype � undertypingcontext � .” anda conditionaltypingaxiom
is a typing axiomof theform:

�C� � ! � if A\$]� / � / � ' (3.7)

where A\$]� / � / � ' is a booleanmeta-conditionon typing context � , expression� , andtype � andis
readas,“ if themeta-conditionAB$�� / � / � ' holdsthen theexpression� hastype � undertyping
context � .” Weshallseeexamplesof typingaxiomsin Sections3.3.1and3.3.5.

5SeeSections3.3.2and3.3.14.
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COMPILING RULE

This describesthe way the expression’s componentsaremappedinto a straightlinesequenceof
instructions.An instruction(or generallyany instructionsequence)will be written in MAGENTA.
Any meta-informationannotationusedin codeinstructionsor instructionsequenceswill bewritten
in green.

Thecompilingrule for expression� is givenasa function �]jTkXl�mon�pq� � � � of theform:

��jqk:lVmrn�pq� � � � � ( INSTRUCTION
-

...
INSTRUCTION

2 (3.8)

3.3.1 Constant

Constantsrepresentsthebuilt-in primitive(unconstructed)dataelementsof thekernellanguage.

ABSTRACT SYNTAX

A Constantexpressionis anatomicliteral. Objectsof classConstant denoteliteral constants:
the integers(e.g., s?t , 6 , t , etc.), the real numbers(e.g., s?t3+vu\w , . . . , 6 + 6 , . . . , t3+xuBw , etc.), the
characters(e.g., yvz_y , yJ�9y , yJ{ey , y}|~y , etc.), andtheconstants��E�Nr� , Q��9agI , and O�K�G W�I . Theconstant��E�Nr� is
of type ��E�Nr� , suchthat:

� ����E�N��3� � def( � � ���.E1Nr�_� � �
andtheconstantsQ]�9agI and O�K�G W�I of type DFE3E�G}I0K�L , suchthat:

� ��DFE3EHGJI0K�LH� � def( � � ��O�K�G W�Ic� � / � ��Q]�9agIc� � ��+
Otherbuilt-in typesare:

� ����L.Qc� � def( ��( � +1+1+ / � �}sdt�� � / � � 6 � � / � �}t�� � / +1+1+J�
� ����I0K�G�� � def( � ( � +1+1+ / � �Js?t3+xuBw\� � / +1+1+ / � � 6 + 6 � � / +1+�+ / � �}t3+xuBw\� � / +1+1+}�
� �x�:S�K��0� � def( setof all Unicodecharacters

� �x�;Q]�qNrLH�H� � def( setof all finite stringsof Unicodecharacters.

Thus,theConstant expressionclassis further subclassedinto: Int, Real, Char, NewOb-
ject, andBuiltinObjectConstant,whoseinstancesdenote,respectively: integers,floating-
point numbers,characters,new objects,andbuilt-in objectconstants(e.g., strings).
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TYPING RULE

Thetyping rulesfor eachkind of constantare:

[void] �C� �.E1Nr� ! ��E�N��
[true] �C� Q]�9agI ! D�E3E�G}I0K�L
[false] �C� O�K�G WHI ! D�E3E�GJI0K�L
[int] �C� 8 ! ��L�Q if

8
is aninteger

[real] �C� 8 ! ��I0K�G if
8

is afloating-pointnumber

[char] �C� A ! �:S�K�� if A is acharacter

[string] �C� � ! �;Q��9NrLH� if � is astring

(3.9)

Wepostponefor now thetypingof objectconstantsuntil weunderstandobjecttypes.

3.3.2 Abstraction

ABSTRACT SYNTAX

This is thestandard� -calculusfunctionalabstraction,possiblywith multiple parameters.Rather
thanusingtheconventional � notation,wewrite anabstractionas:

O�a�Lgb%Q]N�E�Lh# -�/ +1+1+ / # 2 ^e� (3.10)

wherethe # 4 ’s areabstractionparameters—identifiersdenotingvariableslocal to theexpression� , theabstraction’sbody.
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TYPING RULE

Therearetwocasesto considerdependingonwhethertheabstractionis or notexitable. An exitable
abstractionis onethatcorrespondsto arealsourcelanguage’s functionfrom whichausermayexit
non-locally.6 Other(non-exitable)abstractionsarethosethatareimplicitly generatedby syntactic
desugaringof surfacesyntax—e.g., seeSections3.3.12and3.3.29. It is the responsibilityof the
parserto identify thetwo kindsof abstractionsandmarkasexitableall andonly thoseabstractions
thatshouldbe.

�"� # - ! � - �_^�^�^�� # 2 ! � 2 �`� � ! ��C� O�a�Lgb%Q]N�E�Lh# -�/ +1+1+ / # 2 ^�� ! � -�/ +�+1+ / � 2df � if O�aHL�b%Q�N]E�Lh# -�/ +�+1+ / # 2 ^i� is notexitable

(3.11)

If the abstractionis exitable however, we must recordit in the typing context. Namely,let z (O�aHLgb%Q]N�E�Lh# -�/ +1+1+ / # 2 ^i� ; then,

� � � � � # - ! � - �_^�^�^�� # 2 ! � 2 �`� � ! ���� z ! � -�/ +1+�+ / � 2?f � if z is exitable (3.12)

where � � � � is thesamecontext as � exceptthat ��� �9¡£¢ def( z .
3.3.3 Application

ABSTRACT SYNTAX

¤ $�� -�/ +1+�+ / � 2 ' (3.13)

TYPING RULE

�C� � - ! � - / ^�^�^ / �C� � 2 ! � 2 / �C� ¤ ! � -�/ +1+1+ / � 2df ��C� ¤ $]� -�/ +1+1+ / � 2 ' ! � (3.14)

6Seepo¥]mv¦H§¨mx¦]©¨ª in Section3.3.14,on Page17.
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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

NoOPARQqS�I%LU� - IVG W�IX�1M
OPERATIONAL SEMANTICS

TYPING RULE

�C� A ! DFE3EHGJI0K�L / �C� � - ! � / �C� �1M ! ��C� N�OPARQTSHI%LU� - IVG W�IX�1M ! � (3.15)

COMPILING RULE

��jqk:lVmrn�pq� � N�O«AYQTSHI%LZ� - IVG W�I:�1M � � ( ��jTkXlVmrn�p�� � A � �
JUMP ON FALSE jof��jTkXlVmrn�p�� � � - � �
JUMP jmp

jof ! ��jTkXlVmrn�p�� � �1M � �
jmp !¬+1+�+

(3.16)

3.3.10 AndOr

ABSTRACT SYNTAX
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� - K�L���_E��®�1M
TYPING RULE

�C� � - ! D�E3E�GJI0K�L / ��� �1M ! D�E3E�G}I0K�L��� � - K�LH���E��®�1M ! D�E3E�G}I0K�L (3.17)

And

COMPILING RULE

��jqk:lVmrn�pq� � � - K�LH�;�1M � � ( �]jTkXl�mon�pq� � � - � �
JUMP ON FALSE jof�]jTkXl�mon�pq� � �1M � �
JUMP ON TRUE jot

jof ! PUSH FALSE

JUMP jmp
jot ! PUSH TRUE

jmp !¯+1+1+
(3.18)

Or

COMPILING RULE

��jqk:lVmrn�pq� � � - E1�Y�1M � � ( �]jTkXl�mon�pq� � � - � �
JUMP ON TRUE jot�]jTkXl�mon�pq� � �1M � �
JUMP ON FALSE jof

jot ! PUSH TRUE

JUMP jmp
jof ! PUSH FALSE

jmp !¯+1+1+
(3.19)
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3.3.11 Sequence

ABSTRACT SYNTAX

� � - *�+1+1+�*9� 2 �
TYPING RULE

�C� � - ! � - / +1+�+ / �C� � 2 ! � 2�[� � � - *�+1+1+�*9� 2 � ! � 2 (3.20)

COMPILING RULE

��jqk:lVmrn�pq� � � � - *�+1+�+�*0� 2 � � � ( �]jTkXl�mon�pq� � � - � �
POP sort$ � - '
...�]jTkXl�mon�pq� � � 2 � � (3.21)

3.3.12 Let

3.3.13 Loop

ABSTRACT SYNTAX

° S±N%GJI:AY��Ee� (3.22)

where A and � areexpressions.

OPERATIONAL SEMANTICS

TYPING RULE

�C� A ! DFE3EHGJI0K�L / �C� � ! ��C� ° S N�G}IXAY��Ee� ! ��E�Nr� (3.23)
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COMPILING RULE

��jqk:lVmrn�pq� � ° S±N%GJI²AY��Ee� � � ( loop ! �]jTkXl�mon�pT� � A � �
JUMP ON FALSE jof�]jTkXl�mon�pT� � � � �
JUMP loop

jof ! PUSH VOID

(3.24)

3.3.14 ExitW ithValue

ABSTRACT SYNTAX

I´³�NrQ ° NrQqS¶µ (3.25)

whereµ is anexpression.

OPERATIONAL SEMANTICS

Normally, exiting from an abstractionis donesimply by “f alling off ” (oneof) the tip(s) of the
expressiontree of the abstraction’s body. This operationis capturedby the simple operational
semanticsof eachof thethreeRETURN instructions.Namely, whenexecutingaRETURN instruction,
theruntimeperformsthefollowing three-stepprocedure:

1. it popstheresultfrom its resultstack;7

2. it restoresthelatestsavedruntimestate(poppedoff thesaved-statestack);

3. it pushestheresultpoppedin Step1 ontotherestoredstate’sown resultstack.

However, it is also often desirable,undercertaincircumstances,that computationnot be let to
proceedfurtherat its currentlevel of nestingof exitableabstractions.Then,computationmaybe
allowed to return right away from this currentnesting(i.e., as if having fallen off this level of
exitable abstraction)whenthe conditionsfor this to happenaremet. Exiting an abstractionthus
mustalsoreturnaspecificvaluethatmaybea functionof thecontext. This is whatthe I´³�NrQ ° NrQqS�µ
kernelconstructionI´³�NrQ ° NrQqS¶µ expresses.This kernelconstructionis providedin orderto specify
that the currentlocal computationshouldterminatewithout further ado,andexit with the value
denotedby thespecifiedexpression.

7Wherestack heremeans“stackof appropriateruntimesort;” approppriate,that is, aspertheinstruction’ssort—
viz., INT, REAL, or runtimeOBJECT.

A Ï T-KACI PAGE 17 OF 85



IncompleteDraft of January14,2003 ABSTRACT AND REUSABLE

TYPING RULE

Now, thereareseveralnotionsin theaboveparagraphsthatneedsomeclarification.For example,
whatan“exitable” abstractionis,andwhyworry aboutadedicatedconstructin thekernellanguage
for suchanotionif it doesnothingmorethanwhatis doneby aRETURN instruction.

Firstof all, from its verynameI´³�NoQ ° NoQTS¶µ assumesthatcomputationhasenteredthatfrom whichit
mustexit. This is anexitableabstraction;thatis, thelatest� -abstractionhaving thepropertyof be-
ing exitable. Not all abstractionsareexitable.For example,any abstractionthatis generatedaspart
of thetargetof someotherkernelexpression’ssyntactingsugar(e.g., GJI�QP# - ( � - *1+�+1+�*q# 2 ( � 2 *²NrLU�
or ·c¸ / t t1¹Pº � �;»�# -½¼ � -0/ +1+1+ / # 2¾¼ � 2 � , andmoregenerallyany constructthathideimplicit ab-
stractionswithin), will not bedeemedexitable.

