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Preface

Thisguideisadraft. KMT has not yet been released, nor used by the Nonpareil compiler.

Thisis the Users Guideto Version1.0 of KMT, a C library for usein the front endsof
compilerdor staticallytypedobjectorientedorogrammindanguagesKMT managethehierar
chicalnamespacef anobjectorientedanguageandit supplieshemoduleandtypeoperations
neededy modernlanguagesKMT is releasedinderthe GNU GeneraPublicLicense.

KMT is motivatedby a belief thatprogrammerandcompilerwriterswantlanguagesvith
powerful andsafemoduleandtype systemsbut do not have thetime to becometype systems
experts. Socompilerwritersneedo useoff-the-shelftypesystemsn thesamewvaythatthey use
off-the-shelflexing andparsingsystemsiow. KMT aimsto besuchasystem.

Accordinglythisguidedoesnotassumehatitsreaderaretypesystemsxperts. Familiarity
with objecterientedlanguagesincluding genericclassesandfunctions(templatesn C++),is
assumedThetypesystemdookby Pierce[5] is a goodstartingpoint for furtherstudy

KMT is not likely to be usefulin compilersfor existing object-orientedanguagessince
they all have idiosyncratideatureshatKMT doesnot support.(Somefeaturesareunsupported
for very goodreasonsthey conflictwith otherfeaturesonsidereanoreimportant.) However,
languagelesignersvilling to beinfluencedoy whatKMT provideswill find thatthereis enough
hereto supporta very powverful, modernobject-orientedanguagejncluding inheritanceand
import, accesgontrol, overloadingand overriding,userdefinedoperatorsyenamingmultiple
inheritanceand meettypes,genericmodules,classesand functions,function currying, and
inferenceof missingactualgenerigparametersMostfeaturesomewith options allowing mary
choicedor theirdetailedbehaiour, andit is alwayseasyto electnot to usesomefeatures.

KMT waswritten by me betweenAugust2007andJune2008,startingfrom codel wrote
earlierfor thecompilerof my Nonpareillanguagel have sincerewrittenthe Nonpareilcompiler
to useKMT, greatlysimplifying it andproviding athoroughtestof KMT itself.

Therearemary waysto organizetheinclusionof KMT into acompiler Onesimplewayis
to make asubdirectoryf themaincompilerdirectorycalledknt andplacetheKMT sourcdiles
andmalkefile in there. Typemake with no algumentgo compileall the sourcefiles into object
files. Ensureghattheseobjectfilesarelinkedinto themaincompilerbinary, by addingknt / *. o
to thecommandhatdoesthelink. Add somethindike-1 knt tothecompilecommandine
to make thecompilersearchdirectoryknt for includefiles. Thenplace

#i ncl ude "kmt . h"

atthestartof any sourcefilesthatrequireaccesso KMT’ stypesandoperations.

Backward compatibilitywill not bea high priority whenreleasinghew versionsof KMT;
| wantto befreeto changat in thelight of experience.lf youareusingKMT, | would love to
hearfromyou. | amverywilling to discusshangeshatyoumayneedo supportyourlanguage,
andif youcanseeawayto make KMT betterpleasdet meknow.

Jefrey H. Kingston
jeff@it.usyd.edu.au
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Chapter 1. Types

1.1. Introduction

Formally, atypeisaset of allowed values: theinteger typeisthe set of all integers, for example.
However, in practice types are represented by typeexpressionssuch as int for the integer type,
util list[int] for thetypeof listsof integerstaken from autil module, and so on, and these are what
KMT ismainly concerned with.

Most languages contain modul e expressions, type expressions, and term expressions (ordi-
nary expressions). KMT cannot hope to cover all the term expressionsin all the programming
languages of the world (conditional expressions, assignment statements, and so on). Instead, it
offers operations, such as subtype testing, function matching, and retrieval, that the user can call
on when checking term expressions. But type and module expressionsare much lessvaried, and
they are evaluated at compiletime, so KMT takes complete control of those.

Familiar type expressions such as util list[int], which invoke existing modules and classes,
are provided by KMT. What is perhaps less familiar (although standard in the type systems
literature) isthat the definitionsof functions, classes, modules, and so on are also considered to
betype expressions. Infact, the entire program (omitting itsterm expressions, which KMT does
not handle directly) isa single large type expression.

A typein KMT is an object (a pointer to a private struct) of type KMI_TYPE, which in
object-oriented termsisthe abstract superclassof eight concrete subclasses:

Kind of type Typename Syntax(not part of KMT)
Functiontype ~ KMI_FUNCTION_TYPE  fun[X;: Ty, ..., X! T %1 Tiapy <o Xnt Tn)i T
Parametertype KMI_PARAMETER TYPE X

Call type KMI_CALL_TYPE TTy s Td Mgy - Tr)

Rangetype KMTI_RANGE_TYPE T.T

Recod type KMI_RECORD TYPE inherit Ry, ..., Rm{u;: Ty, oo, Unt Ti}
Accessype KMT_ACCESS_TYPE Ru (orjust u)

Meettype KMI_MEET TYPE R; meet ...meet R,

Error type KMI_ERROR_TYPE ?

The syntax isused asan aid in thisguide, and it is defined formally in Section 10.7, but syntax
isnot part of KMT. Instead, type objectsare created by the user by calling KMT functionswhile
parsing whatever syntax the user prefers. Within the syntax, T standsfor atype expression, and
R for atype expression whose value must be a record type.

Each type object containsanimplementatiopointer, or just implementationwhosevaueis
supplied by the user and not used by KMT. It isintended to point to whatever thetype represents
on the user side. For example, a type representing a class would contain an implementation
pointer to the user-side representation of that class, and so on. In some cases, notably type
expressionsin the conventional sense (list[int] and soforth), the only information actually needed
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on the user side may be afile position. Thispointer may be accessed at any time, and al so reset
(although that would be unusual), by calling

voi d *Knt Typel mpl (KMT_TYPE type);
voi d Kmt TypeSet | npl (KMI_TYPE type, void *inpl);

Each concrete kind of type hasitsown version of these two functions.

For each of the eight kinds of typesthere isa chapter of thisguide, explaining it in detail.
Theremainder of thissection isan overview of the most important kinds.

Functiontypeshold theformal parameter listsof functionsand classes. Each formal param-
eter may be either generic (stand for atype) or ordinary (stand for aterm). Generic parameters
allow function typesto represent universal types, in theterminology of theliterature. The syntax
shows generic formal parameters enclosed in brackets followed by ordinary formal parameters
enclosed in parentheses, in the familiar way; but in actual use, each function type has a single
sequenceof formal parameters, each of which may be generic or not independently of the others.
The (optional) type associated with each formal parameter is called its upper constraint. The
concluding type iscompulsory and is called the result type of the function type.

Parameter types invoke the formal parameters of lexically enclosing function types. A
parameter type may appear within the upper constraints of the formal parameters of itsformal
parameter’ sfunction type, providingwhat theliteraturecalls* F-bounded polymorphism’, aswell
aswithin the result type.

Call types are applications of actual parametersto function types. The initial type T (the
head) must evaluateto afunctiontype. Theother typesstand for zero or moreactual parameters,
generic actual parametersin brackets, and ordinary actual parametersin parentheses. (Strictly
speaking, no call type has ordinary actual parameters, but the part of KMT that deals with call
types may also be used to deal with call expressions, which do.) The value of acall typeisthe
result type of itshead, with invocations of the head’'sformal generic parametersreplaced by the
corresponding actual parameters. The actual parameters must satisfy the upper constraints of
the corresponding formal parameters, where present.

Care isneeded in distinguishing between ordinary functions, which KMT does not handle
directly, and function types, which it does. Each ordinary function has an associated function
type. For example, theordinary call sgrt(2) isevaluated at run time and not handled by KMT, but
KMT can evaluate (fun(x: real): real)(int) at compiletime, to check that the ordinary call iswell
typed. Herefun(x: real): real isthetype of the sgrt function (it takesone real-valued parameter
and returnsareal result), and int isthe type of the term expression 2.

Record typesrepresent setsof named things. Thenotation‘u,: T, ..., Uy: T,y standsfor zero
or more componentsof the record, each consisting of aname (astring) and avalue (atype). The
componentscould represent classeswithin amodule, or fieldsand methodswithin aclass, and so
on. Componentsmay optionally beinherited into arecord type from any number of other record
types, asusual in object-oriented languages.

Access types select record components by name; the value of an accesstypeisthe selected
component’s value. Anywhere within the record type itself, its components may be selected
without any preceding ‘R.".

Asan example of these type expressionsin action, consider the class
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classnlist[x] inherit list[X]

head: x
tail: list[x]
end

representing non-empty genericlists. AsaKMT type expression, thisis

{
nlist: fun[x]: inherit list[x] {
head: x
tail : list[X]
}
}

Notice how the class breaks into three pieces: its name, which is a component name in an
enclosing record type; its parameters, which produce a function type; and itsinherit clause and
components, which go into an inner record type which isthe result type of the function type.

Type expressions get evaluated, including checking that they are valid and working out
what they stand for. Continuing the example above, the type expression nlist[int] is eval uated by
evaluating int (whose value isarecord type, not shown), evaluating nlist, whose valueis

fun[x]: inherit list[x] {
head: x
tail: list[X]

}

and then applying int to thisfunction type to get

inherit list[int] {
head: int
tail : list[int]
}

astheresult. Thislast step might seem toinvolve an expensiverecord type copy operation, but in
fact no record typeisever copied. Instead, theresult isrepresented by areferenceto theoriginal
record type, plus some substitutions (in the example, int for X). These substitutions are applied
to anything subsequently extracted from the record type, simulating the expensive full copy.

Two record typesare considered to be equal when they refer to the same original record type
and have equal substitutions. Theliteraturecallsthisnominal typing. Theaternative, structural
typing, would require KMT to make the substitutions and compare the resulting record types
component by component, which ismoreintuitive, but lessefficient. Thetwo approachesdo not
always produce the same result, for several reasons, notably the two given now.

First, record typeswhose original record types were different can be equal using structural
typing, but they are never equal using nominal typing. Thiscan be assimilated into the intuitive
view by imagining that each record type contains an identity, a unique number assigned to it
by the system when it isfirst declared, and copied when it is (notionally) copied, and defining
equality of recordsto include equality of their identities.
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Second, the substitutionstested by nominal typing affect the outcome evenif the parameters
they replace are never used. For example, suppose a second parameter y was added to the nlist
class above, but not used within it. Then nlist[int, int] and nlist[int, real] would be equal using
structural typing, but unequal using nominal typing.

KMT usesnominal typing only for record types; in all other casesit uses structural typing.
For example, two function types are equal if they have the same formal parameters, with equal
upper constraintsand equal result types. Peculiar asit may seem to mix the two kinds of typing
in thisway, all mainstream object-oriented languages do it.

Many issues lurk below the surface of this system. For example, an access type may
occur earlier in a type expression than the component it accesses, so type expressions cannot
be evaluated in a single pass. The type expression list[util] invokes a module where a type is
required, showing that not all type expressionsare acceptablein all contexts. Term expressions,
though not handled directly, need support. Retrieving a component raisesthe familiar issues of
overloading, overriding, and access control. KMT is based on simple, pure principles, but it is
not an ivory-tower system. It tacklesthese issuesand many others, and offers many optionsfor
handling them in detail.

1.2. Upcasting, downcasting, and traver sal

Upcasting and downcasting between KMI_TYPE and its eight concrete subtypes, using C type
casts,isanormal part of using KMT. Theeight subtypesareall represented by pointersto private
structs, each of which beginswith atag field, of type KMI_TAG, defined by

t ypedef enum {
KMT_FUNCTI ON_TYPE_TAG,
KMI_PARAMETER_TYPE_TAG
KMI_CALL_TYPE_TAG,
KMI_RANGE_TYPE_TAG
KMI_RECORD _TYPE_TAG
KMTI_ACCESS_TYPE_TAG
KMI_MEET_TYPE_TAG,
KMI_ERROR_TYPE_TAG
KMTI_TRANSI ENT_TYPE_TAG
KMI_FORNMAL _PARAMVETER _TAG,
KMTI_COVPONENT_TAG,
KMTI_PARENT_TAG

} KMI_TAG

Tag value KMT_TRANSI ENT_TYPE_TAG tags transient types, for which see Section 1.4. The
last three tag values do not tag type objects; they are included because the objectsthey tag share
abstract supertypeswith type objects. For example, KMT_COVPONENT shares abstract supertype
KMT_CONTEXT with KMI_FUNCTI ON_TYPE and KMI_RECORD_TYPE (Section 1.6).

Thetag field of atype object may be retrieved by

KMI_TAG Knt TypeTag( KMI_TYPE type);
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Any tag value may be displayed by
wchar _t *Knt TagShow( KMI_TAG t ag) ;

Typesthemselves may also be displayed (Section 1.7).
One application of downcastingisin traversingatype. The pattern for thisis

voi d Dol t For Type( KMI_TYPE type)

{
switch( KntTypeTag(type) )

{
case KMI_FUNCTI ON_TYPE_TAG

Dol t For Functi onType( ( KMI_FUNCTI ON_TYPE) type);
br eak;

case KMI_PARAMVETER TYPE TAG

Dol t For Par anet er Type( ( KMI_PARAMETER TYPE) type);
br eak;

case KMI_RECORD TYPE_TAG

Dol t For Recor dType( ( KMI_RECORD TYPE) type);
br eak;

case KMI_MEET TYPE_TAG

Dol t For Meet Type( ( KMI_MEET_TYPE) type);
br eak;

case KMI_RANGE_TYPE_TAG

assert ( Knt RangeTypeResol vedTo( ( KMI_RANGE TYPE) type) !'= NULL);
Dol t For Type( Knt RangeTypeResol vedTo( ( KMI_RANGE TYPE) type));
br eak;

case KMI_CALL TYPE TAG
case KMI_ACCESS TYPE TAG
case KMI_ERRCR TYPE TAG
defaul t:

assert (KMI_FALSE) ;

}
}

If traversal isbeing done to generate reflection code, by then each range type should be resolved
(Section 5.4), and must be treated asthe type it isresolved to, as shown. The existence of even
one error type should have caused compilation to end before code generation, and call, access,
and transient types should have been removed by evaluation (Section 1.4); so, although these
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types can be visited like the others, they should not be encountered during code generation.

Although C type castsmay be used safely for upcasting and downcasting, they may be used
for other, unsafe things as well, making them somewhat error-prone. The user may prefer to
avoid C casts atogether by using these operationsfor upcasting:

KMI_TYPE Knt Functi onTypeToType( KMI_FUNCTI ON_TYPE function_type);
KMI_TYPE Knt Par anmet er TypeToType( KMI_PARAMETER_TYPE param type);
KMI_TYPE Knt Cal | TypeToType( KMI_CALL_TYPE cal | _type);

KMI_TYPE Knt RangeTypeToType( KMI_RANGE_TYPE range_type);

KMTI_TYPE Knt Recor dTypeToType( KMI_RECORD TYPE record_type);

KMTI_TYPE Knt AccessTypeToType( KMI_ACCESS TYPE access_type);

KMI_TYPE Knt Meet TypeToType( KMI_MEET_TYPE neet _type);

KMI_TYPE Knt Error TypeToType( KMI_ERROR_TYPE error_type);

KMI_TYPE Knt Tr ansi ent TypeToType( KMI_TRANSI ENT_TYPE transi ent _type);

and these for downcasting:

KMT_FUNCTI ON_TYPE Knt TypeToFuncti onType( KMI_TYPE type);
KMI_PARAMETER TYPE Knt TypeToPar anet er Type( KMI_TYPE type);
KMI_CALL_TYPE Knt TypeToCal | Type( KMI_TYPE type);
KMI_RANGE_TYPE Kt TypeToRangeType( KMI_TYPE type);
KMI_RECORD _TYPE Kmt TypeToRecor dType( KMI_TYPE type);
KMTI_ACCESS_TYPE Kmt TypeToAccessType( KMI_TYPE type);
KMI_MEET_TYPE Knt TypeToMeet Type( KMI_TYPE type);
KMI_ERROR_TYPE Kt TypeToError Type( KMI_TYPE type);
KMTI_TRANSI ENT_TYPE Knt TypeToTr ansi ent Type( KMI_TYPE type);

Each appliesthe appropriate cast, with the downcasting operationsfirst checking that it issafe to
do so, and abortingif not. If Ctype castsare avoided altogether, the result will be adynamically
type-safe program.

1.3. Genusand is typic

KMT takes upon itself thetask of ensuring that type expressions are valid, and so it must have
someway of detecting problemsin expressionssuch aslist[util] and list[sgrt]. Inthese examples,
amodule or function name appears where a type name is expected.

Oneway to rule out list[util] at least isto have a top type (the usual object) for typesand a
top type for modules, and in placeswhere formal parametershave no upper constraints, to insert
one of thesetop types. Then list[util] hasatype error, since util isnot a subtype of object. This
has the advantage of requiring nothing new, but it has disadvantages too: subtype constraints
have to be added everywhere a type occurs, and top types can be very artificial.

Instead, in KMT, all evaluated types except error types have agenus, asmall integer which
classifies the type into a broad category. The user is free to define up to eight genera. Two
obvious ones to have are module and type. A third, type_fn, isuseful for function types, so that
caseslikelist[list], where afunction type appears as a parameter, can be detected as genuserrors.
Each function type, formal parameter, and record type is declared to have a particular genus,
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basedon syntacticcues— class andmodule keywords,andsoon, the otherkinds of evaluated
type derving their generafrom theseones. At eachpoint wherea type occurs the usermay
statethatatypeof a particulargenuspr oneof a setof generais expected.Theusermustuse
powersof 2 asthegenusvaluesto allow setsof generao bedefined)ik e thisfor a hypothetical
VX language:

typedef enum {

VX_GENUS_MODULE = 1,
VX_GENUS TYPE = 2,
VX_GENUS_TYPE FN = 4

} VX_GENUS;
For example,in Ruthegenusof R couldbe moduleor type andtheuserwould give
VX_GENUS_MODULE | VX _GENUS_TYPE

astheexpectedgenussetin thatcase.
Thegenusof anevaluatednon-errortype maybefoundby calling

char Knt TypeGenus(KMI_TYPE type);

Thisfunctionwill abortif t ype is notanevaluatedhon-errortype.

Genuscheckingdetectanmary problemsjncludinginheritinga moduleratherthana class,
forming the meetof a modulewith a class,andsoon. Theredoesremainonekind of error,
however, which doesnot seento be handledwell by eithergeneraor toptypes. Consider

emptylist fun[x]: list[x] : = ...
type mylist: fun[x]: list[X]

whereemptylistis a functionand mylistis a type definition which introducesa nev namefor
list. Thereis nodifferencan genusbetweerthesewo definitions,andyet mylis{int] (say)may
be usedin type expressionandemptylisfint] maynot. This problemcannotbe solved by ary
methodwhich first evaluateshe type expressionand then examinesthe result,which is how
subtypeandgenuscheckingwork, becauseheresultis list[X] in bothcases.

To handlethis, eachformal parameterand record componenthasa Booleanattribute,
is_typic whichis KMT_TRUE if it mayappeaiin type expressionsandKMI_FALSE otherwise.
Thesyntaxindicateghata formal parameteis typic (thatis, genericlhy enclosingt in braclets
ratherthan parenthesesgs components indicatedto be typic by precedingit with the type
keyword, althoughit is oftenomittedin obviouscases.Thereis somethingunsatisctoryabout
is_typic but it is simpleandit seemgo work.

1.4. Evaluation and validity

A typeexpressiomrmaybein oneof two states:rawor evaluated Theusersparsemproducesaw
types,thenKMT evaluatesthem,includingdeterminingwhatthe nameswithin the typesrefer
to,checkinghatupperconstraint@renotviolated, andsoon. Theresultingevaluatedypeshave
aknown meaningthey arevalid (have no problems)andthey areableto participaten further
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operations, such as equality and subtype testing, which are not applicable to raw types.

Two of the eight kinds of typesexist only intheraw state: call typesand accesstypes. This
is because, just as evaluation of term expressions such as sgrt(2) removes al call expressions,
leaving only aval ue, so eval uation of type expressionsremovesall call and accesstypes. Andtwo
of the eight kindsexist only inthe evaluated state: parameter typesand error types. Thereareno
raw parameter types becauseit isusual for parameter typesto be syntactically indistinguishable
from access types that have no ‘R.’, and a parser that had to choose between the two would be
seriously embarrassed. Instead, a raw accesstypeis created in both cases, and the ambiguity is
cleared up during evaluation. There are no raw error types because it turns out that there is no
need for them. The other four kinds of types can be either raw or evaluated.

The state of atype may be tested by calling
KMI_BOOLEAN Knt Typel sEval uat ed( KMT_TYPE type);

but this will probably never be needed, because the answer can be predicted from where the
compiler isup to. The operation

voi d Kt TypeEval uat e( KMI_TYPE *type, KMI_CONTEXT cont ext,
KMI_EVALUATI ON_POLI CI ES pol i ci es);

evaluates*t ype, replacing it by itsvalue after evaluation. Thecont ext parameter definesthe
lexical context in which the nameswithin »t ype are interpreted, and is the subject of Section
1.6. Thepol i ci es parameter defineswhat to do when errorsoccur, and is detailed below.

Knt TypeEval uat e replaces+t ype, rather than returning itsvalue, asareminder that the
type'sraw stateisconsidered to be of nofurther interest onceit hasbeen evaluated. 1n somecases
the raw type object becomes unlinked from the type structure; in others, evaluation may choose
to save time and memory by mutating it in place into the corresponding evaluated type, or into
an error type. Preciserulesfor each kind of type are given in the relevant chapters.

A raw type may contain evaluated elements; these are skipped over during evaluation. In
other words, Knt TypeEval uat e does nothingwhen «t ype isaready evaluated. Thismay be
convenient when including types that do not appear explicitly in the program text, such as the
Boolean type of an invariant, sinceit may be simpler to generatethem in evaluated form. It also
allowsraw typesto be linked into the surrounding type structure at two or more points, provided
thelexical context isthe sameat each point. Thefirst evaluation will either produce afresh type,
leaving theraw type unharmed, or elseit will mutatetheraw typeinplace. Either way, the second
evaluation will succeed. For example, if a method is defined with two names, it is safe to add
two componentsto the enclosing record type that share the method’stype for their value.

For conveniencein situationswheretypesare optional, * t ype may be NULL, in which case
Knt TypeEval uat e also doesnothing. There are several placeslikethisin KMT where atype
isoptional, and the value NULL isused to indicate that no typeisbeing supplied. However, NULL
itself isnot considered to beatype, and KMT will abort when given NULL in placeswhereatype
Isnot specifically said to be optional.

An evaluated type must be valid: it must satisfy certain conditions, called itsvalidity rules.
Specific rules for each kind of type are given in the relevant chapters, and there is one general
rule: an evaluated type may not contain raw elements. Evaluated typesare awaysvalid because
invalid ones cannot be created. If an attempt ismade to create one directly, KMT aborts; if eval-
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uation of araw typewould produce an invalid result, an error callback isgenerated, asexplained
below, and the result becomes an error type, which (paradoxically, perhaps) isawaysvalid.

A raw type may be said to be valid if it generates no error callbacks during evaluation.
However, the concept of validity isapplied in thisguide only to evaluated types.

Thepol i ci es parameter of Knt TypeEval uat e containsa large collection of user-sup-
plied callback functionsthat Knt TypeEval uat e callswhen it findsan error. These callsallow
the user to record the fact that an error hasoccurred, and to print an error message. They offer no
control over error recovery;inall cases, after the callback returns, the problem typeisreplaced by
an error type (Chapter 9), allowing type checking to continue in areasonable manner. A policies
object, of type KMI_EVALUATI ON_POLI CI ES, may be created by calling

KMTI_EVALUATI ON_POLI CI ES Knt Eval uat i onPol i ci esMake(

),

KMT_EVALUATI ONPATH_FUN
KMT_FUNCTI ONTYPE_| NT_FUN
KMT_FUNCTI ONTYPE_| NT_FUN
KMT_FUNCTI ONTYPE_| NT_FUN
KMT_FUNCTI ONTYPE_FUN
KMT_CALLTYPE_FUN
KMT_CALLTYPE_FUN
KMT_CALLTYPE_| NT_FUN
KMT_CALLTYPE_| NT_FUN
KMT_RANGETYPE_FUN
KMT_RANGETYPE_FUN
KMT_RANGETYPE_FUN
KMT_PARENT FUN
KMT_PARENT FUN
KMT_RECORDTYPE3_FUN
KMT_COVPONENT _FUN
KMT_ACCESSTYPE_FUN
KMT_ACCESSTYPE_FUN
KMT_ACCESSTYPE_FUN

KMT_ACCESSTYPE_NANMEDENTI TY2_FUN

KMT_MVEETTYPE_| NT_FUN
KMT_MEETTYPE_| NT_FUN
KMT_MVEETTYPE_RECORDTYPE2_FUN
KMT_MVEETTYPE_TYPE_FUN

eval uation_cycl e,

functi on_upper_w ong_genus,
function_defaul t _w ong_genus,
function_default _wong_type,
function_result_w ong_genus,
call _head not function,

cal | _unmat ched_par aneters,

cal | _paranet er _w ong_genus,
cal | _paraneter_w ong_type,
range_| ower _wrong_genus,
range_upper _W ong_genus,
range_i nconsi stent,
record_parent _not_record,
record_parent_w ong_genus,
record_ancestors_inconsi stent,
record_conponent _w ong_genus,
access_head not record,
access_head_w ong_genus,
access_nane_unknown,
access_nane_over| oad,

nmeet _nmenber not record,

meet _menber _wrong_genus,

nmeet i nconsi stent,

nmeet redundant

It is usual to call Knt Eval uati onPol i ci esMake just once, and share the resulting object
among all callsto Knt TypeEval uat e. The parameters, which are pointers to callback func-
tions, are described in detail in the relevant chapters, except for eval uat i on_cycl e, whichis
the subject of Section 1.5.

Asan aid to getting started, each callback function has a default value, obtained by passing
NULL. These default values print rudimentary one-line English error messages onto st der r
in wide characters, beginning with L" KMI: ", and including displays of the types involved.
Thepol i ci es parameter may itself be NULL, and then these default valueswill be used for all
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callback functions. Ultimately, however, usershavetowritetheir ownfunctions,if only to ensure
that afile position is attached to each error message.

Evaluation isthe most difficult operation of all, and behind the scenesit has to be carried
out in stages. The remainder of this section explains someissuesarising from this.

Withinthe bodiesof the callback functions, it issafeto usethe usual operationsto query and
display thetypes passed as parameters; but some of thesetypesmay be halfway between raw and
evaluated, and some may be evaluated but not valid, so they should not be used in other opera-
tions, or preserved on the user side after the callback returns. Some may be transienttypeswith
tag KMI_TRANSI ENT_TYPE_TAG. In principle, these could appear anywhere during eval uation,
but inthe current implementation only the upper constraintsof someformal parametersever have
atransient typefor their value, and even then only while the enclosing function type iseval uated
but they arenot. By theend of evaluation, al typesreachablefrom theupdated * t ype parameter
of the call to Knt TypeEval uat e will be non-transient, evaluated, valid types.

Anything potentially involving record type ancestors, including all subtype testing, is de-
ferred until just before Knt TypeEval uat e returns. Some callbackstherefore occur later than
expected, namely function_default_wong_type, call_paraneter_wong_type,
range_i nconsi stent, record_ancestors_inconsistent, neet_inconsistent,
and neet _r edundant , with surprising consequences.

For example, when arecord type hasinconsistent ancestors, asin
inherit list[int], list[real { ...}
acaltorecord_ancest ors_i nconsi st ent will occur eventually, but beforethen retrievals

in the record type may have searched theinconsistent list of parents.

When a call type has a parameter of the wrong type, thisfact is discovered long after the
call type'sresult has been computed and used, too late to set it to an error type, which would be
preferable. For example, casual inspection of

sorted_list fun[x: compagablgx]]: { ...}

might suggest that if people are not comparable then no evaluated type sorted_lisfpersor] can
exist. Infact, when thistype expressionisevauated, theresult isavalid record type (the validity
rules for record types do not include any requirement that constraints in surrounding function
types must be obeyed); callback cal | _par anet er _wr ong_t ype will occur eventually, but
too late to recall the record type.