Secondly, exiting with avalue µ meansthatthetype � of µ mustbecongruentwith whatthereturn
typeof theabstractionbeingexited is. In otherwords:�C� ��� ! ��y f � / ��� µ ! ���� I´³0NoQ ° NoQqS¶µ ! � (3.26)

where ��� denotesthelatestexitableabstractionin thecontext � .
Theaboveschemeindicatesthefollowing necessities:

1. The typing rules for an abstractiondeemedexitable must record in its typing context �
the latestexitable abstraction,if any suchexists; (if nonedoes,a staticsemanticserror is
triggeredto indicatethat it is impossibleto exit from anywherebeforefirst enteringsome-
where).8

2. Congruently, the APPLY instructionof an exitable closuremust take careof chainingthis
exitableclosurebeforeit pushesanew statefor it in thesavedstatestackof theruntimesys-
temwith thelastsavedexitableclosure,andmarkthesavedstateasbeingexitable;(dually,
this exitablestatestackmustalsobepoppedupon“f alling off ”— i.e., normallyexiting—an
exitableclosure.Thatis, wheneveranexitablestateis restored).

3. New NL RETURN instructions(for eachruntimesort)mustbedefinedliketheircorresponding
RETURN instructionsexcept that the runtimestateto restoreis the onepoppedout of the
exitablestatestack.

COMPILING RULE

��jqk:lVmrn�pq� � I´³�NrQ ° NoQTS¶µ � � ( ��jqk:lVmrn�p�� � µ � �
NL RETURN sort$ µ ' (3.27)

8SeeTypingRule3.12onPage13.
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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 ArrayInitializer

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 classrepresentsa syntacticconstructthat is oftenused,albeitwith different,thoughrelated,
interpretations.A dottednotationis anexpression(mostoftenanapplication,but it couldbeany
composition—ofwhat to/with what to bedeterminedaccordingto partialtypeanalysis).

Thus,this classcanbe usedto representa particularkind of functionalapplicationsà la object-
orientedprogramming;or (equivalently),arrow compositionin Category Theory. More precisely,
it representstheapplication(resp.,composition)of anExpression to (resp.,with) anotherEx-
pression, thoseExpressions beingdeterminedaccordingto the type of the expressionon
the left of the”dot”.

Thus,adottednotationis interpretedasfollows.

A DottedNotation object is a wrapperof an expression—mostoften,of an application,but
moregenerally, of any composition.It is a binaryexpressionof the form � - +¿�1M , where � - and �1M
areexpressions.This is interpreteddependingon thetypeof � - asfollows:
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	 if � - ’s typeis a classC, thenthis is interpretedas:À K�LH��GJIV$�� - '�K��9�±WÁ$�� - '
whereÀ K�L���G}I�$q$´' o:C,e)is some”mangling” of thenameof thememberof theobjectexpres-
siono of classtype Â beingso-referred,and K��q�±W�$]� ' is eithertheemptystringor theargsof
thememberexpression� .
For example,consider:

counter.set(1);

whencounter : Counter is anobjectof classCounter, with method(say)Counter set
: (Counter, int) -> int. Then,for example,adefault”mangling” À K�L���G}IV$]Â /9Ã � Ã ��� � '
maysimplyconcatenatethenamesof theclassandthememberseparatedwith anunderscore
character(’ ’), followedby ’(’, theobject,and’)’; in otherwords: À K�LH��GJIV$�AVÄ � 8�Å � � !_Â?Ä � 8gÅ � � / ��� Å $�t 'T'
= ”Counter set(counter)” and K��9�±W�$�ÆBÇBÈ£$TÉ ' (ËÊ $qÉ ' Ê ' . Therefore,

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

thatis:

counter.set(1) ====> Counter_set(counter,1);	 if � - ’s typeis a tupletype ·�� -�/ +�+1+ / � 2 º or ·] - !\� -�/ +�+1+ /  2 !3� 2 º , thenthis is interpretedas:

Ì �VE�Í%I0b%Q ÎcÏ�$]� - '
where Ì ��E�ÍcI0b%Q Î is a tupleprojectionof type ·�� -�/ +1+1+ / � 2 º f ��Ð and Ç (ÒÑ /�Ó ( t / +1+1+ /98 , or
of type ·] - !3� -�/ +1+�+ /  2 !3� 2 º f ��Ð and Ç (=Ô Õ /�Ó ( t / +�+1+ /98 . This is interpretedas:

�Ö�_×Ø���Ù � Ä�Ú���A Å 5´Ä 8 $]� -�/ �1M0'Û!3��Ð±+
For example:·�ÜÁÝ±ÞÁÇZ! (>Ê Ý Ê / Ü�ß_ÞHà�Ç_áâ! ( É º +�Ü�Ý±ÞØÇUã ·�Ü�Ý±ÞÁÇä! (>Ê Ý Ê / Ü�ß�ÞHà�Ç3á`! ( É º9{iÜÁÝ±ÞÁÇ
In otherwords,Ì ��E�Í�å�Ý±ÞØÇU! ·�Ü�Ý\ÞÁÇä!.Æ ÈHáØæ1Ü.ç / Ü�ß_ÞHà�Ç_á�!Áæ1ÜHÈ�º f Æ±ÈHáØæ1Ü�ç�$ ·�Ü�Ý±ÞØÇ`! (>Ê Ý Ê / Ü�ß_ÞHà�Ç_áâ! ( É º9º 'Û!�Æ±ÈHáØæ1Ü�ç	 Otherwise,thedefault is simply to interpretthis astheapplication:ÞÁÇ±ÞHà�Ç_á Ü�Ý\ÞÁÇØ$´Ç3èV'�$]Ç�éT'�$ K��9�±WÁ$´Ç3è�' '
Thisdefaultbehavior canbeoverriddenandcustomizedthroughthemethods:setNoDefault()
andsetDefault(Expression).
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3.3.27 FieldUpdate

3.3.28 Homomorphism

By homomorphismmemeanspecificallymonoidhomomorphism.For ourpurposes,amonoidis a
setof datavaluesor structures(i.e., adatatype)endowedwith anassociativebinaryoperationand
anidentityelement.Examplesare:

Type Operation Identity��L�Q ê ë�ìqí 6
��L�Q î ë�ìTí t��L�Q À K�³ ë�ìTí seï ëTìTí��L�Q À N�L ëTìTí êhï ë�ìqí��I0K�G ê ð£ñrò�ó 6 + 6��I0K�G î ð£ñrò�ó tB+ 6��I0K�G À K�³ ð£ñrò�ó seï ð£ñrò�ó��I0K�G À N�L ð£ñrò�ó êhï ð£ñrò�óD�E3E�GJI0K�L E1� ôöõcõ�ó ñ�ò�ì O�K�G W�ID�E3E�GJI0K�L K�LH� ôöõcõ�ó ñ�ò�ì Q��9agI
setdatastructures setunion theemptyset � �
list datastructures list concatenation theemptylist � �
. . .

Monoidhomomorphismsarequiteusefulfor expressingacertainkind of iterationdeclaratively.

ABSTRACT SYNTAX

This is the classof objectsdenoting(monoid) homomorphisms.Suchan expressionmeansto
iteratethrougha collection,applyinga function to eachelement,accumulatingthe resultsalong
thewaywith anoperation,andreturningtheendresult.Moreprecisely, it is thebuilt-in versionof
thegeneralcomputationschemewhoseinstanceis thefollowing “hom” functional,whichmaybe
formulatedrecursively, for thecaseof a list collection,as:

hom
- -]÷¹ $ ¤ 'V��� ( t t�¹

hom
- -]÷¹ $ ¤ 'V��øù» ��� (ûú $�øF'£¸ homü ü]ýþ ÿ ú ��� (3.28)
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Clearly, thisschemeextendsa functionf to ahomomorphismof monoids,from themonoidof lists
to themonoiddefinedby �����
	 	 þ�� .
Thus,an objectof this classdenotesthe resultof applyingsucha homomorphicextensionof a
function (f) to an elementof collection monoid (i.e., a datastructuresuchas a set, a list, or a
bag), the imagemonoid being implicitly definedby the binary operation( � )—also called the
accumulationoperation.It is madeto work iteratively.

For technicalreasons,we needto treatspeciallyso-calledcollectionhomomorphisms;i.e., those
whoseaccumulationoperationconstructsa collection,suchasa set. Although a collectionho-
momorphismcanconceptualybe expressedwith the generalscheme,the function appliedto an
elementof the collectionwill returna collection(i.e., a freemonoid)element,andthe resultof
thehomomorphismis thentheresultof tallying thepartial collectionscomingfrom applyingthe
functionto eachelementinto afinal “concatenation.”

Other(non-collection)homomorphismsarecalledprimitivehomomorphisms.For those,thefunc-
tion appliedto all elementsof thecollectionwill returna computedelementthatmaybedirectly
composedwith the other results. Thus, the differencebetweenthe two kinds of (collection or
primitive)homomorphismswill appearin thetypingandthecodegenerated(collectionhomomor-
phismrequiringanextraloopfor tallying partialresultsinto thefinal collection).It is easyto make
thedistinctionbetweenthe two kindsof homomorphismsthanksto the typeof theaccumulation
operation(seebelow).

Therefore,a collectionhomomorphismexpressionconstructinga collectionof type ������ ÿ ��� con-
sistsof:

� thecollectioniteratedover—of type �������� ÿ � � � ;� theiteratedfunctionappliedto eachelement—oftype
� ��� ������ ÿ ��� ; and,� theoperation“adding” anelementto acollection—oftype

� �������� ÿ ��� � ������ ÿ ��� .
T’ primitive homomorphismcomputinga valueof type

�
consistsof:

� thecollectioniteratedover—of type �������� ÿ � � � ;� theiteratedfunctionappliedto eachelement—oftype
� ��� �

; and,� themonoidoperation—oftype
� � � � �

.

Eventhoughtheschemeof computationfor homomorphismsdescribedabove is correct,it is not
often used,especiallywhenthe function alreadyencapsulatesthe accumulationoperation,as is
alwaysthe casewhenthe homomorphismcomesfrom the desugaringof a comprehension—see
below). Then,sucha homomorphismwill directly side-effect thecollectionstructurespecifiedas
theidentityelementwith afunctionof theform ���! #"%$�&(') +*-,.*��/	 	 þ (i.e., addingelement* to the
collection)anddispensealtogetherwith theneedto accumulateintermediateresults.Weshallcall
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thosehomomorphismsin-placehomomorphisms.To distinguishthemandenablethesuprression
of intermediatecomputations,aflag indicatingthatthehomomorphismis to becomputedin-place
is provided. Both primitive andcollectionhomomorphismscanbe specifiedto be in-place. If
nothing regardingin-placecomputationis specifiedfor a homomorphism,the default behavior
will dependonwhetherthehomomorphismis collection(default is in-place),or primitive(default
is not in-place).Methodsto overridethedefaultsareprovided.

For anin-placehomomorphism,theiteratedfunctionencapsulatestheoperation,whichaffectsthe
identity element,which thusaccumulatesintermediateresultsandno further compositionusing
the operationis needed.This is especiallyhandyfor collectionsthat areoften represented,for
(spaceandtime)efficiency reasons,by iteratablebulk structuresconstructedbyallocatinganempty
structurethat is filled in-placewith elementsusinga built-in “add” methodguaranteeingthatthe
resultingdatastructureis canonical—i.e., that it abidesby thealgebraicpropertiesof its type of
collection(e.g., addinganelementto a setwill not createduplicates,etc.).

Althoughmonoidhomomorphismsaredefinedasexpressionsin thekernel,they arenot meantto
berepresenteddirectly in a surfacesyntax(althoughthey could,but would leadto rathercumber-
someandnot very legible expressions).Rather, they aremeantto beusedfor expressinghigher-
level expressionsknown asmonoidcomprehensions, whichoffer theadvantageof thefamilar(set)
comprehensionnotationusedin mathematics,andcanbetranslatedinto monoidhomomorphisms
to betype-checkedandevaluated.

A monoidcomprehensionis anexpressionof theform:

�����
	 	 þ0��1�24365 ü �
7
7
7�� 5�8:9 (3.29)

where �����
	 	 þ�� defineamonoid, 2 is anexpression,andthe 5 ; ’sarequalifiers. A qualifieris either
anexpression2 or a pair *=< 2 , where * is a variableand 2 is anexpression.Thesequenceof
qualifiersmay alsobe empty. Sucha monoidcomprehensionis just syntacticsugarthat canbe
expressedin termsof homomorphismsasfollows:

�����
	 	 þ>��1�2�3?9 def@ 2 �A	 	 þ
�����
	 	 þ>��1�2�3 *=< 2 � ��B 9 def@ C '
D ü ü ýþFEHG *I7��J���
	 	 þ���1�243 B 9)K ÿ 2 � �
�����
	 	 þ>��1�2�3 6��B 9 def@ &L�>M$ CON  P�����
	 	 þ��Q1�243 B 9 N�R S:N 	 	 þ

(3.30)

This is explainedmoreformally in Section3.3.29.

Comprehensionsarealso interestingas they may be subjectto transformationsleadingto more
efficient evaluationthantheir simple“nestedloops” operationalsemantics(by using“unnesting”
techniquesandusingrelationaloperationsasimplementationinstructions).
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3.3.29 Comprehension

Theconceptof monoidhomomorphismis usefulfor expressingaformalsemanticsof iterationover
collections.However, it is notveryconvenientasaprogrammingconstruct.A naturalnotationfor
sucha constructthat is both conspicuousand can be expressedin termsof monoid homomor-
phismsis a monoidcomprehension. This notiongeneralizesthefamiliar notationusedfor writing
a setin comprehension(asopposedto writing it in extension)usinga patternanda formula de-
scribingits elements(asoppposedto listing all its elements).For example,thesetcomprehension1 ��*I�T*VU ��3 *XWZY[��\^]_7`* @ba ] 9 describesthesetof pairs ��*I�T*VU � (thepattern), verifying theformula*cWXY.��\^]_7H* @Aa ] (thequalifier).

This notationcanbeextendedto any (primitiveor collection)monoid � . Thesyntaxof a monoid
comprehensionis anexpressionof theform � 1�2 E K B 9 where 2 is anexpressioncalledtheheadof
thecomprehension,and B is calledits qualifierandis asequence5 ü �
7
7
7�� 5�8 , ]edgf , whereeach5�h
is either� agenerator of theform *=< 2 , where* is avariableand 2 is anexpression;or,� afilter i which is abooleancondition.

In a monoidcomprehensionexpression� 1�2 E K B 9 , themonoidoperation� is calledtheaccumu-
lator.

As for semantics,themeaningof a monoidcomprehensionis definedin termsof monoidhomo-
morphisms.

DEFINITION 3.3.1 (MONOID COMPREHENSION) Themeaningof a monoidcomprehensionover
a monoid � is definedinductivelyasfollows:

� 1�2 E K>9 def@ jk`l � þ ÿ 2 � if � is a collectionmonoid2 if � is a primitive monoid

� 1�2 E K *=< 2 � ��B 9 def@ C '
D þm EnG *I7o� 1�2 E K B 9)K ÿ 2 � �
� 1�2 E K ��pB 9 def@ &L�>M$ CON  b� 1�2 E K B 9 N�R S:NIq þ

such that 2srOt"þ , 2 � rOt m , and u is a collectionmonoid.

Notethatalthoughthe input monoid � is explicit, eachgenerator*v< 2 � in thequalifierhasan
implicit collectionmonoid u whosecharacteristicscanbeinferredwith polymorphictypingrules.

AlthoughDefinition 3.3.1canbeeffectively computedusingnestedloops(i.e., usingtheiteration
semantics(3.28)),suchwouldbein generalratherinefficient. Rather, anoptimizedimplementation
canbeachievedby varioussyntactictransformationexpressedasrewrite rules.Thus,theprincipal
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benefitof usingmonoidcomprehensionsis to formulateefficient optimizationson a simpleand
uniformgeneralsyntaxof expressionsirrespectiveof specificmonoids.

Thus,monoidcomprehensionsallow theformulationof “declarative iteration.” Notethefactmen-
tionedearlierthatahomomorphismcomingfrom thetranslationof acomprehensionencapsulates
theoperationin its function. Thus,this is generallytakento advantagewith operationsthatcause
a side-effect on their secondargumentto enableanin-placehomomorphismto dispensewith un-
neededintermediatecomputation.

Section3.3.29givesa detailedexplanationof thesyntacticdesugaringof a pattern-directedhigh-
level syntaxof comprehensionsinto morebasickernelexpressions.

Comprehension

This classrepresentsa monoid comprehensionwhoseactual form is interpretedas a construct
involving thepartsof thesyntacticform of thecomprehension.Thesyntaxof a monoidcompre-
hensionis givenby anexpressionof theform:

[op,id] { e | q1, ..., qn }

where[op,id] definea monoid,e is an expression,andtheqis arequalifiers. A qualifier is
eithera booleanexpressionor a pair p <- e, wherep is a pattern(any expression)ande is
an expression. The sequenceof qualifiersmay also be empty. Sucha monoid comprehension
is syntacticsugarthat is in fact translatedinto a combinationof homomorphismsand/orfiltering
tests,possiblywrappedinsidea let factoringoutsomecomputation.

package ilog.langiage.design.kernel.Comprehension;

public class Comprehension extends ProtoExpression
{

public static boolean OPAQUE_PARAMETERS = true;

private Tables _tables;
private RawInfo _raw;
private Expression _construct;
private Expression _operation;
private Expression _identity;

private Expression _enclosingScope;

Constructsan alreadytranslatedcomprehensionasa Let construct.This is provided asa public
constructorbut shouldbeusedwith careasit truststhat thespecifiedargumentsarecorrectlyset
up.
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public Comprehension (AbstractList parameters, AbstractList values, Expression body)
{

_construct = new Let(parameters,values,body);
}

Constructsa raw comprehensionwith the specifedargumentsandassumingthe default in-place
modefor performingthemonoidoperation.

public Comprehension (Tables tables, Expression operation, Expression identity,
Expression expression, AbstractList patterns, AbstractList expressions)

{
this(tables,operation,identity,expression,patterns,expressions,Homomorphism.DEFAULT_IN_PLACE);

}

Constructsa rawcomprehensionwith thespecifedarguments.A comprehensionis rawaslongas
it hasnot beentranslatedinto a meaningfulexpression.Translationwill happenautomaticallyas
soonasthemeaningexpresssionis needed.

public Comprehension (Tables tables, Expression operation, Expression identity,
Expression expression, AbstractList patterns, AbstractList expressions,
byte inPlace)

{
_tables = tables;

_operation = operation;
_identity = identity;

if (patterns == null)
patterns = expressions = new ArrayList(0);

_raw = new RawInfo(new Dummy("$OP$").addTypes(operation).setExtent(operation),
new Dummy("$ID$").addTypes(identity).setExtent(identity),
expression,patterns,expressions,inPlace);

}

Constructsa fully translatedcomprehensionusingthespecifiedexpressionasits meaningexpres-
sion.

private Comprehension (Expression construct)
{

_construct = construct;
}
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public boolean _doLetWrapping = true;

public final Comprehension setNoLetWrapping ()
{

_doLetWrapping = false;
_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 Comprehension(_construct.copy());

ArrayList patterns = new ArrayList(_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());

}

ArrayList expressions = new ArrayList(_raw.expressions.size());
for (int i=0; i<_raw.expressions.size(); i++)

expressions.add(((Expression)_raw.expressions.get(i)).copy());

return new Comprehension(_tables,_operation.copy(),_identity.copy(),
_raw.expression.copy(),patterns,expressions,
_raw.inPlace);

}

public final Expression typedCopy ()
{
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if (_raw == null)
return new Comprehension(_construct.typedCopy());

ArrayList patterns = new ArrayList(_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());

}

ArrayList expressions = new ArrayList(_raw.expressions.size());
for (int i=0; i<_raw.expressions.size(); i++)

expressions.add(((Expression)_raw.expressions.get(i)).typedCopy());

return new Comprehension(_tables,_operation.typedCopy(),_identity.typedCopy(),
_raw.expression.typedCopy(),patterns,expressions,
_raw.inPlace).addTypes(this);

}

public final int numberOfSubexpressions ()
{

if (_raw != null) _construct();
return _construct.numberOfSubexpressions();

}

public final Expression subexpression (int n) throws NoSuchSubexpressionException
{

if (_raw != null) _construct();
return _construct.subexpression(n);

}

public final Expression setSubexpression (int n, Expression expression) throws NoSuchSubexpressionException
{

if (_raw != null) _construct();
return _construct.setSubexpression(n,expression);

}

public final Expression sanitizeNames (ParameterStack parameters, ClassTypeHandle handle)
{

if (_raw != null) _construct();
_construct = _construct.sanitizeNames(parameters,handle);
return this;

}

public final void sanitizeSorts (Enclosure enclosure)
{

_construct.sanitizeSorts(enclosure);
}
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Constructsthismonoidcomprehensionby first desugaringits patternsinto simpleparameters,then
normalizingits qualifiersby unnestingsfilters asfar to the left aspossible,andfinally translating
thetransformedraw comprehensioninto its meaningexpression.

private final void _construct () throws UndefinedEqualityException
{

desugarPatterns();
unnestInnerFilters();

}

Returnsthecomprehensionobtainedafterapplyingthespecifiedsubstitutionto thesubexpressions
of this. If this comprehensionis alreadytranslated,this simply amountsto settingtheconstructto
thesubstitutedconstruct.If this is a raw comprehension,caremustbe takento proceedfrom left
to right overthequalifiersandpreventinggeneratorvariablesto besubstitutedin expressionslying
to their right (includingthemainexpressionof thecomprehension).

public final Expression substitute (HashMap substitution)
{

if (_raw == null)
{
_construct = _construct.substitute(substitution);
return this;

}

if (!substitution.isEmpty())
{
_operation = _operation.substitute(substitution);
_identity = _identity.substitute(substitution);

_substituteQualifiers(0,substitution);
}

return this;
}

Proceedsthroughtheraw qualifierssubstitutingexpressionsmakingsurethatgeneratorparameters
areremovedfrom thesubstitutionbeforeapplyingit to whatlies to theright of thespecifiedindex
(includingthemainexpressionof thecomprehension).

private final void _substituteQualifiers (int index, HashMap substitution)
{

if (index == _raw.patterns.size())
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_raw.expression = _raw.expression.substitute(substitution);
else

{
Expression pattern = (Expression)_raw.patterns.get(index);
Expression expression = (Expression)_raw.expressions.get(index);

// in all cases, apply the substitution to the qualifying expression
_raw.expressions.set(index,expression.substitute(substitution));

if (pattern == null)
// this is a filter - simply proceed
_substituteQualifiers(index+1,substitution);

else
// this is a generator - must check whether pattern is opaque parameter
if (pattern instanceof Parameter || (pattern instanceof Dummy && OPAQUE_PARAMETERS))
{

// this is an opaque parameter - it is removed from the substitution
// before proceeding further to the right, and reinstated afterwards
String name = pattern instanceof Dummy ? ((Dummy)pattern).name()

: ((Parameter)pattern).name();
Object value = substitution.remove(name);
_substituteQualifiers(index+1,substitution);
if (value != null) substitution.put(name,value);

}
else
{ // this is not a parameter - apply the substitution to the pattern and proceed

_raw.patterns.set(index,pattern.substitute(substitution));
_substituteQualifiers(index+1,substitution);