1.5. Evaluation cycles

Evaluation may cycle which means that in the course of evaluating some type it becomes
necessary to evaluate that sametype again. Evaluation cyclesalwayscontain at least one access
type, but otherwise they vary widely, from trivial examples such asthe type definition

type mylist: mylist

to highly non-trivial onessuch as
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Al inheritBX{ ...}
B:inherit AY{...}

To evaluate B.X it isnecessary toretrieve X from B. Since X could beinherited into B from ALY,
thisretrieval may involve evaluating AY. To evaluate AY it is necessary to retrieve Y from A
SinceY could beinherited into Afrom B.X, thismay involve evaluating B.X, givingacycle. This
Is not an inheritance cycle; those are legal. Java avoids cycling for modules by requiring that
‘canonical’ (uninherited) namesbe used when importing, but it seemsto be legal when inheriting
classes. One compiler (an early gcj ) crasheson the Javatrandation of thisexample.

KMT detects all evaluation cycles, and reports them by calling the eval uati on_cycl e
callback function. Inthe syntax that the user would use to define thisfunction, it is

voi d eval uation_cycl e( KMI_EVALUATI ON_PATH ep) ;

where ep gives accessto the path that the cyclic evaluation took. After the callback returns, all
types on the cycle are replaced by error types, and eval uation continues.

Type KMI_EVALUATI ON_PATH hasthree operations:

KMI_EVALUATI ON_NODE Knt Eval uat i onPat hNode( KMI_EVALUATI ON_PATH ep) ;
KMI_EVALUATI ON_PATH Knt Eval uat i onPat hPr ev( KMI_EVALUATI ON_PATH ep) ;
KMI_BOOLEAN Knt Eval uat i onPat hOnCycl e( KMI_EVALUATI ON_PATH ep) ;

Knt Eval uat i onPat hNode returnsone node of thepath. Knt Eval uat i onPat hPr ev returns
the previous part of the path; calling it repeatedly until ep becomes NULL traces back through
the sequence of evaluationsthat led to the cycle. Thisisonly possible within the error callback
function itself, because for efficienc ythe evaluation path isheld in stack memory, and lost after
the callback returns. Knt Eval uat i onPat hOnCycl e returnsKMI_TRUE if ep’snode isa part
of thecycle. For example, theloop

while( ep !'= NULL && Knt Eval uati onPat hOnCycl e(ep) )
{

vi si t (Knt Eval uati onPat hNode(ep));

ep = Knt Eval uati onPat hPrev(ep);

}

visits each node on the cyclic part of the path. Itsbody is executed at least two times, and the
first and last time have equal values of Knt Eval uat i onPat hNode( ep) , closing the cycle.

KMT_EVALUATI ON_NOCDE is an abstract superclass of all kinds of types and other objects
that may lie on an evaluation cycle:

KMT_EVALUATI ON_NODE
KMT_FUNCTI ON_TYPE
KMT_CALL_TYPE
KMI_RANGE_TYPE
KMT_ACCESS_TYPE
KMT_MEET_TYPE
KMT_COVPONENT
KMT_PARENT
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Itstag field may be retrieved by calling
KMI_TAG Knt Eval uat i onNodeTag( KMI_EVALUATI ON_NODE eval uati on_node);

Upcasting and downcasting may be done with C casts as usual, and there are also explicit
upcasting operations:

KMI_EVALUATI ON_NCDE Knt Functi onTypeToEval uat i onNode(

KMI_FUNCTI ON_TYPE function_type);
KMI_EVALUATI ON_NCDE Knt Cal | TypeToEval uati onNode( KMI_CALL_TYPE cal | _type);
KMI_EVALUATI ON_NCDE Knt RangeTypeToEval uati onNode( KMI_RANGE_TYPE range_type);
KMI_EVALUATI ON_NCDE Knt AccessTypeToEval uati onNode(

KMI_ACCESS TYPE access_type);
KMI_EVALUATI ON_NCDE Knt Meet TypeToEval uati onNode( KMI_MEET_TYPE neet _type);
KMI_EVALUATI ON_NCDE Knt Conponent ToEval uati onNode( KM _COMPONENT conponent ) ;
KMI_EVALUATI ON_NCDE Knt Par ent ToEval uat i onNode( KMI_PARENT parent);

and downcasting operations:

KMI_FUNCTI ON_TYPE Knt Eval uati onNodeToFunct i onType( KMI_EVALUATI ON_NCDE en) ;
KMI_CALL_TYPE Knt Eval uati onNodeToCal | Type( KMI_EVALUATI ON_NCDE en);
KMI_RANGE_TYPE Knt Eval uat i onNodeToRangeType( KMI_EVALUATI ON_NCDE en) ;
KMI_ACCESS_TYPE Knt Eval uati onNodeToAccessType( KMI_EVALUATI ON_NCDE en) ;
KMI_MEET_TYPE Knt Eval uat i onNodeToMeet Type( KMI_EVALUATI ON_NCDE en);
KMI_COVPONENT Knt Eval uat i onNodeToConponent ( KMI_EVALUATI ON_NCDE en) ;
KMI_PARENT Knt Eval uati onNodeToPar ent ( KM _EVALUATI ON_NCDE en) ;

Thesework in the same way asthe casting operationsfor types (Section 1.2), with the downcast
operations checking that the downcast is safe and aborting if not.

Predicting evaluation cycles can be puzzling. The evaluation of a type includes the
evaluation of all its parts, with two exceptions. First, to evaluate arecord type, KMT makes an
object containing a pointer to the original record plus some substitutions (Section 1.1), without
eval uating anything el se, so arecord type endsits path and cannot lieon acycle. Itsparent types
and component valuesare evaluated later. Second, the upper constraints(but not the default types
or result type) of afunction type are also evaluated later than the function type itself; they may
be represented by transient types (Section 1.4) during the interval between the evaluation of the
function type and their own evaluation.

Here are some examples of theserules. Record types, even recursive ones such as

list: fun[x]: {
head: x
tail : list[x]
}

never lead to evaluation cycles. Nor does
list: fun[x: list]: x

cycle, because evaluation of the upper constraint of x isdelayed. A non-typic parameter’ supper
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constraint can never lieon acycle. On the other hand,
list: fun[x]: list[X]

doescycle, asit must: the evaluation of the value of component list evaluatesthe function type,
which evaluatesitsresult type, which attemptsto evaluate list, causing acycle. And

list: fun[x: list]: x.anything

also cycles: the evaluation of the value of component list evaluates the function type, which
evaluatesits result type x.anything, causing a retrieval in the type of x, which in turn causesx’'s
upper constraint to be evaluated, which attemptsto evaluate list, causing a cycle as before.

1.6. Lexical context and compilation order

A lexical context defines how names are interpreted when araw typeis evaluated (Section 1.4).
The pure way to handle lexical contextsis to have a separate stack which grows as evaluation
enters contexts and shrinks as it leaves them, ultimately disappearing without trace. However,
KMT handlesthem in a different way, which will be called the stored contexts method. When
evaluation enters a function type, record type, or record component, the current value of the
cont ext parameter isstoredin that object, and that object becomesthe context for interpretation
of the typeslying withinit. In thisway the stack of lexical contextsisheld in the type objects
themselves. It is never deleted, so stored contexts are accessible not just to raw types during
evaluation, as with the pure method, but also to their evaluated versions after evaluation.

If atype expression is evaluated within a context which is a function type, the function
type's parameters are visible, aswell as anything else in scope within that function type. If the
context is a record type, the record type’s components (including inherited components) are
visible, aswell as anything else in scope within that record type. If the context isa component
of arecord type, the type expression is assumed to lie within that component. Thisisthe same
aslying within the enclosing record type, except for aslight differenceto accesscontrol (Section
7.5). Alternatively, a context may be NULL, meaning that nothing isin scope.

Stored contexts have been preferred for three reasons. First, they are helpful when display-
ing record types (Section 6.4). Second, they make it easy to evaluate deeply nested typeslong
after their contexts are evaluated. For example, the type expressions and other symbols scat-
tered through the body of afunction can be evaluated long after the enclosing context has been
evaluated, by supplying the enclosing function type astheir context. Third, behind the scenesit
IS sometimes necessary to interrupt the evaluation of one type in order to evaluate another, and
stored contexts make it easy to switch from one context to another and back again.

A lexical context hastype KMI_CONTEXT, an abstract supertype of three subtypes:

KMT_CONTEXT
KMTI_FUNCTI ON_TYPE
KMI_RECORD_TYPE
KMT_COVPONENT

representing a function type, a record type, and one component of a record type (not itself a
type). Thereisan operation for finding the tag field of a context object:
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KMI_TAG Kmt Cont ext Tag( KMI_CONTEXT cont ext) ;
Upcasting and downcasting may be done using C casts, or by using these upcasting operations:

KMI_CONTEXT Kmt Functi onTypeToCont ext (KMI_FUNCTI ON_TYPE function_type);
KMI_CONTEXT Kmt Recor dTypeToCont ext ( KM _RECORD_TYPE record_type);
KMI_CONTEXT Kmt Conponent ToCont ext ( KMT_COVMPONENT conponent) ;

and these downcasting operations:

KMI_FUNCTI ON_TYPE Knt Cont ext ToFuncti onType( KMI_CONTEXT cont ext);
KMI_ RECORD TYPE Knt Cont ext ToRecor dType( KMI_CONTEXT cont ext);
KMI_COVPONENT Knt Cont ext ToConponent ( KMI_CONTEXT cont ext) ;

These work in the same way asthe casting operationsfor types (Section 1.2), with the downcast
operations checking that the downcast is safe and aborting if not.

Finding a suitable ordering of the steps needed to compile an object-oriented program
can be perplexing. Knt TypeEval uat e solvesthat problem, as the following examples show.
Some care is heeded, however, because the cont ext parameter passed to Knt TypeEval uat e
is permitted to give access only to evaluated types. Thisrule affects how Kt TypeEval uat e
can be used, and how the types of an object-oriented program can be evaluated.

One strategy isto parse the whol e program, producing one enormousraw type, which would
typically be arecord type with one component for each module, then evaluatethat typein aNULL
context. Thischecksall module, class, field, and method interfacesin oneking hit, and allowsall
of themtorefer to al of the others. The same approach can be used to compile asingle module,
using only the interfaces of other modules (obtained from C . h files, Java . cl ass files, etc.).
KMT does not know or carethat all but one of the modulesisa mereinterface.

Alternatively, the programming language might specify an ordering of modules such that
earlier modulesdo not refer to later ones, and it isdesired to compile the modulesone by onein
the specified order. In that case, an empty root record type is created and evaluated in a NULL
context, then each modulein order isparsed, evaluated in the context of theroot record type, then
added to that record type as one of its components.

Function bodies are usually evaluated last. They are term expressions, and since KMT
doesnot deal directly with those, it isnot possibleto interpret the type expressionsand variables
scattered through them in a single call to Knt TypeEval uat e. An efficient strategy hereisto
create an empty record type to hold the local definitions, and evaluate it in the context of the
enclosing function type, which setsitscontext to that function type. Then, aseach local definition
comesinto scope, it is evaluated in the context of thisrecord type then added to it, and as each
local definition goesout of scope, it isdeleted from the record type.

1.7. Display

KMT offers an operation for displaying type expressions, flible enough to produce the usual
range of syntax seenintype expressions. If something elseisneeded, then the user will haveto
write a display function, following the template for traversing typesgiven in Section 1.2.

An arbitrary type may be displayed by calling
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wchar _t *Km TypeShow( KMI_TYPE t ype);

The result is held in memory from the current memory arena (Section 10.2). For convenience
there are also functions for displaying each concrete kind of type, documented in the chapters
for those types. These merely upcast their parameter to KMT_TYPE and call Knt Ty pe Show.

The format used when displaying typesis held privately within KMT in an object of type
KMT_TYPE_FMT (apointer to a private struct). It may be retrieved and reset by

KMI_TYPE_FMT Knt TypeFnt Get (voi d) ;
voi d Kmt TypeFnt Set (KMI_TYPE_FMI fnt);

Kmt TypeFmt Get alwaysreturnsanon-NULL value; if noformat hasbeen assigned by aprevious
cal to Knt TypeFnt Set , then the default format defined below will be returned. The f nt
parameter of Knt TypeFnt Set must be non-NULL, or else the function will abort.

An object of type KMI_TYPE_FMT may be obtained by calling

KMI_TYPE FMI' Knt TypeFnt Make(wchar t *overal | _fnt, wchar t *function_fnt,
wchar t *function formal list fm, wchar t *function _formal fnt,
wchar t xparanmeter _fmt, wchar t =call _fnt, wehar_t xcall _actual list_fnt,
wchar t =call _actual _fnm, wchar_t *range fnt, wchar t raccess _fnt,
wchar t +meet fmt, wchar t xerror_fnt, wchar t *transient fnt);

Detailed descriptions of these format strings appear in the relevant chapters, except that
overal | _fnt andtransi ent _f nt aredescribed aspart of the general introduction to format
stringsgiven below. They may be retrieved by

wchar _t =Knt TypeOveral | Fnt (KMI_TYPE_FMI fnt);
wchar _t =Knt TypeFuncti onFnt (KMT_TYPE_FMT fnt);
wchar _t =Knt TypeFuncti onFor mal Li st Fnt (KMI_TYPE_FMI fnt);
wchar _t =Knt TypeFuncti onFor mal Frnt (KMT_TYPE_FMT fnt);
wchar _t =Knt TypePar anet er Fnt (KMI_TYPE_FMI fnt);
wchar _t =Knt TypeCal | Fnt (KMI_TYPE_FMI fnt);

wchar _t =Knt TypeCal | Act ual Li st Fnt (KMT_TYPE_FMT fnt);
wchar _t =Knt TypeCal | Act ual Fnt (KMI_TYPE_FMI fnt);
wchar _t =Knt TypeAccessFnt (KMI_TYPE_FMI fnt);

wchar _t =Knt TypeMeet Fnt (KMI_TYPE_FMI fnt);

wchar _t =Knt TypeRangeFnt (KMI_TYPE_FMT fnt);

wchar _t =Knt TypeError Fnt (KMIT_TYPE_FMT fnt);

wchar _t =Knt TypeTransi ent Fnt (KMI_TYPE_FMI fnt);

Alternatively, a default format may be created, by calling
KMI_TYPE FMTI Knt TypeFm Defaul t () ;

Thisreturnsthe format used by the author’sNonpareil language.