}
}

}

Setsthelink to theenclosingscopeof thiscomprehensionto thespecifiedexpression,thenvisitsall
thequalifierexpressionsto link up their scopetreesof nestedcomprehensionsto this,andreturns
thenumberof suchnestedcomprehensions.

final int linkScopeTree (Expression ancestor)
{

if (_scopeTreeIsLinked)
return _nestedComprehensionCount;

_enclosingScope = ancestor;
_nestedComprehensionCount = _raw.expression.linkScopeTree(this);

for (int i=_raw.expressions.size(); i-->0;)
_nestedComprehensionCount += ((Expression)_raw.expressions.get(i)).linkScopeTree(this);
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_scopeTreeIsLinked = true;

return 1 + _nestedComprehensionCount;
}

Desugarsthe patternsof this comprehensioninto simple parameters,substitutingexpressionin
termsof theseparametersinsidethecomprehensionwhereappropriate.Then,thisproceedsdesug-
aringthepatternsof nestedcomprehensionsif any. It is importantfor this methodto proceedtop
down sothatthepatternsof potentialinnercomprehensionsmaybeaffectedby thedesugaringof
outerones.

final void desugarPatterns () throws UndefinedEqualityException
{

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

_desugarPatterns();

if (_nestedComprehensionCount > 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.expression.desugarPatterns();
}

}

Convertsthepatternsinto simpleparametersandsubstitutesfreeoccurrencesof theformal names
from thepatternsby whatis appropriatein termsof thenew parametersinsidetheraw expression
(andany otherpertinentexpressionin raw expressions—i.e., thoseto theright of a patterngener-
ator). While desugaring,new filters maybe generatedalongthe way uponrepeatedoccurrences
of formal namesor the presenceof interpretableexpressionsin the patterns. Thesearesimply
appendedto theraw list of expressions.Becauseof this,weneedto appendasmany nulls to the
list of patternsin orderto maintainthetwo lists at equallengths.

private final void _desugarPatterns () throws UndefinedEqualityException
{

HashMap substitution = _initialSubstitution();

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),substitution));

for (int i=_raw.expressions.size()-size; i-->0;) _raw.patterns.add(null);

_substituteDesugaring(substitution);

_raw.isDesugared = true;
}

Returnsasubstitutioninitializedwith thelocalparametersof theenclosingscopesof thiscompre-
hensionif any.

private final HashMap _initialSubstitution ()
{

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.parameter(i).name();
if (substitution.get(name) == null)

substitution.put(name,
new IndexedExpression(new Dummy(s.parameter(i))));

}
}

return substitution;
}

Transformsthe specifiedpatterninto a parameterand recordsin the specifiedsubstitutionany
appropriateexpressionin termsof this parameterfor correspondingoccurrencesof the pattern
componentsin thequalifying expressionsat index higherthanthespecifiedindex.

In OPAQUE PARAMETERS mode(the default), an outer patternconsistingof just an identifier
is always considerednew and createsan opaquescopefor its free occurrencesin the qualifier
expressionslying on its right as well as for the main expressionof the comprehension.If on
the otherhandOPAQUE PARAMETERS is false, suchan identifier is deemedsensitive to its
namesakes in the substitutionand global scalar(i.e., non-functional)definitions. Then, it will
be considereda repeatedor interpretedoccurrence,whichever the casemay be. It returnsthe
parameterdesugaringthespecifiedpattern.
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private final Parameter _desugarPattern (int index, Expression pattern, HashMap substitution)
throws UndefinedEqualityException
{

if (pattern == null || pattern instanceof Parameter)
return (Parameter)pattern;

Parameter parameter = null;
Dummy variable = null;

if (pattern instanceof Dummy)
{ // the pattern is an identifier
variable = (Dummy)pattern;
parameter = new Parameter(variable);

if (!OPAQUE_PARAMETERS)
{
IndexedExpression value = (IndexedExpression)substitution.get(variable.name());

if (value == null)
{ // this is the first occurrence - record only if not a global scalar

if (!_tables.isDefinedScalar(variable.name()))
substitution.put(variable.name(),new IndexedExpression(index,variable));

}
else

{ // this is a repeated occurrence - generate an equality filter
variable = new Dummy(parameter = new Parameter(value.expression.typeRef()));
_raw.expressions.add(new Application(_tables.equality(),

variable,
value.expression.typedCopy()));

}
}

return parameter;
}

parameter = new Parameter(pattern.typeRef());
variable = new Dummy(parameter.name());

if (pattern instanceof Tuple)
// the pattern is a tuple - proceed with desugaring it
_desugarTuplePattern(index,(Tuple)pattern,variable,substitution);

else
// the pattern is an interpreted expression - generate an equality filter
_raw.expressions.add(new Application(_tables.equality(),variable,pattern));

return parameter;
}
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Desugarsthespecifiedtuple patterngiventhattheexpressionin which it is immediatelynested
is theexpressionspecifiedasfather.

private final void _desugarTuplePattern (int index, Tuple tuple, Expression father,
HashMap substitution)

throws UndefinedEqualityException
{

if (tuple instanceof NamedTuple)
{ // treat named tuples specially
_desugarNamedTuplePattern(index,(NamedTuple)tuple,father,substitution);
return;

}

int dimension = tuple.dimension();
for (int i=0; i<dimension; i++)

// desugar each tuple component using the appropriate tuple projection as father
_desugarTupleComponent(index,

tuple.component(i),
new TupleProjection(father,new Int(i+1)),
substitution);

}

Desugarsthespecifiednamedtuple patterngiventhattheexpressionin which it is immediately
nestedis theexpressionspecifiedasfather.

private final void _desugarNamedTuplePattern (int index, NamedTuple tuple, Expression father,
HashMap substitution)

throws UndefinedEqualityException
{

TupleFieldName[] fields = tuple.fields();
int dimension = fields.length;
for (int i=0; i<dimension; i++)

// desugar each tuple component using the appropriate tuple projection as father
_desugarTupleComponent(index,

tuple.component(i),
new TupleProjection(father,new StringConstant(fields[i].name())),
substitution);

}

Desugarsthespecifiedtuplecomponentcorrespondingto thespecifiedtupleprojection.

private final void _desugarTupleComponent (int index, Expression component,
TupleProjection projection, HashMap substitution)

throws UndefinedEqualityException
{
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if (component instanceof Dummy)
{ // it is a leaf consisting of a name
Dummy variable = (Dummy)component;
IndexedExpression value = (IndexedExpression)substitution.get(variable.name());

if (value == null && !_tables.isDefinedScalar(variable.name()))
// record only if first occurrence and not a global scalar
substitution.put(variable.name(),new IndexedExpression(index,projection));

else
// it is a repeated occurrence or a global scalar - generate an equality filter
_raw.expressions.add(new Application(_tables.equality(),

projection,
variable.typedCopy()));

return;
}

if (component instanceof Tuple)
// it is a nested tuple pattern - desugar the nested pattern
_desugarTuplePattern(index,(Tuple)component,projection,substitution);

else
// it is an interpreted expression - generate an equality filter
_raw.expressions.add(new Application(_tables.equality(),projection,component));

}

Applies thedesugaringsubstitutionsto eachqualifierexpressionandthemainexpression,taking
careof enablingonly thosesubstitutionsat indiceslessthanthe index of thequalifier (andall of
themfor themainexpression).

private final void _substituteDesugaring (HashMap substitution)
{

if (substitution.isEmpty())
return;

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

while (index < size) // skip to the first desugared pattern
{
Parameter parameter = (Parameter)_raw.patterns.get(index);
if (parameter != null && parameter.isInternal())

break;
index++;

}

HashMap partialSubstitution = new HashMap(substitution.size());
for (int i=index; i < size; i++)
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{
_updateSubstitution(i,partialSubstitution,substitution);
_raw.expressions.set(i,((Expression)_raw.expressions.get(i))

.substitute(partialSubstitution));
}

_raw.expression = _raw.expression.substitute(partialSubstitution);
}

Addsto thespecifiedpartialsubstitutionany expressionfromreference anindexed-expression
substitution)with an index lessthan, or equalto, the specifiedindex, removing suchindexed-
expressionsfrom reference.

private final static void _updateSubstitution (int index, HashMap partial, HashMap reference)
{

ArrayList keys = new ArrayList();

for (Iterator i=reference.entrySet().iterator(); i.hasNext();)
{
Map.Entry entry = (Map.Entry)i.next();
String key = (String)entry.getKey();
IndexedExpression value = (IndexedExpression)entry.getValue();
if (index <= value.index)

{
partial.put(key,value.expression);
keys.add(key);

}
}

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

reference.remove(keys.get(i));
}

First unneststhe filters of all nestedcomprehensionsif any, thenunneststhe filters of this com-
prehension.It is importantto proceedbottomup becausefilters maymigrateup from innercom-
prehensions,andthereforethefilters of a comprehensionmustbeunnestedonly after thoseof its
nestedcomprehensionshavebeenunnested.

final void unnestInnerFilters ()
{

if (_nestedComprehensionCount > 0)
{
_raw.expression.unnestInnerFilters();
for (int i=_raw.expressions.size(); i-->0;)
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((Expression)_raw.expressions.get(i)).unnestInnerFilters();
}

_unnestFilters();
}

Normalizesthe qualifiersof this comprehensionby unnestingthe filters to the left asfar asthey
may go, recognizingselectorsandslicing filters, andsetsthe constructto the translationof the
comprehension

private final void _unnestFilters ()
{

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

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

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

_construct = _translate(qualifiers,0);
if (_doLetWrapping && !_isLetWrapped())

{
Parameter[] monoidParameters = { new Parameter("$OP$"), new Parameter("$ID$") };
Expression[] monoidComponents = { _operation, _identity };

_construct = new Let(monoidParameters,monoidComponents,_construct);
}

_raw = null;
//Debug.step(this);

}

Returnstrue if f thefirst comprehensionin which this is nested(if any) is oneinvolving thesame
monoid—then,asit is alreadywrappedinsidethat comprehensionLet over the sameoperation
andidentity, thereis no neededto wrapit again.

private final boolean _isLetWrapped ()
{

for (Expression e = _enclosingScope; e != null; e = e.enclosingScope())
if (e instanceof Comprehension)
{

Comprehension c = (Comprehension)e;
if (operation().equals(c.operation()) && identity().equals(c.identity()))
return true;
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return false;
}

return false;
}

Reshapesthespecifiedarrayof qualifiersunnestingall booleanfilters by moving themto the left
asfar asthey maygo (i.e., no further thana generatorwhoseparameteroccursfree in thefilter),
andmerging all filters relatedto the samegeneratorinto an commonand. A selectoror slicing
conditionis recognizedandtreatedspecially:it is passedto its generatorqualifierwhereit is then
processedappropriately.

private final void _normalize (Qualifier[] qualifiers)
{

//System.out.print("Before normalization..."); Debug.step(qualifiers);
_unnestFilters(qualifiers.length-1,qualifiers);
//System.out.print("After normalization..."); Debug.step(qualifiers);

}

Normalizesthespecifiedarrayof qualifiersup to thespecifiedindex minusone,thenproceedsto
unnestleftwardthequalifierat thespecifiedindex.