Theformat stringsare modelled on Cwpr i nt f strings. They aredisplayed literally except
for formatting commands consisting of a % character and the next character. For example,
overal | _fnt givestheformat of thedisplay overal; withinit, % displaysthetype expression.
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Theusual value of over al | _f nt would be just
L" %™

but if, say, type expressionsalways begin with ! , then the appropriate format would be L" ! 9™ .
To display aliteral %character, use L" %84 .

Thetransi ent _f nt format string givestheformat to use when displaying transient types.
These occur only within the types returned by error callbacks during evaluation (Section 1.4).
Their internal structure is not accessible, sot ransi ent _f nt takes no formatting commands.
A reasonablevaluefor it would beL". . . ", indicating that something is being elided.

When there isa sequence of thingsto display, the arrangement is
L"o% ... % ... % ... % ... %"

Thefirst ellipsisstandsfor what to display if the sequenceisempty, the second for how to display
thefirst element if thereisone, thethird for how to display elementsafter thefirst, if thereareany,
and the fourth for what to display after the last element if thereisone. For example, to display
a sequence of actual parametersin C style, one would use

L" (4% %%, %%°%)"

This always displays the enclosing parentheses, displays nothing else if the sequence is empty,
and otherwise displays each parameter, with parametersafter thefirst preceded by a comma and
space. Alternatively,L" % % (%% , %% ) % " produces Pascal style. The sequence format
may be used only in formatswhere thereisa sequence of thingsto be printed. I1n every such case
there is exactly one sequence of thingsto be printed, and it is the length of that one sequence
which determineswhich parts of the format are used. Thereisnever any use for nesting one of
these formats within another.

In asimilar way, when there isan optional element the arrangement is
L"%g ... %9 ... NY"

sayingwhat to display if theelement isnot present, andif itis. For example, accesstypesaways
have a name but their preceding typeis optional, so a suitable format for them would be

L" 9% 9% 9. %4 %"

which precedesthe name by thetypeand . when thereisatype. There may be several optional
elements within one type. For example, within aformal parameter the name, upper constraint,
and default type are all optional. To handle these cases, theL"% ... % ... %" format
looks ahead into its own second part to see what things are being printed there, and prints the
second part only if all of those thingsare present. Nesting these formatsisnot allowed.

The display operation will abort if it finds that the rules have been broken. For example,
an optional item should not appear outsidethesecondpartof L"% ... 9% " unlesstheuseris
certain that it will alwaysbe present, and a list item should never appear outside the second and
third partsof L"% ... %".
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1.8. Equality, subtype, join, and meet

The equality, subtype, join, and meet operations play a central role in the theory of types. They
apply only to evaluated types, never to raw types. Thissection definesthese operationsin general,
and further detailsare provided for each kind of typein the relevant chapter.

The equality operation has already been discussed (Section 1.1), and the point made that
KMT usesnominal typing for record types, and structural typing for all other types. Two types
may be tested for equality by calling

KMI_BOOLEAN Knt TypeEqual (KMI_TYPE typel, KMI_TYPE type2);

This function aborts if either parameter is NULL or raw. The genus of the two types is not
specifically consulted, but it isafact that two types of different genus cannot be equal.

The C ‘==" operator should never be used to compare types. If it returns KMI_TRUE the
types are equal, but a KMI_FALSE result says nothing. If the aim is efficiencyin ssimple cases,
KMT aimsfor that too, and in fact tries‘==" before doing anything more elaborate.

Formally, type T, isa subtype of type T,, written T, < T,, when T,'sset of valuesisa subset
of T, sset. It isclear from this definition that the relation isreflive and transitive, so thisis
areasonable notation for it. Another important consequence isthe principle of substitution: a
value of type T, may be substituted anywhere a value of type T, is expected, without risk of a
typeerror. KMT defines subtyping on type expressionsrather than setsof values, inevitably, but
its definition does respect these principles. The elementsof the subtype relation are given with
the definition of each kind of type; thefull relationistheir reflive and transitive closure.

Two types may be tested for a subtype relationship by calling
KMI_BOOLEAN Knt TypeSubType( KMI_TYPE | ower, KMI_TYPE upper);
This aborts if either parameter is NULL or raw. The genus of the two typesis not specifically

consulted, but it isafact that two types of different genus cannot liein the subtype relation.

It is not true that T,< T, and T, < T, together imply T;=T, in general. For example, a
type int of unboxed integers and a type int_ref of boxed integers may be subtypes of each
other (presumably connected in the implementation by coercions), but they are not therefore
considered tobeequal. KMT permitssuch cyclesin theinheritancerelation, and userswho wish
to outlaw them have to detect them and take action on the user side.

The expression ‘T, isa supertype of T,' means‘T, isa subtype of T, and iswritten T, > T.,.
It ismerely a convenient form of expression; thereisno distinct supertype operation.

Formally, the join of two types, T, and T,, written T, O T,, istheir union as sets of values.
Following the usual type systems practice, KM T definesthe join asthe least common supertype
of thetwotypes. That is, it isatype with the three properties

1. T,0T,=2T;;
2. T, 0T,=2T,
3. IfTisanytypesuchthat T=>T,and T >T, thenT>T,OT,.

Joinsare useful for typing conditional expressionssuch as
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if cond then aelseb end

The overall result could have thetype of a or thetype of b; that is, it isa supertype of both. The
join isthe most specific type with this property.

Thejoin of two typesneed not exist. For example, the two types could have no supertypes
incommon, likeint and list[int] (probably), or they could have some without there being one that
isleast. Typesof different genus cannot have ajoin.

Formally, the meet of two types, T, and T,, written T, OT,, is their intersection as sets of
values. KMT definesthe meet asthe greatest common subtype of thetwo types. That is, itisa
type with the three properties

1. T,0T,<Ty;
2. T, OT,<T,
3. If Tisanytypesuchthat T<T,and T < T, thenT<T,OT,.

Meet types are closely related to multiple inheritance: the multiple inheritance of several types
is much the same as the single inheritance of the meet of those types. Meet types are also
occasionally useful asexplicit types, for example as upper constraintson type variables.

Themeet of twotypesneed not exist. For example, since KM T doesnot permit inconsi stent
genericity, thetypeslist[int] and list[real] have no meet, becauseit would be a subtype of both of
thesetypesif it did exist. Typesof different genus also cannot have a meet.

Thejoin and meet of two equal typesare both that type; if onetypeisa subtype of another,
thejoinisthe higher of the two types, and the meet isthe lower.

Joins and meets are used within the implementation of range types. A lower constraint
is accumulated into a range type by joining it with any lower constaint already present, and an
upper constraint isaccumulated by meeting it with any upper constraint already present.

KMT offersjoin and meet operations:

KMT_BOOLEAN Knt TypeJoi n(KMT_TYPE typel, KMI_TYPE type2, KMI_TYPE sres);
KMT_BOOLEAN Knt TypeMeet (KMT_TYPE typel, KMI_TYPE type2, KMI_TYPE sres);

In each case, if atypewith the three propertiescan be found, KMT_TRUE isreturned and «r es is
set to that type. If it cannot be found, KMT_FALSE isreturned and «r es isnot modified. None
of the parameters may be a raw type, but, for convenience, either or both of t ypel andt ype2
may be NULL, and then KMI_TRUE will be returned and *r es set to the other (to NULL if both
areNULL). For example, to accumulate the join of several typesone could write

join_type = NULL;

if( !'KntTypedoin(join_type, typel, & oin_type) )
Error("typel did not join");

if( !'KntTypedoin(join_type, type2, & oin_type) )
Error("type2 did not join");

if( !'KntTypedoin(join_type, type3, & oin_type) )
Error("type3d did not join");
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which reports types that did not join but otherwise ignores them. The first error message will
never be printed, because thefirst join hasone NULL parameter, so cannot fail.

Detailed specifications of Knt TypeJoi n and Kt TypeMeet for each kind of type are
not part of the specification of KMT; they are so rigidly constrained by their relationship with
subtyping that further definition would add nothing. Some detailed information is presented in
the relevant sections of other chapters as background, and full information about the current
implementation is available elsewhere [2].



Chapter 2. Function types

Function types are the types of functions, generic classes, and other entities with parameters.
They wereintroduced in Section 1.1, using the syntax

fun[X: Ty, oo X T (ats Tran oo o X T2 T

After the fun keyword comes a sequence of formal parameters, each with an optional upper
constraint. The syntax enclosestypic (Section 1.3) formal parametersin bracketsand non-typic
onesin parentheses, but in actual use there isjust one sequence of formal parameters, with the
two kinds arbitrarily intermixed. Thefinal type, which iscompulsory, iscalled the result type.

2.1. Creation and query
A function typeiscreated by a sequence of callsbeginning with

KMI_FUNCTI ON_TYPE Knt Funct i onTypeMakeBegi n( KM _BOOLEAN eval uat ed,
void =inpl, KMI_FUNCTION_PQLICIES policies);

Thefirst parameter sayswhether the function typeisto be created in an already evaluated state,
and will usually be KMT_FALSE. After it comes the implementation pointer (Section 1.2), and
a set of policiesthat control function type operations, described below. A sequence of formal
parametersisthen added by a sequence of zero or more callsto

KMI_FORMAL_PARAMETER Knt Funct i onTypeMakePar anet er (
KMT_FUNCTI ON_TYPE function_type, void *inpl,
KMTI_PARAMETER_PCLI CI ES policies, wchar_t *name, char nane_synt ax,
KMI_TYPE upper_constraint, KMI_TYPE defaul t _type,
KMT_FORVAL_PARAVETER *cl ash);

Thisboth createsaformal parameter and addsittof unct i on_t ype. Theattributesarethe usual
implementation pointer, a set of policiesthat control function type operations at the parameter,
described below, the parameter name (which may be NULL, indicating that the parameter has no
name) and name syntax, an optional upper constraint, and an optional default type (for which
see the mat ch_unnmat ched parameter policy below). The new parameter will not be created
if it would cause a name clash with an existing parameter; in that case, NULL is returned and
*cl ash isset to that existing parameter. Seebelow for the circumstancesin which anameclash
Isconsidered to occur. Finally, the function type receivesa result type and is completed by

voi d Knt Functi onTypeMakeEnd( KMI_FUNCTI ON_TYPE functi on_type,
KMI_TYPE result _type);

It may not be used in any way until after thislast call has been made. If an evaluated function
typeisbeing created, al types passed by all these calls must be evaluated.

The attributes of afunction type may be retrieved, and itsimplementation pointer reset, by

20
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voi d =Kmt FunctionTypel npl ( KMI_FUNCTI ON_TYPE function_type);

voi d Knt FunctionTypeSet | npl (KMI_FUNCTI ON_TYPE function_type, void *inpl);

KMI_FUNCTI ON_PCLI CI ES Knt Funct i onTypePol i ci es( KMI_FUNCTI ON_TYPE function_type);

int KntFunctionTypeParanet er Count (KMI_FUNCTI ON_TYPE function_type);

KMI_FORMAL_PARAMETER Knt Functi onTypePar amet er ( KMT_FUNCTI ON_TYPE function_t ype,
int index);

KMI_TYPE Knt Functi onTypeResul t Type( KMI_FUNCTI ON_TYPE function_type);

int KntFunctionTypeGenus( KMI_FUNCTI ON TYPE function_type);

Knt Functi onTypeGenus aborts if the function type is raw. The genus of an evaluated
function typeisasgiveninitspolicy set (see below). Knt Funct i onTypePar anet er returns
thei ndex’th formal parameter, counting from O asusual in C. It will abort if i ndex isout of

range. The attributes of a formal parameter may be retrieved, and its implementation pointer
reset, by calling

voi d =Knt For mal Par aret er | npl (KMI_FORMAL_PARAMETER f or mal ) ;

voi d Knt For mal Par anet er Set | npl ( KMI_FORMAL_PARAMETER fornmal, void *inpl);

KMI_PARAMETER PCQLI Cl ES *Knt For mal Par arret er Pol i ci es(
KMI_FORMAL_PARAMETER f ormal ) ;

wchar _t =Knt For mal Par anmet er Nanme( KM _FORMAL _PARAMETER f or nal ) ;

char Knt For mal Par armet er NameSynt ax( KMI_FORMAL_PARAMETER f or nal ) ;

KMI_TYPE Knt For mal Par aret er Upper Const rai nt ( KMI_FORVAL _PARAMETER f or nal ) ;

KMI_TYPE Knt For mal Par anet er Def aul t Type( KMT_FORMAL_PARAMETER f or mal ) ;

Both the upper constraint and the default type may be NULL.

The policies that control type operations on function types are divided into those related
to the function type as a whole, stored in objects of type KMI_FUNCTI ON_POLI Cl ES, and
those related to individual parameters, stored in objects of type KMI_PARAMETER _PCLI Cl ES.
Both types are pointersto immutabl e records, allowing sets of policiesto be shared. A function
policiesobject iscreated by calling

KMTI_FUNCTI ON_PCQLI CI ES Knt Functi onPol i ci esMake(

char genus,

char result _expected_genus_set,
KMI_TYPECP mat ch_resul t _typeop,
KMTI_VARI ANCE subtype_result_vari ance,

KMI_CLCSURE_POLI CIES cl osure_policies);

The first policy defines the genus of the function type. The second is a set of genera (Section
1.3) that the genus of the result type of the function is expected to be a member of. The third
influences the function matching operation (that is, the application of a set of actual parameters
to the function), and is explained in Section 4.4. The fourth influences the subtype operation
between function types (Section 2.4). Thelast isa set of policies used when inserting closure
parameters (Section 7.6), or is NULL when these are not wanted. These attributes may be
retrieved by calling
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char Knt Functi onPol i ci esGenus( KMI_FUNCTI ON_PCLI CI ES policies);
char Knt Functi onPol i ci esResul t Expect edGenusSet (
KMI_FUNCTI ON_POLI CI ES policies);
KMI_TYPEOP Knt Functi onPol i ci esMat chResul t TypeOp(
KMI_FUNCTI ON_POLI CI ES policies);
KMI_VARI ANCE Knt Funct i onPol i ci esSubt ypeResul t Vari ance(
KMI_FUNCTI ON_POLI CI ES policies);
KMI_CLOSURE_POLI ClI ES Knt Functi onPol i ci esO osurePol i ci es(
KMI_FUNCTI ON_POLI CI ES policies);

A parameter policies object, containing policies that control type operations at individual
parameters, is created by calling

KMI_PARAMETER _POLI CI ES Knt Par anet er Pol i ci esMake(

char genus,
KMI_BOOLEAN is_typic,

i nt speci es,

wchar _t *speci es_| abel ,

i nt mat ch_ki nd,
KMI_MATCH _STYLE mat ch_styl e,
KMT_UNVATCHED mat ch_unnat ched,
KMI_TYPEOP mat ch_t ypeop,
KMI_RANGE_PQLI CI ES mat ch_range_pol i ci es,
KMI_VARI ANCE subt ype_vari ance,
KMI_BOOLEAN subtype_extra

),

The first two policies are the genus and is_typic attributes defined in Section 1.3; the genus
is also the expected genus set for any upper constraint and default type. The third is a more
specific classification called the species, like the genus a small integer chosen by the user. The
next is alabel for the species, not used by KMT but handy when printing error messages. For
example, an ordinary parameter would have genustype, KMI_FALSE for is_typic, a speciesused
only for ordinary parameters, and specieslabel L" par anet er ", whereas a generic parameter
would have genus type, KMT_TRUE for i s_t ypi c, a species used only for generic parameters,
and species label L" generic paraneter”. This makesit easy to generate error messages
such as

generic paraneter found where expression expected

which are more informative that just saying that something had the wrong genus.

The next fiv epoliciesinfluence the function matching operation (that is, the application of
aset of actual parametersto thefunction) at thisparameter,and areexplained in Section4.4. The
last two influence the function subtype operation, and are explained in Section 2.4.

The attributes of a parameter policies object may beretrieved by calling



2.1. Creation and query 23

char Knt Paramet er Pol i ci esGenus( KMI_PARAVETER POLI Cl ES pol i cies);
KMI_BOCLEAN Knt Par anet er Pol i ci esl sTypi ¢( KMI_PARAMETER POLI Cl ES pol i ci es);
int Knt Paranet erPolici esSpeci es( KMI_PARAMETER POLI Cl ES pol i ci es);
wchar _t =Knt Par anet er Pol i ¢i esSpeci esLabel (KMI_PARAMETER POLI CI ES pol i cies);
int KntParaneterPolici esMat chKi nd( KMI_PARAMETER PCLI Cl ES policies);
KMI_MATCH _STYLE Knt Par anet er Pol i ci esMat chStyl e( KMI_PARAVETER PQOLI ClI ES policies);
KMI_UNMATCHED Knt Par amet er Pol i ci esMat chUnmat ched(
KMI_PARAMETER PCLI CI ES policies);
KMI_TYPEOP Knt Par anet er Pol i ci esMat chTypeQOp( KMI_PARAMETER POLI Cl ES pol i ci es);
KMI_RANGE_PQLI Cl ES Knt Par anet er Pol i ci esMat chRangePol i ci es(
KMI_PARAMETER PCLI CI ES policies);
KMI_VARI ANCE Knt Par anet er Pol i ci esSubt ypeVari ance(
KMI_PARAMETER PCLI CI ES policies);
KMI_BOCLEAN Knt Par anet er Pol i ci esSubt ypeExt ra( KMI_PARAMETER POLI CI ES pol i cies);

If mat ch_styl e allows the formal parameter to match with a named actual parameter, then
the nane attribute of the formal parameter must be non-NULL, otherwise KMT will abort. If
the nane attribute of a formal parameter is non-NULL, it must be distinct from the names of
al formal parameters of the function with the same nat ch_ki nd, otherwise a name clash is
considered to have occurred, with the consequences explained above.

2.2. Evaluation and validity

The evaluation operation, Knt TypeEval uat e, was introduced in Section 1.4. This section
explainshow it appliesto function types.

Evaluation of a raw function type evaluates its constituent types (its parameters’ upper
constraintsand default types, and itsresult type), mutating the raw object into an evaluated onein
place. The KMI_EVALUATI ON_PQOLI ClI ES object from Section 1.4 containsfour error callback
functionsrelated to function types. In the syntax used to declare these functions, they are:

voi d function_upper_w ong_genus(KMI_FUNCTI ON_TYPE fun_type, int index);

Thei ndex’th formal parameter of f un_t ype hasan upper constraint whose genusis not equal
to the genus of the formal parameter.

void function_default w ong_genus(KMI_FUNCTI ON TYPE fun_type, int index);

Thei ndex’th formal parameter of f un_t ype hasadefault type whose genusisnot equal to the
genusof theformal parameter.

voi d function_default wong_ type( KMI_FUNCTI ON_TYPE fun_type, int index);

Thei ndex’th formal parameter of f un_t ype has both an upper constraint and a default type,
and the the default type does not type check against the upper constraint.

voi d function_result_wong_genus(KMI_FUNCTI ON_TYPE fun_type);

The genus of the result type of f un_t ype doesnot lie in the expected genus set given by the
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resul t _expect ed_genus_set policy of the function type.

Thecont ext parameter of Knt TypeEval uat e isstored in thefunction type, and remains
availableafter evaluation. The context used when eval uating the constituent typesisthefunction
type itself, which means that its parameters are visible in the constituent types in addition to
everything in the original context.

2.3. Display

The operation for displaying atype, Knt Ty peShow, wasintroduced in Section 1.7. Thissection
explainshow it appliesto function types. For convenience, a function

wchar _t *Knt Functi onTypeShow( KMI_FUNCTI ON_TYPE fun_type);

Is defined which displays a function type by upcasting and calling Knt TypeShow.

KMI_TYPE_FMT objects contain three strings which define the format of function types:
function fmt, function formal list fnt, and function formal fnt. The first
definesthe format of the function type as a whole; the second defines the format of a sequence
of formal parameters; and the third definesthe format of one formal parameter.

Parametersof different kindsusually have different syntax. For example,in

maply] (f : funlfx, y]): list[y]

the bracketsaround y indicate that it hasone kind (it is a generic parameter), whereas the paren-
theses around f : funl]x, y] indicate that it has another (it is an ordinary parameter). Accord-
ingly, the formal parameter list is analysed into a sequence of maximal non-empty sequences
of formal parameters of equal kind, and each subsequence is displayed separately using the
function_fornal _list_fnt andfunction_formal _fnt stringsused to display the sub-
sequence asawhole, and itsformal parametersindividually.

Format string function_fnt may contain the formatting commands L" %&" for a
sequence of formal parametersof equal kind, and L" %" for the result type. For example,

L" %4 % 98% ¥6% % : W'
producesa Pascal -styl e display, with the sequencesof formal parametersprinted adjacent to each

other, and the result type at the end after a colon and space.

Format string function_formal _list_fnt may contain the formatting command
L" %" for oneformal parameter. For example,

L" (WA %%, %N %)"

produces a sequence of formal parameters enclosed in parentheses and separated by commas.
Owing to the way sequences of formal parameters are analyzed, the sequence printed by
function_formal _Iist_fnt cannever be empty.

Format stringf unct i on_f or mal _f nt may contain the formatting commandsL" %N" for
the formal parameter’ sname, L" %J" for itsupper constraint,and L" 98" for itsdefault type. All
three are optional. For example,
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L" % % YN % % : A"
printsthenamejf ary, followedby theupperconstrain{precededy acolon),if ary.

Within function_formal _list_fnt andfunction_formal _fnt it is possibleto
vary the formatdependingon the parametekind, by meansf thecommandg.” 99", L" 94",
..., L"9®" , which causeaverythingfollowing, up to the next commandf thesamekind or the
endof thestring,to beprintedonly if thekind equalghedigit. Command." % " removesthis
restriction. For example the default formatsexpectup to two parametekinds, 0 for ordinary
parameterandlfor genericparametersgndin themtheleft parenthesiaboveis replacedy

%0 ( %[ %

andsimilarly for theright parenthesisThesecommandsnay containandbe containedwithin
sequenceandoptions.

2.4. Equality, subtype, join, and meet

Theequality subtypejoin, andmeetoperationsvereintroducedn Sectionl.8. They applyonly
to evaluatedypes,sothis sectionexplainstheir operatioron evaluatedunctiontypes.

All four operationsnaysafelybegivenary two evaluatedypes. KMT abortsonlyif useis
madeof avariancepolicy (describedelav) with valueKMT_VARI ANCE_ERROR, which should
never happen.In thissectionthen,a statementhatsomeconditionmusthold,or thatthereis no
join or meetmeanghattheoperatiorreturnsKMr_FALSE, notthatit aborts.

Operationsnvolving a functiontype anda non-functiontype returnKMT_FALSE, with a
few obviousexceptiongwhenthenon-functiontypeis anerrortype,or perhaps parametetype
whoseupperconstrainisafunctiontype). Soit will beassumedhatbothtypesinvolvedin each
operatiomarefunctiontypes.

2.4.1. Corresponding parameters

Thefirst stepin all four operationssto find acorrespondendeetweertheparametersf thetwo
functiontypesinvolved,sothatcorrespondingairsof parametersanbechecled. Traditionally,
thecorrespondends positional:thefirst formalparameteof thefirst functiontypecorresponds
with thefirst of the secondunctiontype,the secondwith the secondandsoon. But function
matching(Section4.4) goesbeyondthis. Eachformal parametehasanintegermat ch_ki nd
policy (its kind), andanat ch_st yl e policy (its match style) of type

t ypedef enum {
KMI_MATCH_STYLE_NAMED,
KMI_MATCH_STYLE_PGSI Tl ONAL,
KMI_MATCH_STYLE_POSI TI ONAL_OR_NAMED
} KMI_NMATCH_STYLE;

specifyingthat the formal parametemay matchwith a namedactualparametera positional
actualparameteror either Eachactualparametehasakind, andis eithernamedor positional.
Functionmatchingmatchesnamedactual parametersvith formal parametersvith the same
kind andname(in this section, name’ meansname and namesyntax’) whosematchstyle is
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not KMI_MATCH_STYLE_PGSI Tl ONAL, then matches positional actual parameters with the
remaining formalswith the same kind whose match styleisnot KMT_MATCH_STYLE_NAMED.

To agree with function matching, the four type operations use the correspondence between
formal parameters defined by the following algorithm. Choose one of the two function types
arbitrarily, and visit each of its formal parametersin order. If the parameter has match style
KMI_MATCH_STYLE_NAMED, match it with an unmatched formal parameter of the other
function type with the same kind, name, and match style (there can be at most one); otherwise,
match it with the first remaining unmatched formal parameter of the other function type with the
same kind whose match styleisalso not KMI_MATCH_STYLE_NAMED.

Formal parameters from either function type that fail to match are called leftover formal
parameters. Whether they are permitted depends on the operation, but in all cases, a |eftover
formal parameter must have match style KMI_MATCH STYLE_NAMED, and the user must
specify that it may be left over by setting itssubt ype_ext r a policy to KMI_TRUE, otherwise
the operation returns KMI_FAL SE without going further. Allowing positional parametersto be
left over causes problems when forming the meet of two function types, which iswhy they are
forbidden regardlessof thevalue of subt ype_extra.

All four operations consider corresponding typic parameters to be equal as types. This
makesthe typesfun[x: person]: list[X] and fun[y: person]: list[y] equal, for example.

2.4.2. Function type equality

Two function types are equal if they have equal policies, equal result types, and, when matched
together as just defined, there are no leftover forma parameters, and corresponding formal
parameters have equal elements. Two formal parametershave equal el ementsif they have equal
policies, name (except as explained next), upper constraint, and default type.

The exception involving the name, which appliesto the other operationsaswell asequality,
isthat when a parameter’s match style is KMI_MATCH_STYLE_POSI TI ONAL, any name that it
may have is considered to be not part of the type, and so al tests or actionsinvolving the name
are omitted. For example, this allows anonymous positional parametersin a function interface
specification to match with named positional parametersin a function declaration. When the
formal parameter’ smatch styleisnot KMT_MATCH_STYLE_POSI Tl ONAL, the formal parameter
must have a name, and that name is part of the type and influencesthe four operations.

2.4.3. Function subtyping

Thereisastandard formulafor function subtyping, but it does not handle the optionsof KMT’s
function types. So it is necessary to review the propertiesthat function subtyping should have,
and define an operation with those properties.

Deciding that f, isa subtype of f, meansdeciding that f, may replacef, safely. Thiswill be
so provided that, first, for all setsof actual parametersP, if f,(P) istype-safe, then soisf,(P); and
second, the result type of f,(P) isasubtype of theresult type of f,(P) for all P. Any definition of
function subtyping must have these two properties, plusthe usual refleivity and transitivity.

The connection to function matching, assumed above without justification, isclearly evident
here, since deciding whether f,(P) istype-safeisthejob of function matching. For example, one
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consequencef therelationshif, < f, isthatif anattemptto matchf, with P fails,thenasubse
quentattempt(which maywell occurduringretrieval) to matchf, with P mustalsofail.

At the minimum,the subtyperelationfor functiontypescould be the sameasthe equality
relation asit wasinitially in C++[7]. Therequiredconditionghenholdtrivially, but theresulting
languagdacksexpressvenesswhichis why C++movedto alargerrelation.

At the maximum thetwo propertiecould be usedto definethe functionsubtyperelation.
This givesthe mostgeneralrelationand so the mostexpressve languageandrefleivity and
transitvity aretrivial. Problemsnayarisein checkingthetwo conditionswhichrangeover an
infinite setof setsof actualparametersndin finding concretedefinitionsof thejoin andmeet
of two functiontypeswhich satisfythe conditionsthatcharacteris¢hoseoperations.

Let f, have type fun[x: Xy]: T, and let f, have type fun[x: X;]: T,, shaving only one
parameteto keepthe notationsimple. Thestandardormulais
X,2X; T,<T,
fun[x: X5]: T, < fun[x: X: T;

This is to beread‘function type fun[x: X,]: T, is a subtypeof functiontype fun[x: X,]: T if
X, = X, ateachparameterandT, < T,. It is easilyseento satisfyall therequiredconditions.