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

if (index == -1) return;

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

// 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.isGenerator()) return;

// this qualifier is then a filter - unnest it as far as it can go
while (index > 0)

if (qualifiers[index-1].isGenerator())
if (qualifier.expression.containsFreeName(qualifiers[index-1].parameter.name()))
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{ // collect if selector, or slicing with no selectors; else, leave the filter there
if (qualifier.isSelector(qualifiers[index-1].parameter))

{
qualifiers[index-1].addSelector(qualifier.expression);
_eraseQualifier(index,upperLimit,qualifiers);

}
else

if (qualifiers[index-1].selectors == null
&& qualifier.isSlicing(qualifiers[index-1].parameter))

{
qualifiers[index-1].addSlicing(qualifier.expression);
_eraseQualifier(index,upperLimit,qualifiers);

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

}
else // move this filter over one step to the left

{
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 must contain a generator

if (!qualifier.expression.containsFreeName(qualifiers[index-2].parameter.name()))
{ // move this filter over two steps to the left

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 the filter
{

if (qualifier.isSelector(qualifiers[index-2].parameter))
qualifiers[index-2].addSelector(qualifier.expression);

else
if (qualifiers[index-2].selectors == null

&& qualifier.isSlicing(qualifiers[index-2].parameter))
qualifiers[index-2].addSlicing(qualifier.expression);

else // merge this filter with the previous one using an ’and’
qualifiers[index-1].expression = new And(qualifiers[index-1].expression,

qualifier.expression);
_eraseQualifier(index,upperLimit,qualifiers);
return; // this is as far as it can go

}
else // unnest further up, or merge this filter into the previous one using an ’and’

{
if (!_isFurtherUnnestable(qualifier.expression))

qualifiers[index-1].expression = new And(qualifiers[index-1].expression,
qualifier.expression);

_eraseQualifier(index,upperLimit,qualifiers);
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return; // this is as far as it can go
}

// index == 0
if (_isFurtherUnnestable(qualifier.expression))

_eraseQualifier(index,upperLimit,qualifiers);
}

Goesup thescopetreeasfar asit canwithout crossinga scopethateithercontainsmorethanone
nestedcomprehensionor capturesa freevariablein thespecifiedfilter, until it reachesa compre-
hension.If it cando soandthefoundcomprehensionis of samenatureasthis one,addsthefilter
to thatcomprehension,andreturnstrue; otherwise,returnsfalse.

private final boolean _isFurtherUnnestable (Expression filter)
{

Expression enclosingScope = _enclosingScope;

while (enclosingScope != null && enclosingScope.nestedComprehensionCount() == 1)
{
if (enclosingScope instanceof Comprehension)

{
Comprehension comp = (Comprehension)enclosingScope;
if (operation().equals(comp.operation()) && identity().equals(comp.identity()))

{
comp.addFilter(filter);
return true;

}

return false;
}

Scope scope = (Scope)enclosingScope;
for (int i=scope.arity(); i-->0;)

if (filter.containsFreeName(scope.parameter(i).name()))
return false;

enclosingScope = scope.enclosingScope();
}

return false;
}

Addsthespecifiedfilter to thequalifiersof this comprehension.

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

}

Setsthequalifierat thespecifiedindex to null andpercolatesthisnull asfar to theright asit
maygo.

private final static void _eraseQualifier (int index, int upperLimit, Qualifier[] qualifiers)
{

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

{
qualifiers[i] = qualifiers[i+1];
qualifiers[i+1] = null;

}
}

This translatesmonoid comprehensionsyntaxusing (possiblyfiltered) homomorphisms.It as-
sumesthatthearrayof qualifiershasbeennormalized.Thetranslationschemeis asfollows:

[op,id]{e | } = op(e,id);
[op,id]{e | c} = if c then op(e,id) else id;
[op,id]{e | x <- e’, c, Q} = f_hom(e’, lambda x.[op,id]{e | Q}, op, id, lambda x.c);
[op,id]{e | x <- e’, y <- e’’, Q} = hom(e’, lambda x.[op,id] { e| y <- e’’, Q}, 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());

Expression body = null;
Homomorphism hom = null;

if (index < qualifiers.length-1 && qualifiers[index].parameter != null
&& qualifiers[index+1] != null && qualifiers[index+1].parameter == null)

{
body = _translate(qualifiers,index+2);

if (qualifiers[index].selectors != null)
return _selectorExpression(qualifiers[index],qualifiers[index+1].expression,body);

hom = new FilterHomomorphism(_tables,
qualifiers[index].expression,
new Scope(qualifiers[index].parameter,body),
_raw.op(),_raw.id(),
new Scope((Parameter)qualifiers[index].parameter.typedCopy(),
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qualifiers[index+1].expression));
}

else
{
body = _translate(qualifiers,index+1);

if (qualifiers[index].parameter == null)
return new IfThenElse(qualifiers[index].expression,body,_raw.id());

if (qualifiers[index].selectors != null)
return _selectorExpression(qualifiers[index],null,body);

hom = new Homomorphism(qualifiers[index].expression,
new Scope(qualifiers[index].parameter,body),
_raw.op(),_raw.id());

}

if (qualifiers[index].slicings != null)
hom.setSlicings(qualifiers[index].slicings);

if (_raw.inPlace == Homomorphism.ENABLED_IN_PLACE)
return hom.enableInPlace();

if (_raw.inPlace == Homomorphism.DISABLED_IN_PLACE)
return hom.disableInPlace();

return hom;
}

This returnsa Let wrappingan IfThenElse as the transformedexpressionresultingfrom a
(possiblyfiltered)generatorthat containsat leastoneselectorexpression.More precisely, if the
generatoris of theform:

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

andthebodyof translatingtheremainingqualifiersis body, thentheresultingselectorexpression
is:

let x = v1
in if x is_in e

and x == v2 and ... and x == vn
and s1 and ... and sm
and f

then body
else id

whereeachslicinghasits slicing variableunsanitizedfrom adummylocalbackto adummy.
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private final Expression _selectorExpression (Qualifier generator, Expression filter,
Expression body)

{
Expression condition = new Application(_tables.in(),

new Dummy(generator.parameter),
generator.expression);

for (int i=1; i<generator.selectors.size(); i++)
condition = new And(condition,

(Expression)generator.selectors.get(i));

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

((Application)generator.slicings.get(i)).undoDummyLocal());

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

return new Let(generator.parameter,
((Application)generator.selectors.get(0)).argument(1),
new IfThenElse(condition,body,_raw.id()));

}

public final void setCheckedType ()
{

if (setCheckedTypeLocked()) return;
_construct.setCheckedType();
setCheckedType(_construct.checkedType());

}

public final void typeCheck (TypeChecker typeChecker) throws TypingErrorException
{

if (typeCheckLocked()) return;

if (!(_construct instanceof Let))
{
_construct.typeCheck(_type,typeChecker);
return;

}

Let let = (Let)_construct;
let.setType(_type);

Scope scope = (Scope)let.function();
typeChecker.unify(scope.parameter(0).typeRef(),operation().typeRef(),this);
typeChecker.unify(scope.parameter(1).typeRef(),identity().typeRef(),this);
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Expression operation = let.argument(0);
Expression identity = let.argument(1);

Type[] argumentTypes = { operation.typeRef(), identity.typeRef() };
FunctionType functionType = new FunctionType(argumentTypes,let.typeRef()).setNoCurrying();

identity.typeCheck(typeChecker);
let.function().typeCheck(functionType,typeChecker);
operation.typeCheck(functionType.domains()[0],typeChecker);

}

public final void compile (Compiler compiler)
{

if (_construct instanceof Let) _fixTypeBoxing();
_construct.compile(compiler);

}

This fixesthe boxing of the monoidoperatorandidentity by systematicallyunboxingall occur-
rencesof thecollectionelementtype.Thisisnecessarybecausecollection-buildingbuilt-in dummy
instructionslike SET ADD have a needlesslypolymorphic type that becomesinstantiatedonly
whenit is applied.However, a monoidcomprehensionconstructis aLet 3.3.12thatabstractsthe
monoidoperationandidentity. Now, whentheoperationisSET ADD, for example,asthecompiler
compilestheapplicationcorrespondingto the”Let,” it seesit asanon-appliedfunctionargument
with apolymorphictypeandwill proceedto ”pad” it (seeExpression ??. This ”padding”must
beavoided,aswell asall boxingof thetypescorrespondingto theelementsof thecollection.

private final void _fixTypeBoxing ()
{

Let let = (Let)_construct;

FunctionType potype = (FunctionType)((FunctionType)let.function().checkedType()).domain(0);
FunctionType otype = (FunctionType)let.argument(0).checkedType();
Type itype = let.argument(1).checkedType();

if (itype.kind() == Type.BOXABLE)
((BoxableTypeConstant)itype).setBoxed(false);

if (otype.domain(0).kind() == Type.BOXABLE)
{
((BoxableTypeConstant)otype.domain(0)).setBoxed(false);
otype.unsetDomainBox(0);

((BoxableTypeConstant)potype.domain(0)).setBoxed(false);
potype.unsetDomainBox(0);
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if (otype.domain(0).isEqualTo(otype.domain(1))) // primitive comprehension
{
((BoxableTypeConstant)otype.domain(1)).setBoxed(false);
otype.unsetDomainBox(1);

((BoxableTypeConstant)potype.domain(1)).setBoxed(false);
potype.unsetDomainBox(1);

((BoxableTypeConstant)otype.range()).setBoxed(false);
otype.unsetRangeBox();

((BoxableTypeConstant)potype.range()).setBoxed(false);
potype.unsetRangeBox();

}
}

}

public final String toString ()
{

return _raw == null ? _construct.toString() : _raw.toString();
}

public final String toTypedString ()
{

return _raw == null ? _construct.toString() : _raw.toString() + " : " +
checkedType() == null ? type().toString() : checkedType().toString();

}

private class RawInfo
{

Expression operation;
Expression identity;
Expression expression;
AbstractList patterns;
AbstractList expressions;
byte inPlace;

boolean isDesugared;

RawInfo (Expression operation, Expression identity, Expression expression,
AbstractList patterns, AbstractList expressions, byte inPlace)

{
this.expression = expression;
this.operation = operation;
this.identity = identity;
this.patterns = patterns;
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this.expressions = 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(expression)

.append(" | ");

for (int i=0; i<patterns.size(); i++)
{
Object 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 IndexedExpression
{

int index = -1;
Expression expression;

IndexedExpression (Expression expression)
{
this.expression = expression;

}
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IndexedExpression (int index, Expression expression)
{
this.index = index;
this.expression = expression;

}

public final String toString ()
{
return expression + "/" + index;

}
}

private class Qualifier
{

Parameter parameter;
Expression expression;
ArrayList slicings;
ArrayList selectors;

Qualifier (Parameter parameter, Expression expression)
{
this.parameter = parameter;
this.expression = expression;

}

final boolean isGenerator ()
{
return parameter != null;

}

final boolean isSlicing (Parameter parameter)
{
return expression.isSlicing(tables(),parameter);

}

final void addSlicing (Expression slicing)
{
if (slicings == null)

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

}

final boolean isSelector (Parameter parameter)
{
return expression.isSelector(tables(),parameter);

}

final void addSelector (Expression selector)
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{
if (selectors == null)

selectors = new ArrayList();
selectors.add(selector);

}

public final String toString ()
{
if (parameter == null)

return expression.toString();

return parameter + " <- " + expression +
(selectors == null ? "" : " selected by " + selectors) +
(slicings == null ? "" : " sliced by " + slicings);

}
}

}
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Chapter 4

The type language

4.1 Overview

Wefirst definesomebasicterminologyregardingthetypesystemandoperationson types.