Thisformulaassumethetraditionalpositionakcorrespondendsetweerparametersyhere
askKMT useghecorrespondenagefinedearlier Thepointmentionedhere thatcorresponding
typic parameterareconsiderecqualastypes,sindicatedin theformulaby its useof thesame
name for theparametersf bothfunctiontypes. KMT alsoallowsleftoverformalparameters
onrequestbut onlyin thelowerfunctiontype. Therationalasthatwhenthelowerfunctiontype
replacesheupperone leftover parametermayreceve adefaultvalue.

The major issuein function subtypingis whetherthe elementsof a function type may
changein going from the upperfunctiontypeto the lower. Elementgor which KMT makes
no provision for changeare constant thesemustbe the samein both types. The othersare
variable Within functiontypeobjectsthepoliciesareconstanbut theresulttypesandleftover
formalparameterarevariable(althoughneithertermappliesvell to leftoverformal parameters,
sincethey don't exist at all in the uppertype). Within correspondindgormal parametershe
policiesareconstanexceptfor mat ch_st yl e, andthemat ch_st yl e policies,namesupper
constraintsanddefaulttypesarevariable.(Thepresencer absencef adefaulttypeis constant,
becausé isdeterminedy theconstantat ch_unmat ched policy.) Theremaybecasesvhere
themat ch_unmat ched policy couldusefullyvary, but noneof theseareallowedat present.

Variable elementsmay changein three ways. They may changeto somethingmore
restrictedin the lower type,in which casethey arecalledcovariant, becausehe functiontype
itself maybeviewedaschangingn thatway. They maychangeo somethindessrestrictedn
thelower type,in which casethey arecontravariant— they changean the contrarydirectionto
the functiontype. Or they mayremainthe samethatis, their freedomto changes not taken
up, makingtheminvariant Thesetermsareusuallyappliedto the upperconstraintof formal
parameterandto resulttypes. In KMT they arealsoappliedto eachformal parameteiasa
whole,becausdts variableelementsreall simultaneouslgovariant,contravariant,or invariant;
onecannotrequesthataformal parametes matchstyle beinvariantwhile its upperconstraint
becontravariant,for example.
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Thevarianceof resulttypesis determinedy thecommonsubt ype_r esul t _vari ance
policy of thefunctiontypesinvolved.ltstypeis

typedef enum {
KMI_VARI ANCE ERROR,
KMT_VARI ANCE_| NVARI ANT,
KMT_VARI ANCE_COVARI ANT,
KMT_VARI ANCE_CONTRAVARI ANT
} KMT_VARI ANCE;

Thevaluesindicatethatthefunctiontype shouldnever participaten ary subtypejoin, or meet
operation KMT will abortif it does)pr thatacheckshouldbemadefor invariancegovariance,
or contravariance.The standardormulaspecifieghatresulttypesshouldbe covariant,andin
generakhetype-safechoicesare KMI_VARI ANCE_ERROR, KMI_VARI ANCE_| NVARI ANT, and
KMT_VARI ANCE_COVARI ANT. Thereis no optionfor not checkingthevarianceatall, because
thatwould leave theresulttypesof joinsandmeetsof functiontypesunspecified.

The varianceof correspondingormal parameterss set by their subt ype_vari ance
policy, which alsohastype KMI_VARI ANCE. The remainderof this sectionis devotedto the
effectsof this policy. As mentionedabove, it simultaneouslydetermineghe varianceof the
correspondin@ormal parametergipperconstraintsgefaulttypes,matchstylesandnames.

Thestandardormularequiregheupperconstraint®f correspondindormal parameterto
becontravariant. Thisfollowsfrom theprincipleof substitution:if f,istoreplace,, thenit must
accepiary valuesfor its parameterthatf, would acceptandpossiblyothers.

Upperconstraint@reoptionalin formal parametersooneor bothof thevaluescompared
whentestingthe varianceof the upperconstraintof correspondindormal parametersay be
NULL. Theequalityandsubtypeoperationsisedin thesecomparisonslo not normallyaccept
NULL values,but herethe interpretation'NULL meansunconstrainedis usedto extend their
definitionsto coverthesecasesinvarianceholdswheneitherbothof thevaluesareNULL or both
arenonNULL andequal;covarianceholdswhentheuppervalueis NULL, or botharenonNULL
andtheloweris a subtypeof theupper;andcontravariancenoldswhenthelower valueis NULL,
or botharenonNULL andtheupperis a subtypeof thelower.

Careis neededn choosingsubt ype_vari ance. For ordinaryparametershetype-safe
choicesare KMI_VARI ANCE_| NVARI ANT and KMI_VARI ANCE_CONTRAVARI ANT. Generic
parameterbave thesametype-safechoiceshut typecheckingvhencontrazariancas requested
hasbeenshavn to beanundecidablgroblem,soKMT cannotguarantegermination—a good
reasorfor choosingKMI_VARI ANCE_| NVARI ANT. If the‘self’ or ‘this’ parametersf methods
areincludedin themethodsfunctiontypes KMI_VARI ANCE_COVARI ANT istheright choicefor
them(covariancebeingsafebecause¢heimplementatiorusesdynamicdispatchonthem).

Parametecontravariancasincontrovertible yetit hasbeermarguedoverfor years.Eiffel [3]
actuallyhasa covariantparameterule. Thereseemgo bea desireto someha make covariant
parametersvork [1], perhapsstemmingfrom a belief that they are usefulin object-oriented
design. Thisbelief mustbe mistalen,becauseovariantparameterarenot type-safe.

Whetherdefaulttypesarenaturallycontravariantis a nice point. Considemupperparameter
X; with upperconstraintX; and default type D,, and correspondindower parametex, with
upperconstrainiX, anddefaulttypeD,. By thenatureof defaulttypesD, < X; andD, < X,,and
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in the usual contravariant case, X, = X;. When the lower function type replaces the upper in a
call where default values are used, a value of type D, will be passed where avalue of type X, is
expected, which is safe without imposing any further conditions. On the other hand, if default
types are to appear in types at all, some rule is needed for calculating them in joins and meets.
KMT cutsthisknot by treating default types (when present) asit treats upper constraints.

The other variable elements of formal parameters, their names and match styles, interact
quite subtly with subtyping. Invariant parameters must have the same match style and name
(with the exception for names explained above). Covariant parameters can be swapped and
tested for contravariance, leaving just the contravariant case.

If either match styleis KMT_MATCH_STYLE_NANED, then, by the way the correspondence
was constructed, both the names and match styles will be equal and there is nothing to check.
Otherwise, contravariance requiresthat the match style be lessrestricted in the lower parameter,
which rules out the combination of KMI_MATCH STYLE POSI TI ONAL_OR _NAMED in the
upper with KMI_MATCH_STYLE_PGCSI Tl ONAL in the lower. All other combinations are legal.
The names must be equal when both stylesare not KMT_MATCH_STYLE_POSI TI ONAL. These
rules are summarized in this diagram:

Morerestricted NAMED x POSI TI ONAL PCSI T1 ONAL_OR_NAMED x

X=y X=y

Lessrestricted NAMED y POSI TI ONAL POSI TI ONAL_COR_NAMEDY

Here x and y are the parameter names, which must be present where shown. All legal casesare
indicated by lines, and x = y meansthat the names must be equal.

2.4.4. Function typejoinsand meets

The rules for function subtyping lead to straightforward definitions of join and meet which
satisfy the conditions placed on those operations, generalized to respect the variance options. In
particular, thejoin of two function typesisa supertype of both accordingto their own lights, and
themeet isasubtype of both. These basic propertiesmay beall the user needsto know; but, since
the matter iscomplicated, for the record their detailed consequences are documented here.

Thejoin or meet of two function types, if it exists, isafunction type. The constant parts of
the two must be equal, and their common values are given to their join or meet.

If thesubt ype_resul t _vari ance policy of the two function types specifiesthat result
typesareto be invariant, then the two result types must be equal and the result type of thejoin or
meet istheir common value. If the policy specifies covariance, then the result type of their join
isthejoin of their result types, and the result type of their meet isthe meet of their result types;
thisisreversed if the policy specifies contravariance (which it never should).

Thejoin of two function typeshasone parameter for each pair of corresponding parameters
inthetwotypes; the meet hasthese parameterstoo, but it also hasone parameter for each leftover
parameter of thetwo types. Theselast will be ssmple copiesof the original leftover parameters.
As usual, leftover parameters must have match style KMIT_MATCH_STYLE_NAMED and their
subt ype_ext r a policiesmust have value KMI_TRUE.
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It remainsto specify the variable partsof each parameter of the meet or join that represents
apair of corresponding parameters: itsupper constraint, default type, match style, and name.

If the corresponding parameters have invariant variance, then they must have equal upper
constraints, default types, match styles, and names(with theusual exception). The parameter that
representsthem in the join or meet hasthese values; it hasa name only if the namesare equal.

Consider two corresponding parameters with contravariant variance, lying in two function
types being joined (or with covariant variance, lying in two function types being met). It may
help tothink of thetwo functiontypesasalternativeresultsof aconditional expression, thisbeing
theleading application of thejoin operation. Thetwo parametersmust accept everything that the
parameter that representsthem inthejoin accepts. Sothejoin parameter’ supper constraint isthe
meet of their upper constraints (NULL meaning unconstrained, as usual), and its default type (if
required) isthe meet of their default types. If either meet doesnot exist, the function types have
no meet. Thejoin parameter’ sname and match style are given by thistable:

Contravariant join ‘ POSI TI ONAL ~ POSI TI ONAL_OR_NAMEDY,

PCOSI T ONAL POSI TI ONAL  PCSI TI ONAL

POSI TI ONAL_OR_NAMEDY, | PGSI TI ONAL  PGSI TI ONAL_OR_NAMED Y,
if y, =y, else POSI TI ONAL

The KMI_MATCH_STYLE_NAMED caseissimple (corresponding parametershave the same name
and match style) and separate, so has been omitted. If any entry in thistable is positioned in
the top row of the subtyping diagram above, and its column or row heading is positioned in the
bottom row, then a line connects them, asrequired. When the table does not define a name for
the parameter, that is, when the result has match style KMT_MATCH_STYLE_POSI Tl ONAL, the
parameter is given a name when both parameters have a name and the two names are equal.

Or take two corresponding parameters with contravariant variance, lying in two function
types being met (or with covariant variance, lying in two function typesbeing joined). Thelead-
ing application hereistothe multipleinheritanceof functiontypes. Theparameter that represents
the two parametersin the meet must accept everything that they accept. So itsupper constraint
isthejoin of their upper constraints(NULL meaning unconstrained, asusual), and itsdefault type
(if required) isthejoin of their default types. If either join doesnot exist, the function typeshave
no meet. The meet parameter’ sname and match style are given by thistable:

Contravariant meet ‘ PCSI TI ONAL POSI TI ONAL_OR_NAMEDY,

PCSI TI ONAL PCOSI T ONAL POSI TI ONAL_OR_NAMEDYY,,

POSI TI ONAL_OR_NAMEDY, | POSI TI ONAL_OR _NAMEDY, POSI TI ONAL_OR NAMEDY,
if y, =y, else no meet

The KMI_MATCH_STYLE_NAMED case has been omitted asbefore. Thistimethereisno remedy
when both parameters have match style KMI_MATCH_STYLE_PCSI TI ONAL_OR_NAMED, but
their namesdiffer: no parameter covers everything they both do, so thereisno meet. Thistable
may be checked by positioning any entry in the bottom row of the subtyping diagram, and its
column or row heading in thetop row. When the table does not define the parameter’ sname, the
parameter is given a name when both parameters have a name and the two names are equal.
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A parameter type, as introduced in Section 1.1, is an invocation of a formal parameter of a
function type, expressed by the syntax

X

appearing anywhere within the function type’s upper constraints, default types, and result type.
Thischapter isadetailed guide to parameter types.

3.1. Creation and query

A parameter type is an object of type KMT_PARAMETER_TYPE. It invokes a formal parameter
but is different from aformal parameter, which is defined in Section 2.1to be an object of type
KMI_FORVAL PARANVETER.

There are no raw parameter types, because, as Section 1.4 remarked, parameter types are
syntactically indistinguishable from access types, and a parser that had to distinguish between
the two would be seriously embarrassed. Instead, an accesstypeiscreated in both cases, and the
ambiguity iscleared up during evaluation. If theraw typeturnsout torefer toaformal parameter,
then the accesstype mutatesin place into a parameter type.

It isalso possible to create a parameter type directly, by calling

KMTI_PARAMETER_TYPE Knt Par amet er TypeMake(voi d =i npl,
KMI_FORMAL _PARAMETER f or mal ) ;

The attributes are the usual implementation pointer and the formal parameter being invoked.
Thisfunctionwill abort if f or mal iSNULL. A parameter typeisvalidif it invokesatypicformal
parameter, and lieswithin that formal parameter’ sfunction type. The second part isnot checked
by KMT, but parameter types produced by evaluating raw types always satisfy both conditions.

The attributes may be retrieved, and the implementation pointer may be reset, by calling

voi d +Knt Par amet er Typel npl ( KMI_PARAMETER_TYPE param type);

voi d Knt Par anet er TypeSet | npl (KMI_PARAMVETER _TYPE param type, void *inpl);
KMI_FORMAL_PARAMETER Knt Par anet er TypeFor mal ( KMT_PARAMETER TYPE param type);
i nt Knt Paramet er TypeGenus( KMI_PARAMETER TYPE param type);

The genus of a parameter type isthe genusof itsformal parameter.

3.2. Display

The display operation, Knt Ty peShow, was introduced in Section 1.7. This section documents
the partsrelevant to displaying parameter types. For convenience, a function

wchar _t =Km Par anet er TypeShow( KMT_PARAMVETER _TYPE param type);
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is definedwhich displaysa parametetype,by upcastingandcalling Knt Type Show.

EachKMT_TYPE_FMT object containsone string, par anet er _f nt , which definesthe
formatof parametetypes. Within it, theformattingcommand." %N' displaysthe nameof the
parametetype’sformalparametemandonecouldusejustthatasthevalueof par anet er _f nt |
although sincethenameis optional,it would bemorerobustto usesomethindik e

L" % <anon>% %N%A4 "

Theformatmaybevarieddependingon thekind of theformal parameteiby usingtheL" 99",
L"od",...,L"9®" ,andL" % " commandssdescribedor functiontypesin Section2.3.