4.1.1 Polymorphism

Here, by “polymorphism,” we meanML-polymorphism(i.e., a nd-order universal)—witha few
differencesthatwill beexplainedalongtheway—inotherwords,typespresentedwith agrammar
suchas:

E 	 K Type rwr @ SimpleType 3 TypeSchemeE a K SimpleType rwr @ BasicType 3 FunctionType 3 TypeParameterE`x K BasicType rwr @ y  ^$ 3 z N�{!R 3 | '}' R~N�{  3 . . .E�� K FunctionType rwr @ � ;(��� � 2 �.� �V2 � � ;(��� � 2 ��� �V2En� K TypeParameter rwr @ � 3 � � 3 . . . 3 � 3 � � 3 . . .E`� K TypeScheme rwr @ � TypeParameter7 Type

thatensuresthatuniversaltypequantifiersoccuronly at theoutsetof apolymorphictype.1

1Or morepreciselythat � never occursnestedinsidea function typearrow � . This apparentlyinnocuousdetail
ensuresdecidabilityof type inference. BTW, the � nd ordercomesfrom the fact that the quantifierappliesto type
parameters(asopposedto � storder, if it hadappliedto valueparameters).Theuniversalcomesfrom � , of course.
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4.1.2 Multiple TypeOverloading

This is alsooften calledad hoc polymorphism.Whenenabled(the default), this allows a same
identifierto haveseveralunrelatedtypes.Generally, it is restrictedto nameswith functionaltypes.
However, sincefunctionsarefirst-classcitizens,this restrictionmakesno sense,andthereforethe
default is to enablemultiple typeoverloadingfor all types.

Notethatthereis noestablishedtechnologythatprevailsfor supportingbothML-polymorphictype
inferenceandmultiple typeoverloading.Here(andin severalotherpartsof this overall design)I
havehadto innovateandput to usetechniquesfrom (Constraint)Logic Programmingto beableto
prove thecombinationof typessupportableby this architecture.

4.1.3 Currying

Curryingis anoperationthatexploits thefollowing mathematicalisomorphismof types:2� � � � � � � � � � � ÿ � � � � � � � (4.1)

whichcanbegeneralizedto its multiple form:� ü �
7
7�7�� � 8 � � � � ü �
7�7
7�� ��� � ÿ �0�p� ü �
7
7
7�� � 8 � ��� � @ 	}�
7�7
7��p]���	 (4.2)

Whenfunctioncurryingis enabled,this meansthattype-checking/inferencemustbuild this equa-
tional theoryinto the type unificationrulesin orderto considertypesequalmodulothis isomor-
phism.

4.1.4 Standardizing

As a resultof, e.g., currying, the shapeof a function type may changein the courseof a type-
checking/inferenceprocess.Typecomparisonmaythusbetestedon variousstructurallydifferent,
althoughsyntacticallycongruent,formsof asametype.A typemustthereforeassumeacanonical
form in orderto becompared.This is whatstandardizinga typedoes.

Standardizingis a two-phaseoperationthat first flattensthe domainsof function types,then re-
namesthe typeparameters.The flatteningphasesimply amountsto uncurryingasmuchaspos-
sibleby applyingEquation(4.1) asa rewrite rule, althoughbackwards (i.e., from right to left) as

2For the intrigued readercuriousto know what deepconnectiontheremight be betweenfunctional typesand
Indian cooking,the answeris, “None whatsoever!” The word wascoinedafter Prof. Haskell B. Curry’s last name.
Curry wasoneof the two mathematicians/logicians(alongwith RobertFeys) who conceivedCombinatorLogic and
CombinatorCalculus, andmadeextensiveuseof theisomorphismof Equation(4.1)—hencethefolklore’suseof the
verb to curry—(currying, curryed),—in French:curryfier—(curryfication,curryfié), to meantransforminga function
typeof severalargumentsinto thatof a functionof oneargument.Thehomonymy is oftenamusinglymistakenfor an
exotic way of [un]spicingfunctions.

PAGE 50 OF 85 HASSAN



PROGRAMMING LANGUAGE ARCHITECTURE IncompleteDraft of January14,2003

long asit applies.Thesecondphase(renaming)consistsin makinga consistentcopy of all types
reachablefrom a type’s root.

4.1.5 Copying

Copying a type is simply taking a duplicatetwin of the graphreachablefrom the type’s root.
Sharingof pointerscomingfrom thefactthattypeparametersco-occurarerecordedin aparameter
substitutiontable(in our implementation,simply ajava.util.HashMap) alongtheway, and
thusconsistentpointersharingcanbeeasilymadeeffective.

4.1.6 Equality

Testingfor equalitymustbedonemoduloa parametersubstitutiontable(in our implementation,
simplyajava.util.HashMap) thatrecordspointerequalitiesalongtheway, andthusequality
up to parameterrenamingcanbeeasilymadeeffective.

A tablelessversionof equalityalsoexists for which eachtypeparameteris consideredequalonly
to itself.

4.1.7 Unifying

Unifying two typesis theoperationof filling in missinginformation(i.e., typeparameters)in each
with existing informationfrom theotherby side-effecting (i.e., binding) themissinginformation
(i.e., thetypeparameters)to point to thepartof theexisting informationfrom theothertypethey
shouldbeequalto (i.e., their values).Notethat,like logical variablesin Logic Programming,type
parameterscanbeboundto oneanotherandthusmustbedereferencedto their values.

4.1.8 Boxing/Unboxing

Thekernellanguageis polymorphicallytyped. Therefore,a function expressionthathasa poly-
morphictype mustwork for all instantiationsof this type’s type parametersinto eitherprimitive
unboxed types(e.g., y  ^$ , z N�{!R , etc.) or boxed types. The problemthis posesis: how canwe
compileapolymorphicfunctioninto codethatwouldcorrectlyknow whattheactualruntimesorts
of the function’s runtimeargumentsandreturnedvalueare,before the function type is actually
instantiatedinto a (possiblymonomorphic)type?3 The problemwasaddressedby Xavier Leroy

3Besidescompilingdistinctcopiesfor all possibleruntimesort instantiations(like,e.g., C++ templatefunctions),
nor recompilingeachtime a specificinstantiationis needed.Theformer is not acceptablebecauseits tendsto inflate
the codespaceexplosively. The latter canneitherbeenvisagedbecauseit goesagainsta few (rightfully) sacrosanct
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10 yearsago[5] andheproposeda solution.4 Leroy’s methodis basedon theuseof typeanno-
tationthatenablesa source-to-sourcetransformation.This sourcetransformationis theautomatic
generationof wrappersandunwrappers for boxingandunboxingexpressionswhenevernecessary.
After that,compilingthetransformedsourceasusualwill beguaranteedto becorrectonall types.

I adaptedandimprovedthemainideafrom Leroy’ssolutionsothat:� thetypeannotationandrulesaregreatlysimplified;� nosource-to-sourcetransformationis needed;� un/wrappersgenerationis doneatcode-generationtime.

Thissavesagreatamountof spaceandtime.

4.2 The type system

The typesystemconsistsof two complementaryparts: a staticanda dynamicpart.5 The former
takescareof verifying all typeconstraintsthatarestaticallydecidable(i.e., beforeactuallyrunning
theprogram).Thelatterpertainsto typeconstraintsthatmustwait until executiontime to decide
whetherthose(involving runtimevalues)maybedecided.This is calleddynamictype-checking
andis bestseen(andconceived)asan incrementalextensionof thestaticpart.

A type is eithera static type, or a dynamictype. A static type is a type that is checked before
runtimeby thetype-checker. A dynamictypeis awrapperarounda typethatmayneedadditional
runtimeinformationin orderto befully verified.Its staticpartmustbe(andis!) checkedstatically
by thestatictypechecker, but thecompilermaycompletethisby issuingruntimetestsatadequate
placesin thecodeit generates;namely, when:� bindingabstractionparametersof this typein anapplication,or� assigningto localandglobalvariableof this type,or� updatinganarrayslot,a tuplecomponent,or anobject’sfield, of this type.

Therearetwo kindsof dynamictypes:� Extensionaltypes—definedwith explicit extensions(eitherstaticallyprovided or dynami-
cally computedruntimevalues):

principleslikeseparatecompilationandabstractlibrary interfacing—imaginghaving to recompilecodefrom alibrary
everytimeyou wantto useit!

4This solutionis theoneimplementedin theCAML compiler[6].
5See Appendix Section B.2 on Page 82 for the complete class hierarchy of types in the package

ilog.language.design.types.
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– Setextensiontype;

– Int rangeextensiontype(closeinterval of ints);

– Realrangeextensiontype(closeinterval of reals).

A specialkind of setof int type is usedto defineenumerationtypes(from actualsymbol
sets)throughopaquetypedefinitions.� Intensionaltypes—definedusingany runtimebooleanconditionto be checked at runtime,
callsto whicharetestsgeneratedstatically;e.g.non-negativenumbers(i.e.,int+,float+).

4.3 Static types

Thestatictypesystem...

4.3.1 Primiti ve types

Boxabletypes� � ')&��� y  !$� z N�{!R� � CO{)�� | '}' R~N�{  
Boxedtypes

Built-in typeconstants(e.g., ��$ � &� :� ).
4.3.2 Typeconstructors

Function types

Tuple types

Positiontupletypes

Namedtupletypes
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Array types

f -basedint-indexedarrays

Int range-indexedarrays

Set-indexedarrays

Multidimensionalarrays

Collection types

Set,bag,andlist types

Classtypes

This is the type of object structures. It declaresan interface(or membertype signature)for a
classof objectsandthememberscomprisingits structure.It holdsinformationfor compilingfield
accessandupdate,andenablesspecifyingan implementationfor methodsmanipulatingobjectsof
this type.

A classimplementationusestheinformationdeclaredin its interface.It is interpretedasfollows:
only non-methodmembers—hereaftercalledfields—correspondto actualslotsin anobjectstruc-
turethatis aninstanceof theclassandthusmaybeupdated.On theotherhand,all members(i.e.,
bothfieldsandmethodmembers)aredefinedasglobal functionswhosefirst argumentstandsfor
theobjectitself (thatmaybereferredto as‘ $ C & S ’).
Thesyntaxweshallusefor aclassdefinitionis of theform:

" R {�S
S classname 1 interface 9 [ 1 implementation 9 ] (4.3)

The interfaceblock specifiesthetypesignaturesof themembers (fieldsandmethods) of theclass
andpossiblyinitial valuesfor fields.The implementationblock is optionalandgivesthedefinition
of (someor all of) themethods.

For example,onecandeclareaclassto representasimplecounterasfollows:

" R {�S
S Counter 1 value r y  !$ @ 	}¡D N $ C '
� set r y  ^$¢� Counter ¡91 set ÿ value r y  ^$ � r Counter @ ÿ $ C & S 7 value @ value
� ¡9

(4.4)

Thefirst block specifiesthe interfacefor theclasstypeCounter definingtwo members:a field
value of type y  !$ anda methodset takinganargumentof type y  !$ andreturningaCounter
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object. It alsospecifiesan initialization expression( 	 ) for thevalue field. Specifyinga field’s
initialization is optional—whenmissing,thefield will beinitialized to a null valueof appropriate
type: f for an y  !$ , f^7£f for a z N�{!R , � {!R S!N for a | '}' R~N�{  , � ¤}f}f}f�� for a � C:{)� , "" for a ��$ � &� :� , ¥!')&w� for� '
&�� ,6 and  :� R�R ¦ for any othertype

�
. Theimplementationblock for theCounter classdefines

thebodyof theset method.Note thata method’s implementationcanalsobegivenoutsidethe
classdeclarationasafunctionwhosefirst argument’stypeis theclass.For example,wecouldhave
definedtheset methodof theclassCounter as:

� N � Counter rwr set ÿ x r Counter � n r y  !$ � r Counter @ ÿ x 7 value @ n
� ¡ (4.5)

On theotherhand,althoughafield is alsosemanticallya functionwhosefirst argument’s typeis a
class,it maynot bedefinedoutsideits class.Defininga declaredfield outsidea classdeclaration
causesanerror. This is becausethecodeof a field is alwaysfixedanddefinedto returnthevalue
of anobject’s slot correspondingto thefield. Notehowever thatonemaydefinea unaryfunction
whoseargumentis aclasstypeoutsidethisclasswhenit is notadeclaredfield for thisclass.It will
beunderstoodasamethodfor theclass(eventhoughit takesnoextraargumentandmaybeinvoked
in ”dot notation”without parenthesesasa field is) andthusactasa ”static field” for theclass.Of
coursefield updatesusingdot notationwill not beallowedon thesepseudofields. However, they
(like any globalvariable)maybe(re)setusinga global (re)definitionat the top level, or a nested
globalassignment.