3.3. Equality, subtype, join, and meet

Thissectionexplainshow the equality subtypejoin, andmeetoperationsntroducedn Section
1.8applyto parametetypes. Thevalueof aparametetypecouldbeanythingatall, exceptthat
it mustbea subtypeof theupperconstrainiof theparametetype’sformal parameteif thereis

one. Thedefinitionsbelow follow naturallyfrom thisinterpretation.

Two parametetypesareequalif they referto the sameformal parameter A parameter
typeis not equalto any othertype. A parametetypeis a subtypeof anothertypeif its formal
parametehasanupperconstraintwhichis a subtypeof the othertype.

The definitionsof thejoin andmeetoperationgollow from the definition of the subtype
relation,asusual. Thejoin of two parametetypesis the higherof thosetwo typesif oneis a
subtypeof theother or elseit isthejoin of theirupperconstraintsf bothhave upperconstraints;
otherwisehereisnojoin. A symmetricablefinitionwould applyto themeetoperationf formal
parameterbadlower constraintshut sincethey don't, two parametetypescanhaveameetonly
if oneis a subtypeof theother
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A call type, asintroduced in Section 1.1, isthe type of acall on afunction type:

TMy s Td (Mg -5 o)

T, called the head of the call type, must evaluate to a function type. The other types, called the
actual parameters, must match with theformal parametersof the function type, and satisfy their
upper constraintswhere present. The syntax showsgeneric actual parametersenclosed in brack-
etsand the types of ordinary actual parameters enclosed in parentheses, but in actual use a call
type has a single sequence of actual parameters, and the two kinds may be arbitrarily mixed.

There are no evaluated call types, only raw ones, because evaluation removesall call types
from type expressions, in the sameway asevaluation of term expressionssuch assqgrt(2) removes
all call expressions, leaving only values. There are no equality, subtype, join, or meet operations
for call types, since those operations apply only to evaluated types.

The evaluation of a call type isanormal part of the evaluation of a type expression. An
example of evaluating nlist[int] wasgivenin Section 1.1. But thereisanother usefor evaluation
of call types, for type checking a term expression, by evaluating a call type representing itstype
structure. For example, the term expression sgrt(2) is not handled directly by KMT, but it may
be type checked by constructing and evaluating the call type

(fun(x: real): real)(int)

wherefun(x: real): real isthetypeof the sgrt function, and int isthetype of the term expression
2. Thisuse of call typesto check term expressionsis called function matching.

4.1. Creation and query

A call type object, of type KMI_CALL_TYPE, is created by beginning with
KMI_CALL_TYPE Knt Cal | TypeMakeBegi n(voi d =i npl);

followed by a sequence of zero or more callsto

KMI_ACTUAL_PARAMETER Knt Cal | TypeMakePar anet er (KMI_CALL_TYPE cal | _type,
void xinpl, char kind, wchar_t *nane, KMI_TYPE type);

and concluding with
voi d Knt Cal | TypeMakeEnd( KMI_CALL_TYPE cal | _type);

KMT will abort if thesefunctionsare called out of sequence, or if an attempt is made to use the
call type beforeKnt Cal | TypeMakeEnd has been called.

The first function accepts the usual implementation pointer. The second makes and adds
one actual parameter. It accepts an implementation pointer, the kind and name of the actua
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parameter (it may match only with formal parameterswith that kind, and with that nameif nane
isnon-NULL), and itstype, which iscompulsory. The last function ends the construction.

A separate function is provided to passin the head of the call type:
voi d Knt Cal | TypeSet Head( KMT_CALL_TYPE cal | _type, KMI_TYPE head);

It may be called at any point within or after the sequence above, and it may be called more than
once. Thisisconvenient for al kinds of syntax (the head does not always come first), but it is
done this way mainly to support the testing of multiple overloaded methods against the actual
parametersof acall type. The call type may be created with its actual parameters but no head,
then different heads may betried. A head must be present whenever the call type isevaluated.

Asusual there are functionsto query a call type and reset itsimplementation pointer:

voi d «Knt Cal | Typel npl (KMI_CALL_TYPE cal | _type);

voi d Knt Cal | TypeSet | npl (KMI_CALL_TYPE cal | _type, void *inpl);

KMI_TYPE Knt Cal | TypeHead( KMT_CALL_TYPE cal | _type);

int Knt Cal | TypePar anet er Count (KMI_CALL_TYPE cal | _type);

KMI_ACTUAL_PARAMETER Knt Cal | TypePar anet er (KMI_CALL_TYPE cal | _type,
int index);

with the last aborting if i ndex isout of range. The attributesof an actual parameter may also
be queried, either individually by

voi d *=Knt Act ual Par anet er | mpl (KMI_ACTUAL_PARAMETER actual );
char Knt Act ual Par anet er Ki nd( KMT_ACTUAL_PARAMETER act ual ) ;
wchar _t +Knt Act ual Par anet er Name( KMI_ACTUAL_PARAMETER act ual ) ;
KMI_TYPE Knt Act ual Par anet er Type( KM _ACTUAL_PARAMETER act ual ) ;

or all at once by

voi d Knt Act ual Par amet er Al | (KMI_ACTUAL_PARAMETER actual , void =xinpl,
char =kind, wchar t *+name, KMI_TYPE *type);

Other operations, needed mainly for function matching, appear in Section 4.4.

4.2. Evaluation

The evaluation operation was introduced in Section 1.4. This section explains how evaluation
appliesto call types, at alevel of detall sufficient for evaluating type expressions. Many more
details, mainly relevant to function matching, appear in Section 4.4.

Evaluation of a call type evaluates the actual parameters and head in the given lexica
context, if they are not already evaluated. It then matchesthe actual parameterswith the formal
parameters from the head, checksthat the actual parameters satisfy the upper constraints of the
formal parameterswhere present, and finishesby taking a copy of the function type’sresult type,
with all occurrences of the typic formal parameterswithin it replaced by the actual parameters.
Thistypeistheresult of the evaluation of the call type.

When evaluation of acall type strikesa problem, it callsone of the callback functionsof its
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pol i ci es parameter as described in Section 1.4. Within their bodies, the query operations of
Section 4.1lareavailableasusual. Theactual parameterswill have been reordered within the call
type object to align with the formal parameters they matched with. In the syntax that the user
would use to declare them, the callback functionsare:

void call _head_not _function(KMI_CALL_TYPE cal |l _type);
Thiscall type'shead did not evaluate to a function type (nor to an error type).
voi d call _unmat ched_par anet er s( KMI_CALL_TYPE cal | _type);

Thiscall type' shead evaluated to afunction type, but theformal parametersand actual parameters
did not match. Thiscould befor several reasons: too few or too many actual parameters, named
actual parametersnot finding formal parameterswith the right names, and so on.

voi d cal | _parameter_w ong_genus(KMI_CALL_TYPE cal | _type, int index);
voi d cal |l _parameter_w ong_type(KMI_CALL_TYPE cal | _type, int index);

This call type's head evaluated to a function type, and the parameters matched, but at position
i ndex theformal and actual parametersdiffer in genus, or the type checking operation specified
in the formal parameter’snmat ch_t ypeop policy did not succeed. One of these callbacks will
be generated for each index where thereisa problem.

These error callbacks are designed to support the production of brief error messages, such
asL"wrong nunber of paraneters",L"variable where type expected",andthe
like. If moredetailed error messagesaredesired, afully detailed diagnosisof the problemsfound
when evaluating the call type can be obtained within the error callback functions, by querying
cal | _t ype in moredetail, using the operations defined in Section 4.4.

4.3. Display

The operation for displaying atype, Knt Ty peShow, wasintroduced in Section 1.7. Thissection
explainshow it appliesto call types. For convenience, afunction

wchar _t =Knt Cal | TypeShow( KMI_CALL_TYPE cal | _type);

isdefined which displaysa call type, by upcasting and calling Knt TypeShow.

Like function type display (Section 2.3), call type display groups maximal sequences of
parametersof the samekind together. The KMT_TYPE_FMT object containsthree format strings
which define the format of call type displays.

Format string cal | _f nt isthe overal format. Within it, L" %" displays the head, and
L" %8" displaysone maximal subsequence of actual parametersof the samekind, asin
L" 944 %) | Y% Y5% % "

which displaysthe head first in the conventional way, followed by the sequences of parameters,
or by () if there are no parameters. Since a head is not always present it would be prudent to
enclosel" %" inL"% ... 94"

Format string cal | _actual _I'i st _fnt isthe format of one maximal subsequence of
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actualparametersf thesamekind. Within it, L" %" standdor oneactualparametemsin
L" (4% %%, %% %)"

which producesactualparametergnclosedn parentheseand separatecdby commasin the

conventionalway. Although this format stringwill print just the parentheses the sequence
Is empty in fact,becausehe overall sequencef actualparameterss analyzednto maximal

non-empty subsequencetesequencavill never beempty

Formatstringcal | _act ual _f nt istheformatof oneactualparameterWithin it, L" %\"
displaystheoptionalnameof theactualparameterandL" %d" displaysts type,asin

L" % % 9N : = % %@

which produceghetype,precededy thenameand: = whenthereis aname.

Within cal | _actual _list_fnt andcal | _actual _fnt the displayformat may be
varieddependingntheactualparametekind, usingtheL" 99" ,L" %d" , ...,L" 9®@" ,andL" % "
commandssdescribedor functiontypesin Section2.3.

4.4. Function matching

The evaluationof call typesis closelyrelatedto function matching, the type checkingof term
expressionavhich are function calls. This sectionexplainsfunction matching,including the
mary optionsthatcontrolbothit andtheevaluationof call types.

Most of thework doneby Knt TypeEval uat e whengivena call typeis relevantto func-
tion matchingbut two partsarenot. First,theactualparameterandheadwill have alreadybeen
evaluated and evaluatingthemagain would achiese nothing. Secondreportingproblemsvia
callbackfunctionsis not well suitedto functionmatching. Callbackfunctionsareusefulwhen
Knt TypeEval uat e rangeswidely over mary types,finding mary problemsalongthe way;
but whentheaim is to evaluatejust onecall typewhoseelementfave alreadybeenevaluated,
producinga detaileddiagnosisof any problemsijt is morecorvenientif the evaluationis done
completelyandthenits problemsdiagnosedafterevaluationreturns.

Accordingly, a large chunk of the work donewhenKnt TypeEval uat e evaluatesa call
typeis encapsulateth thisfunction,whichtheusermaycall directly:

KMI_BOOLEAN Knt Cal | TypeMat ch( KMI_CALL_TYPE cal | _type, void xrange_inpl);

This sectiondescribent Cal | TypeMat ch in detail. The referencedo rangetypesare for
reader®f Chapter5, andcanbeignoredwithoutinvalidatingtherest.

Kt Cal | TypeMat ch assumethattheactualparametersf cal | _t ype areevaluatedand
thattheheads anevaluatedunctiontype. It matchesheactualandformalparametersogethey
reorderingheactualparameter§ necessargothatthey alignwith theformal parameterghey
matchwith, checksupperconstraints¢alculatesheresulttype,andreturnsKMr_TRUE if every-
thingwassuccessfuRndKMr_FAL SE otherwise.Parameter ange_i npl istheimplementation
pointerto giveto rangetypesintroducedduringthematch. Any problemsencounteredlongthe
way arerecordedn cal | _t ype, wherethey canbequeriedlater.

BeforeexaminingKnt Cal | TypeMat ch, it will behelpfulto seehow Knt TypeEval uat e



4.4. Function matching 37

is implemented in terms of it. Knt TypeEval uat e first evaluates the actual parameters of
the call type, then its head. If the head is an error type, it sets its result type to an error type
and returns. Otherwise, if the head is not a function type, it callsthe cal | _not _functi on
callback, then again it sets its result type to an error type and returns. Otherwise it calls
Kt Cal | TypeMat ch, and afterwards it queries cal | _t ype just as the user can, generating
cal | _unmat ched_par ans,cal | _param w ong_genus,andcal | _param wr ong_t ype
callbackswhich summarize the detailed problems found.

It isclear from thisthat everything described in the remainder of this section asapplying to
Knt Cal | TypeMat ch appliesto Knt TypeEval uat e aswell, and that queries addressed to the
call type object can be performed equally well after Knt Cal | TypeMat ch returns, or within any
of the callbacks generated by Knt TypeEval uat e except cal | _not _f uncti on. Although
the call type object isnot part of the evaluated result type, it remainsavailable asarepository of
diagnostic information about the match.

4.4.1. Settingup

Kt Cal | TypeMat ch obeyspoliciesfromthehead of cal | _type: mat ch_resul t _t ypeop
taken from the function type itself, and mat ch_ki nd, mat ch_styl e, mat ch_unmat ched,
mat ch_t ypeop, and nat ch_range_pol i ci es from its formal parameters. Section 2.1
explained how to set these policies; this section explainswhat they do.

The call type object may contain a desired result type, offered in support of top-down type
checking (not often used in practice). It must be an evaluated typeif present, and is set by

voi d Knt Cal | TypeSet Resul t Type( KMI_CALL_TYPE cal | _type, KMI_TYPE type);

When it ispresent, themat ch_r esul t _t ypeop policy indicatesthe type operation to perform
between the instantiated result type of the function type and thistype. Itspossible valuesare

t ypedef enum {
KMI_TYPEOP_ERROR,
KMT_TYPEOP_UNCHECKED,
KMI_TYPEOP_EQUAL,
KMI_TYPEOP_SUBTYPE,
KMI_TYPEOP_SUPERTYPE

} KMI_TYPEOP;

The first value indicates that no operation should ever be requested here (presumably all type
checking is bottom up, so no desired result type is ever supplied); if it is, KMT aborts. The
othersindicate that no type check should be performed, that the two types should be checked for
equality, and that theinstantiated function type result type should be checked for being a subtype
of the desired result type, or asupertype. The only type-safe optionsare KMI_TYPEOP_ERRCR,
KMI_TYPEOP_EQUAL, and KMI_TYPEOP_SUBTYPE.

The mat ch_ki nd policy of each formal parameter helps to guide the matching of actual
parameterswith formal parameters: actual parametersal so have akind, and will match only with
formal parametersof thesamekind. Thekind of aformal parameter normally encodesthe genus
and is_typic attributesof the formal parameter, and possibly other syntax-oriented features such
asbeing aleft or right parameter of an operator. Thekind of an actual parameter encodessimilar
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information about the actual parameter. For example, in the call
congint](5, null[int])

the first actual parameter, int, would have a kind indicating that it is a generic parameter, while
the otherswould have kindsindicating that they are ordinary parameters.