Note alsothat a field may be functionalwithout beinga method—theessentialdifferencebeing
thatafield is partof thestructureof everyobjectinstanceof aclassandthusmaybeupdatedwithin
anobjectinstance,while a methodis commonto all instancesof a classandmaynot beupdated
within aparticularinstance,but only globally for all theclass’instances.

Thus,everytimeaCounter objectis createdwith  N¨§ , asin, for example:

c @  N¨§ Counter ¡ (4.6)

thevalue 	 will beusedto initialize theslot thatcorrespondsto the locationof thevalue field.
Then,field andmethodinvocationcanbedoneusingthefamiliar ”dot notation”;e.g.:

c 7 set ÿ c 7 value © a � ¡
write ÿ c 7 value � ¡ (4.7)

Thiswill setc’svalue field to x andprint out this value.Thiscodeis exactlyequivalentto:

Counter rªr set ÿ c � Counter rwr value ÿ Counter rwr c � © a � ¡
write ÿ Counter rwr value ÿ Counter rªr c �¨� ¡ (4.8)

6Strictly speaking,a field of type «.¬¨H® is uselesssinceit canonly have theuniquevalueof this type(i.e., ¯�¬¨£® ).
Thus,a ¯�¬TH® field shouldarguablybedisallowed.On theotherhand,allowing it is not semanticallyunsoundandmay
betoleratedfor thesake of uniformity.
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Indeed,field andmethodinvocationsimply amountsto functionalapplication.Thisschemeoffers
the advantagethatan object’s fields andmethodsmaybe manipulatedasfunctions(i.e., asfirst-
classcitizens)andno additionalsetupis neededfor type-checkingand/ortype inferencewhenit
comesto objects.

Incidentally, someor all typeinformationmaybeomittedwhile specifyinga class’s implementa-
tion (thoughnot its interface) aslong asnon-ambiguoustypesmaybeinferred. Thus,the imple-
mentationblock for classCounter in classdefinition(4.4)couldbewrittenmoresimply as:

1 set ÿ n � @ ÿ value @ n
� ¡ 9 (4.9)

Declaringaclasstypeanddefiningits implementationcausesthefollowing:

� thenameof theclassis enteredwith anew typefor it in thetypetable(anobjectcomprising
symboltables,of typeilog.language.design.types.Tables, whereits typedef-
inition associatesit with aClassType whoseclassstructureis encapsulatedby anobject
of typeilog.language.design.types.ClassInfo wherecodeentriesfor all its
members’typesarerecorded;� eachfield of adistincttypeis assignedanoffsetin anarrayof slots(persort);� eachmethodandfield expressionis name-sanitized,type-checked,andsort-sanitizedafter
closingit into anabstractiontaking $ C & S asfirst argument;� eachmethoddefinitionis thencompiledinto a globaldefinition,andeachfield is compiled
into aglobalfunctioncorrespondingto accessingits valuefrom theappropriateoffset;� finally, eachfield’s initialization expressionis compiledandrecordedin theClassType
to be usedat objectcreationtime. An objectmay be createdat run-time(using the  N¨§
operatorfollowedby aclassname).

4.3.3 Polymorphic types

4.4 Typedefinitions

Beforewe review dynamictypes,we shalldescribehow onecandefinenew typesusingexisting
types. Type definitionsareprovided both for convenienceof makingprogramsmorelegible by
giving “logical” names(or terms)to otherwiseverbosetypes,andthatof hidinginformationdetails
of a typemakingit actasa new typealtogether. Theformerfacility is thatof providing aliasesto
types(exactly likeapreprocessor’smacrosgetexpandedright away into their textualequivalents),
while the latteroffers theconvenienceof definingnew typesin termsof existing ones,but hiding
this information. It follows from this distinctionthata typealiasis alwaysstructurallyequivalent
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to its value(in factanaliasdisappearsassoonasit is readin, beingparsedaway into thestructure
definingit). By contrast,a definedtype is never structurallyequivalentto its valuenor any other
type—it is only equivalentto itself. To enablemeaningfulcomputationwith a definedtype, two
meta-(de/con)structorsare thusprovided: onefor explicitly castinga definedtype into the type
thatdefinesit, andoneexplicitly seeinga typeasa specifieddefinedtype(if sucha definedtype
doesexist andwith this typeasdefinition).

Theclassilog.language.design.types.Tables containsthesymboltablesfor global
namesandtypes.Thenamespacesof theidentifiersdenotingtypeandnon-type(globalor local)
names(which arekept in the global symbol table)aredisjoint—sothereareno nameconflicts
betweentypesandnon-typeidentifiers.

ThetypeTable variablecontainsthe namingtablefor typesandthesymbolTable variable
containsthenamingtablefor other(non-type)globalnames.

This sectionwill unfold all the type-relateddata-structuresstartingfrom the classthat manages
symbols:ilog.language.design.types.Tables. Thenamescanbethoseof typesand
values.They areglobalnames.7 Thetypenamespaceis independentof thevaluenamespace—i.e.,
thesamenamecandenoteavalueanda type.

4.4.1 Typealiasing

4.4.2 Typehiding

4.5 Dynamic types

Dynamictypesareto bechecked, if possiblestatically(at leasttheir staticpart is), at leastin two
particularplacesof anexpression.Namely,

� at assignment/updatetime; and,� at (function)parameter-bindingtime.

Thiswill ensurethattheactualvalueplacesin theslot expectingacertaintypedoesrespectsaddi-
tionnalconstraintsthatmayonly beverifiedwith someruntimevalues.Generally, dynamictypes
areso-calleddependenttypes(suchas,e.g., array of size ÿ ] � , a “safe” arraytypedepending
on thearraysizethatmaybeonly computedat runtime—i.e., à la Javaarrays.).

Fromthis, we requirethata classimplementingtheDynamicType interfaceprovidesa method
public boolean verifyCondition() that is invokedsystematicallyby codegenerated

7At themoment,thereis no namequalificationor namespacemanagement.Whenthis serviceis provided,it will
alsobethroughtheilog.language.design.types.Tables class.
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for dynamicallytyped function parametersand for locationsthat are the target of updates(i.e,
arrayslotupdate,objectfield update,tuplefield update)atcompilationof abstractionsandvarious
assignmentconstructs.Of this class,threesubclassesderive their properties:� extensionaltypes;� Boolean-assertiontypes;� non-negativenumbertypes.

Weshallconsiderhereafew suchdynamictypes(motivatedesssentiallyby theneedexpressedfor
OPL, andhenceNGO, types).Namely,� extensionaltypes;� intensionaltypes(e.g., non-negativenumbers)

An extensionaltype is a typewhoseelementsaredeterminedto bemembersof a predetermined
andfixedextension(i.e., any runtimevaluethatdenotesa collection—suchasa set,an int range,
a float range,or an enumeration). Suchtypesposethe additionalproblemof being usableat
compile-timeto restrictthedomainsof othervariables.However, someof thosevariables’values
mayonly fully bedeterminedat runtime.Theseparticulardynamictypeshave thereforea simple
verifyCondition() methodthat is automaticallyrun assoonastheextensionis known. It
just verifiesthattheelementis abonafidememberof theextension),otherwiseit reliesonamore
complicatedschemebasedon thenotionof contract. Basically, a contract-basedtypeis anexten-
sionaltypethatdoesnothaveanextension(asyet)but alreadycarriestheobligationthatsomepar-
ticular individual constantsbepartof their extensions.Thoseelementsconsitute“contracts”that
mustbe honoredassoonasthe type’s extensionbecomesknown (eitherpositively—eliminating
thecontract,or negatively—causinga typeerror).

4.5.1 Extensionaltypes

Settypes

Int rangetypes

Floatrangetypes

Enumtypes

4.5.2 Intensional types

Example: non-negative numbers

Definenew (opaque)typesNat asadynamicallyconstrainedy  ^$ type...
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Chapter 5

The intermediate language

Thecompletelist of instructionsthatarecurrentlydefinedis asfollows.

5.1 Do-nothing instruction

1. NO OP

5.2 Pushinstructions

1. PUSH I

2. PUSH O

3. PUSH R

4. PUSH OFFSET I

5. PUSH OFFSET O

6. PUSH OFFSET R

7. PUSH TUPLE

8. PUSH SET I

9. PUSH SET R

10. PUSH SET O

11. PUSH INT RNG

12. PUSH REAL RNG
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13. PUSH CLOSURE

14. PUSH NEW OBJECT

5.3 Subroutine instructions

1. APPLY

2. APPLY HOM I

3. APPLY HOM R

4. APPLY HOM O

5. APPLY IP HOM I

6. APPLY IP HOM R

7. APPLY IP HOM O

8. APPLY COLL I

9. APPLY COLL R

10. APPLY COLL O

11. APPLY COLL HOM I

12. APPLY COLL HOM R

13. APPLY COLL HOM O

14. APPLY IP COLL HOM I

15. APPLY IP COLL HOM R

16. APPLY IP COLL HOM O

17. CALL

18. END

19. RETURN I

20. RETURN R

21. RETURN O

22. NL RETURN I

23. NL RETURN R

24. NL RETURN O
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5.4 Pop instructions

1. POP I

2. POP O

3. POP R

5.5 Relocatableinstructions

1. JUMP

2. JUMP ON FALSE

3. JUMP ON TRUE

5.6 Conversion instructions

1. I TO O

2. I TO R

3. O TO I

4. O TO R

5. R TO I

6. R TO O

7. ARRAY TO MAP I

8. ARRAY TO MAP R

9. ARRAY TO MAP O

10. MAP TO ARRAY O

11. CHECK ARRAY SIZE

12. RECONCILE INDEXABLES

13. ARRAY INITIALIZE

14. SHUFFLE MAP I

15. 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

1. GET TUPLE I

2. GET TUPLE R

3. GET TUPLE O

4. SET TUPLE I

5. SET TUPLE R

6. SET TUPLE O

5.9 Array/Map allocation instructions

1. PUSH ARRAY I

2. PUSH ARRAY R

3. PUSH ARRAY O

4. PUSH MAP I

5. PUSH MAP R

6. PUSH MAP O

7. MAKE ARRAY I

8. MAKE ARRAY R

9. MAKE ARRAY O

10. MAKE MAP I

11. MAKE MAP R

12. MAKE MAP O
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13. FILL ARRAY IA

14. FILL ARRAY IM

15. FILL ARRAY OA

16. FILL ARRAY OM

17. FILL ARRAY RA

18. FILL ARRAY RM

19. FILL MAP IA

20. FILL MAP IM

21. FILL MAP OA

22. FILL MAP OM

23. FILL MAP RA

24. FILL MAP RM

5.10 Array/Map slot instructions

1. GET ARRAY I

2. GET INT INDEXED MAP I

3. GET INT INDEXED MAP O

4. GET INT INDEXED MAP R

5. GET MAP I

6. GET ARRAY O

7. GET MAP O

8. GET ARRAY R

9. GET MAP R

10. SET ARRAY I

11. SET INT INDEXED MAP I

12. SET INT INDEXED MAP O

13. SET INT INDEXED MAP R

14. SET MAP I

15. SET ARRAY O
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16. SET MAP O

17. SET ARRAY R

18. SET MAP R

5.11 Field instructions

1. GET FIELD I

2. GET FIELD O

3. GET FIELD R

4. SET FIELD I

5. SET FIELD O

6. SET FIELD R

5.12 Built-in operations

5.12.1 Arithmetic operations

1. ADD II

2. ADD IR

3. ADD RI

4. ADD RR

5. SUB II

6. SUB IR

7. SUB RI

8. SUB RR

9. MINUS I

10. MINUS R

11. MUL II

12. MUL IR

13. MUL RI
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14. MUL RR

15. DIV II

16. DIV IR

17. DIV RI

18. DIV RR

19. MODULUS

20. MIN II

21. MIN IR

22. MIN RI

23. MIN RR

24. MAX II

25. MAX IR

26. MAX RI

27. MAX RR

28. ABS I RI

29. ABS R

30. SQRT

31. POWER

5.12.2 Arithmetic relations

1. EQU II

2. EQU OO

3. EQU RR

4. NEQ II

5. NEQ OO

6. NEQ RR

7. GTE II

8. GTE IR

9. GTE RI
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10. GTE RR

11. GRT II

12. GRT IR

13. GRT RI

14. GRT RR

15. LTE II

16. LTE IR

17. LTE RI

18. LTE RR

19. LST II

20. LST IR

21. LST RI

22. LST RR

5.12.3 Booleanoperations

1. NOT

5.12.4 Map and Sizeoperations

1. MAP SIZE

2. ARRAY SIZE

3. INDEXABLE SIZE

4. GET INDEXABLE

5.12.5 Container operations

1. BELONGS I

2. BELONGS O

3. BELONGS R

PAGE 66 OF 85 HASSAN



PROGRAMMING LANGUAGE ARCHITECTURE IncompleteDraft of January14,2003

5.12.6 Setoperations

1. SET COPY

2. MAKE SET I

3. MAKE SET O

4. MAKE SET R

5. SET DIFF

6. SET SYM DIFF

7. INTER

8. UNION

9. D SET DIFF

10. D SET SYM DIFF

11. D INTER

12. D UNION

5.12.7 Setrelations

1. SUBSET

5.12.8 Setelementoperations

1. SET ADD I

2. SET ADD R

3. SET ADD O

4. SET RMV I

5. SET RMV R

6. SET RMV O

7. FIRST I

8. FIRST O

9. FIRST R

10. LAST I

11. LAST O
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12. LAST R

13. NEXT I

14. NEXT C I

15. NEXT O

16. NEXT C O

17. NEXT R

18. NEXT C R

19. ORD I

20. ORD O

21. ORD R

22. PREV I

23. PREV C I

24. PREV O

25. PREV C O

26. PREV R

27. PREV C R

5.12.9 Rangeoperations

1. INT RNG UB

2. INT RNG LB

3. REAL RNG UB

4. REAL RNG LB

5.12.10 String operations

1. STRCON

5.12.11 I/O operations

1. WRITE I

2. WRITE O

3. WRITE R
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5.13 Dummy instructions

1. DUMMY EQU

2. DUMMY NEQ

3. DUMMY AND

4. DUMMY OR

5. DUMMY STRCON

6. DUMMY WRITE

7. DUMMY SIZE

8. DUMMY SET ADD

9. DUMMY SET RMV

10. DUMMY BELONGS

11. DUMMY ORD

12. DUMMY FIRST

13. DUMMY LAST

14. DUMMY NEXT

15. DUMMY NEXT C

16. DUMMY PREV

17. DUMMY PREV C
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Chapter 6

The backendsystem

6.1 The runtime system

Thisis theclassdefiningaruntimeobject.Suchanobjectservesasthecommonexecutionenviron-
mentcontext sharedby Instructions beingexecuted.It encapsulatesa stateof comptutation
thatis effectedby eachinstructionasit is executedin its context.

A Runtime objectconsistsof attributesandstructuresthattogetherdefineastateof computation,
andmethodsthat are usedby instructionsto effect this stateas they are executed. Thus,each
instructionclassdefinesanexecute(Runtime) methodthatspecifiesits operationalsemantics
asastatetransformationof its givenruntimecontext.

Initiating executionof a Runtime objectconsistsof settingits codearrayto a giveninstruction
sequence,settingits instructionpointer ip to its code’s first instructionandrepeatedlycalling
execute(this) on whatever instructionis currentlyat addressip in thecurrentcodearray.
The final stateis reachedwhena flag indicatingthat it is so is set to true. Eachinstructionis
responsiblefor appropriatelysettingthenext stateaccordingto its semantics,includingsaving and
restoringstates,and(re)settingthecodearrayandthevariousruntimeregisterspointing into the
state’sstructures.

Runtimestatesencapsulatedby objectsin this classareessentiallythoseof a stackautomaton,
specificallyconceivedto supportthecomputationsof ahigher-orderfunctionallanguagewith lex-
ical closures—i.e., a G -calculusmachine—extendedto supportadditionalfeatures—e.g., assign-
mentside-effects,objects,automaticcurrying.. . As suchit may viewedasan optimizedvariant
of PeterLandin’s SECDmachine[4]—in the samespirit asLuca Cardelli’s FunctionalAbstract
Machine(FAM) [1], althoughour designis quite different from Cardelli’s in its structureand
operations.

Becausethis is a Java implementation,in orderto avoid the spaceandperformanceoverheadof

71



IncompleteDraft of January14,2003 ABSTRACT AND REUSABLE

beingconfinedto boxedvaluesfor primitivetypecomputations,threeconcurrentsetsof structures
are maintained:in addition to thoseneededfor boxed (Java object) values,two extra onesare
usedto supportunboxed integer andfloating-pointvalues,respectively. The runtimeoperations
performedby instructionsonaRuntime objectareguaranteedto betype-safein thateachstateis
alwayssuchasit mustbeexpectedfor thecorrectaccessingandsettingof values.Suchaguarantee
mustbe(andis!) providedby theTypeChecker andtheSanitizer, which ascertainall the
conditionsthatmustbemetprior to having aCompiler proceedto generatinginstructionswhich
will safelyact on the appropriatestacksandenvironmentsof the correctsort (integer, floating-
point,or object).

6.2 The runtime objects

6.3 The display manager

6.4 The error manager
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Chapter 7

A full example—HAK LL

Thischapterdetailsthedesignof aconcretelanguagefromscratch.Wecall thislanguageHAK LL—
presumablyto mean,somewhatpresumptuously:HassanAı̈t-Kaci’sLittle Language.1

HAK LL is afully-workingprototypelanguagewhoseessentialgoalis to illustrateanddemonstrate
ourarchitecture:theexpressivepowerof thekernellanguageandtheworkingsof its type-checker,
compiler, andruntimesystems.It is an imperative functionallanguagewith objects,wherefunc-
tions are first-classcitizens. HAK LL hasa surfacesyntaxfor an interactive languagethat can
definetop-level constructsandevaluateexpressions.It supports2nd-order(ML-lik e) type poly-
morphism,automaticcurrying,multiple typeoverloading,dynamicoperatoroverloading,aswell
asflat classesandobjects(i.e., nosubtypingnor inheritance—yet).

1... andpronounced“hackle”—not to be confusedwith an otherwiseknown programminglanguageof greater
notorietyandwhosenameis thefirst nameof Prof.Haskell B. Curry.
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Chapter 8

Conclusion
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Appendix A

A word on traceability

A.1 Relating concreteand abstract syntax

Error traceability...

A.1.1 Syntaxerrors

A.1.2 Static Semanticserrors

Typing errors

Other Static Semanticserrors

A.1.3 Dynamic Semanticserrors

Runtime errors

Java errors

A.2 Displaying and reading

... in concrete/abstractsyntax.
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A.2.1 Displaying

A.2.2 Reading

A.2.3 Concretizing abstract syntaxdown

... with writing tables.

A.2.4 Abstracting concretesyntaxaway

... with readingtables.

PAGE 78 OF 85 HASSAN



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 CompleteTypeSystem

Classhierarchy of typesin the package
ilog.language.design.types
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B.2.1 The type prover

B.3 Structur eof the TypeChecker

An objectof theclassilog.language.design.types.TypeChecker is a backtracking
prover thatestablishesvariouskindsof goals. Themostcommongoalkind establishedby a type
checker is a typinggoal—but thereareothers.

A TypingGoal object is a pair consistingof an expressionanda type. Proving a typing goal
amountsto unifying its expressioncomponent’s type with its type component.Suchgoalsare
spawnedby thetypecheckingmethodof expressionsaspertheir typecheckingrules.Someglob-
ally definedsymbolshaving multiple types,it is necessaryto keepchoicesof theseandbacktrack
to alternativetypesuponfailure.Thus,aTypeChecker objectmaintainsall thenecessarystruc-
turesfor undoingtheeffectsthathappenedsincethelastchoicepoint. Theseeffectsare:

1. typevariablebinding,

2. functiontypecurrying,

3. applicationexpressioncurrying.

In addition,it is alsonecessaryto rememberall Goal objectsthatwereprovensincethelastchoice
point in orderto prove themanew uponbacktrackingto an alternative choice. This is necessary
becausethe goalsarespawnedby calls to thetypeCheck methodof expressionsthat may be
exited long beforea failure occurs. Then,all the original typing goalsthat werespawnedin the
meantime sincethecurrentchoicepoint’s goalmustbe reestablished.In orderfor this to work,
any choicepointsthatwereassociatedto theseoriginal goalsmustalsobe recovered. To enable
this,whena choicepoint is createdfor aGlobal symbol,choicesarelinkedin thereverseorder
(i.e., endingin theoriginal goal)to enablereinstatingall choicesthatweretried for this goal.

In orderto coordinatetypeproving, a typechecker objectis passedto all typecheckingandunifi-
cationmethodsasanargumentin orderto recordany effect in theappropriatetrail.

To recapitulate,thestructuresof aTypeChecker objectare:

� agoal stack containinggoalobjects(e.g., TypingGoal) thatareyet to beproven;� abindingtrail stack containingtypevariablesandboxingmasksto resetto ”unbound”upon
backtracking;� a functiontypecurrying trail containing4-tuplesof the form (function type, previous do-
mains,previousrange,previousboxingmask)for resettingthefunctiontypeto therecorded
domains,range,andmaskuponbacktracking;
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� anapplicationcurrying trail containingtriplesof theform (applicationtype,previousfunc-
tion,previousarguments)for resettingtheapplicationto therecordedfunctionandarguments
uponbacktracking;� a goal trail containingTypingGoal objectsthat have beenproven sincethe last choice
point,andmustbereprovenuponbacktracking;� achoice-pointstack whoseentriesconsistsof:

– aqueueof TypingGoalEntry objectswherefromto constructsnew TypingGoal
objectsto try uponfailure;

– pointersto all trailsup to which to undoeffects.

B.3.1 The type constructs

B.3.2 Defining new types

B.4 The BasicInstruction Set

B.5 The CompleteBackend

B.5.1 The Runtime class

B.5.2 The RuntimeObject class

B.5.3 The DisplayManager class

B.5.4 The ErrorManager class
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1́:µ�¶(¶ is a java-basedsoftwarethat generatesa LALR(1) parsingautomatonfrom a familiar yacc-like action-
annotatedcontext-free grammar. it providesseveral usefulextensionsto yacc’s parsingcapabilities(e.g., dynamic
operatordefinitionsà la PROLOG, non-terminalsubclassing,etc.., . . . ). ´:µ�¶(¶ is thepropertyof ILOG but is not partof
thesoftwareproductssoldand/ormaintainedby ILOG—it is not this author’s interestto commercializé:µ�¶(¶ (at least
not in theimmediatefutureandin its currentstate),but uponspecificrequest,andon a per-casebasis,compiledjava
classes(notsources)for ´:µ�¶(¶ maybemadeavailableonan“as is” basisif it is worth ILOG’sandthisauthor’s timeto
do so.
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