Themat ch_st yl e policy of each formal parameter says what parameter matching style
is permitted when matching the parameter with an actual parameter. Itspossible valuesare:

typedef enum {
KMI_VATCH_STYLE_NAMED,
KMI_MATCH_STYLE_POSI Tl ONAL,
KMI_MATCH_STYLE_POSI TI ONAL_OR_NAMED
} KMI_NMATCH_STYLE;

meaning only by name, only positional, or either. It would be possiblefor the user to encodethis
information in the value of mat ch_ki nd, but it turnsout that KMT needsto know it explicitly
during the subtype operation on function types, hence its presence here.

Themat ch_unnat ched policy in each formal parameter has values

typedef enum {
KMI_UNMATCHED M SSI NG,
KMI_UNMATCHED CURRY_ATEND,
KMI_UNVATCHED CURRY_ANY,
KMI_UNVATCHED DEFAULT,
KMI_UNMATCHED | NFER_GREEDY,
KMI_UNMATCHED | NFER_RANGE

} KMI_UNMATCHED;

and determineswhat to do if no actual parameter matcheswith itsformal parameter.

KMI_UNMATCHED_M SSI NG specifies that a missing actual parameter is an error, and
outcome KMI_MATCH_M SSI NG should be declared at thisformal parameter.

KMI_UNMATCHED_CURRY_ATEND specifies that a missing actual parameter indicates
that currying should occur at this position, provided that no actual parameters matched with
formal parametersto the right (a restriction commonly placed on currying for implementation
reasons), and that the matching operation should declare as outcome either KMT_MATCH_CURRY
or KMT_MATCH_M SSI NG,

KMT_UNMATCHED_CURRY_ANY issimilar but currying ispossible regardlessof other posi-
tions, and so a missing actual alwaysleadsto outcome KMI_MATCH_CURRY at this position.

KMI_UNVATCHED DEFAULT specifies that a missing actual parameter indicates that a
default value should be used at thisposition, and outcome KMI_MATCH_DEFAULT declared. The
default value may beaterm expression, which KM T cannot handledirectly; instead, itstype must
appear in the formal parameter’sdef aul t _t ype attribute, and thisisall KMT needs.

Careisneeded in finding a suitable value for def aul t _t ype when thispolicy isused. If
the formal parameter is a generic parameter, then presumably it has been declared along with a
type expression giving itsdefault value, like stringin
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hash_table: fun[value_type key typedft string] ...

and the user can parse thistype expression and passit, raw, asdef aul t _t ype. If the formal
parameter isan ordinary parameter, the caseistrickier:

rotate: fun(angle: real dft 180)

There isno prospect of finding the type of the default expression, here int, while interfacesare
still being instantiated, except by brutal means, such asrequiring the programmer to declareit, or
restricting default expressionsto be literals. Nor isit safe to passin the default type later, after
type checking the default expression, because that would be to ater thetype of an interface after
type checking of expressions hasbegun. The obvious solution hereisfor the default type to be
set to the same value as the upper constraint; although not quite truthful, it is safe. Thereisno
problem with passing the same raw type twice (Section 1.4).

KMT_UNMATCHED | NFER_GREEDY and KMI_UNMATCHED | NFER_RANGE specify that a
missing actual parameter indicatesthat inference of an actual generic parameter should occur at
thisposition. Accordingly, the matching operation introduces a range type here, leading to out-
come KMI_MATCH_| NFERRED. Thetwo valuesdiffer only inthat thefirst setsthef i nal i zi ng
attribute of therangetypeto KMI_TRUE initially, whilethe second setsit to KMT_FALSE initialy.
The second isrecommended.

Policy mat ch_t ypeop determines the type check to perform between the type of the
actual parameter and the upper constraint of the formal parameter. Its possible values are
as for match_result_typeop; only KMI_TYPEOP_ERROR, KMI_TYPEOP_EQUAL, and
KMTI_TYPEOP_SUBTYPE are type-safe. If the check fails, KMI_PARAMETER WWRONG TYPE is
the outcome. When the upper constraint isNULL, the interpretation isthat thereisno constraint,
so no type check is performed.

The mat ch_r ange_pol i ci es policy isgiven to a range type which replaces a missing
actual parameter corresponding to thisformal parameter. When mat ch_unmat ched isneither
KMT_UNVATCHED | NFER_GREEDY nor KMI_UNMATCHED | NFER_RANGE it will not be used
and should be NULL.

4.4.2. Thematchingalgorithm

This section explainswhat Knt Cal | TypeMat ch doesin detail.

Asan aid to disambiguating overloaded method calls, Knt Cal | TypeMat ch may be called
repeatedly on the same call type, using Knt Cal | TypeSet Head between callstoinstall the next
method. Whenever Knt Cal | TypeSet Head is called it ensures that all trace of any previous
call toKnt Cal | TypeMat ch isremoved from the call type, including restoring the original order
of the actual parametersand removing any inserted actual parameters (default values and range
types). Thisdoes not remove side-effects on range typesin the typeswithincal | _t ype, so if
range types are in use, each call to Knt Cal | TypeMat ch on the same call type will need to be
enclosed in Knt | nf er Begi n and Knt | nf er End, asexplained in Section 5.4.

Knt Cal | TypeMat ch checksthat cal | _t ype has a head which is an evaluated function
type, and that the actual parameters are al evaluated, aborting if these checks fail. The main
algorithm then begins, and consists of the following steps:
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Match actual parameterswith formal parameters, taking account of name, kind, and match
style, but not genus and type. First match each named actual parameter, from first to last,
with the first remaining unmatched formal parameter with the same name and kind whose
match style accepts named actual parameters (i.e. is either KMT_MATCH_STYLE_NAMED
or KMI_MATCH_STYLE_POSI TI ONAL_OR_NAVMVED). Then match each unnamed ac-
tual parameter, from first to last, with the first remaining unmatched formal parame-
ter with the same kind whose match style accepts positional parameters (i.e. is either
KMI_MATCH_STYLE_POSI TI ONAL or KMI_MATCH STYLE_PGCSI TI ONAL_OR_NAMED).
Each actual parameter that matched is moved so that itsindex within cal | _t ype agrees
with the index of itsformal parameter within the function type; each actual parameter that
did not match ismoved so that itsindex withincal | _t ype isgreater than theindex of any
formal parameter of the function type.

For each formal parameter that did not match with an actual parameter, use the formal
parameter’smat ch_unmat ched policy, described above, to decide what to do about this.
If thedecisionistoinsert an actual parameter (using either adefault type or afresh, initially
unconstrained range type), then do that.

Instantiate the function type. First, resolve each typic formal parameter which has a
corresponding actual parameter (either present in cal | _t ype initially, or inserted by the
previous step) to the type of that actual parameter. Then copy the upper constraints and
result type of the function type, making the substitutions indicated by the resolutions just
done. These copy operationsdo not copy range types, range typesare shared. Theorigina
types within the function type will not be used from here on; only the copies, called the
instantiated types, will be used. Finally, remove the resolutionsinserted at first.

If the call type contains a result type supplied by Knt Cal | TypeSet Resul t Type above,
check the instantiated result type from the function type against this type, using the type
checking operation specified by the function type’'smat ch_r esul t _t ypeop policy.

At each index where there is both a formal parameter and an actual parameter, first check
that their genera are equal, then (if they are) check their types using the type checking
operation specified by the formal parameter’smat ch_t ypeop policy.

Finalize any range typesintroduced earlier.

Kt Cal | TypeMat ch increases Knt Cal | TypePar anet er Count as required to ensure that
every formal parameter and every actual parameter (including unmatched ones) hasanindex. Its
Boolean result indicateswhether it considersthe match to have succeeded, as explained below.

4.4.3. Diagnosing outcomes

Detailed information about the outcome of a function matching operation may be obtained
from the call type object after Knt Cal | TypeMat ch returns, via the functions described in this
section. These all abort if not called after Knt Cal | TypeMat ch.

Kt Cal | TypeResul t Qut core reportswhat happened with the result type:

KMI_RESULT_QUTCOVE Knt Cal | TypeResul t Qut come( KMI_CALL_TYPE cal | _type);
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KMI_RESULT_QOUTCOME isan enumerated type with the valueslisted below. An asterisk against
avalueindicatesthat KMT considers a match with this result outcome to have failed.

KMI_RESULT_WRONG GENUS *
The call type contained a result type, supplied by Knt Cal | TypeSet Resul t Type above,
whose genus differed from the genus of the instantiated function type'sresult type.

KMI_RESULT_WRONG TYPE =
The call type contained a result type, supplied by Knt Cal | TypeSet Resul t Type above,
whose genus was equal to the genus of the instantiated function type’'s result type, but the
operation specified by themat ch_r esul t _t ypeop policy of the function type failed.

KMI_RESULT_MATCHED
Neither of the previoustwo problemsarose.

Knt Cal | TypePar anet er Qut cone reportswhat happened at each parameter position:

KMI_PARAMETER _OUTCOME Knt Cal | TypePar amet er Qut conme(
KMI_CALL_TYPE cal | _type, int index);

It will abort if i ndex isout of range. KMT_PARAMETER _QUTCOVE isan enumerated type with
the valueslisted below. An asterisk indicatesthat KMT considers a match with thisoutcomein
any position to have failed.

KMI_PARAMVETER M SSI NG *
Thereisaformal parameter at this position, but no actual parameter matched with it, and
the formal parameter’smat ch_unmat ched policy iSKMI_UNMATCHED_M SSI NG, Sothe
actual parameter is confirmed missing.

KMI_PARAVETER _NOACCESS
Thereisaformal parameter at this position, but no actual parameter is permitted to match
with it, because it is not accessible in the current scope. In most cases, formal parameters
are asaccessibleastheir enclosing function types, so thiscase doesnot arise; if it isallowed,
the only reasonable way to handle it iswith a private default value.

KMI_PARAVETER CURRY
There is a formal parameter at this position, but no actual parameter matched with it.
However, theformal parameter’ smat ch_unmat ched policy indicatesthat curryingisto be
used in this case, either because the parameter can always be curried, or because it can be
curried when there are no matched parameters after it and that was the case here. So there
isstill no actual parameter, but it isexpected that currying will solve this problem.

KMI_ PARAVETER_DEFAULT
There is a formal parameter at this position, but no actual parameter matched with it.
However, the formal parameter’smat ch_unmat ched policy indicatesthat a default value
isto be used in thiscase, so KMT inserted an actual parameter whose type was the default
type of the formal parameter.

KMI'_ PARAMETER | NFERRED
There is a formal parameter at this position, but no actual parameter matched with it.
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However, the formal parameter’s mat ch_unnat ched policy indicates that inference of
actual generic parametersisto be used in this case, so KMT inserted an actual parameter
whose type was a fresh range type with the same genus asthe formal parameter.

KMI_PARAVETER WRONG GENUS *
Thereisaformal parameter at this position, and an actual parameter supplied by the user.
The genus of the actual parameter’stypeisnot equal to the genus of the formal parameter.

KMI_PARAMVETER WRONG TYPE *
There is a formal parameter at this position, and an actual parameter supplied by the
user. The formal parameter has an upper constraint, and although its genus (always equal
to the genus of the formal parameter) equals the genus of the actual parameter’s type,
the two types fail to type check, using the operation specified by the formal parameter’s
mat ch_t ypecheck policy.

KMI_PARAMETER_MATCHED
Thereisaformal parameter at this position, and an actual parameter supplied by the user,
and none of the above cases occurred.

KMI_PARAVETER LEFTOVER NAME_UNKNOWN *
Thefunction type hasno formal parameter at thisposition; thisisan actual parameter which
did not match with any formal parameter, because it had a name which did not equal the
name of any formal parameter with the same kind asthe actual parameter and amatch style
that accepts named actual parameters.

KM _PARAVETER LEFTOVER NAMVE_REPEAT *
Like KMI_PARAMETER LEFTOVER NAME_UNKNOMN, except that there was at least
one formal parameter with the same name and kind and a match style accepting named
actual parameters, but all such formal parameters were already matched when this actua
parameter’ sturn came to be matched.

KMI_PARAMETER _LEFTOVER _POSI TI ONAL *
Like KMT_PARAVETER _LEFTOVER NAME_UNKNOWN, except that the actual parameter had
no name but all the formal parameters of its kind accepting positional named parameters
were aready matched when thisactual parameter’ sturn came to be matched.

The following code examines the outcome at each parameter, and is permitted at any time after
Knt Cal | Typeat ch returnsand beforeKnt Cal | TypeSet Head resetsthe call type:

for( i =0; i < KnmcCallTypeParaneterCount(call _type); i++)
switch( Knmt Cal | TypePar amet er Qut cone(cal | _type, i) )
{

/* one case for each outcome above */

}

Knt Cal | TypePar aneter (cal | _type, i) may be called for any i in thisrange, but will
return NULL at positionswhere the outcome indicatesthat thereisno actual parameter.

Two other functions may also be called during this period:
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KMI_TYPE Knt Cal | Typel nstanti at edResul t Type( KMI_CALL_TYPE cal | _type);
KMI_TYPE Knt Cal | Typel nstanti at edPar anet er Type( KMI_CALL_TYPE cal | _type,
int index);

Asusual, these abort if cal | _t ype has not been matched, or if i ndex isout of range. They
return the elements of the instantiated function type: its result type, and its parameters’ upper
constraints. For example, if thetype of function

flattent fun[x](l: list[list[X]]: list[X]
is matched with a call type representing the call
flatterfint] ([[1], [2, 3]])

then Knt Cal | Typel nst ant i at edResul t Type would return the type list[int] (not the orig-
inal result type, list[x]), while Knt Cal | Typel nst ant i at edPar anet er Type would return
int for the first parameter and list[list[int]] for the second. The instantiated result type will be
needed for later type checking, unlesstop-down type checking isbeing used (it isthe value used
astheresult type by Knt TypeEval uat e, for example); the instantiated parameter typesmay be
needed for code generation. For example, when some subtype rel ationshipsare implemented by
coercions, it is necessary to compare the types of the actual parameters with these instantiated
parameter types, to see whether any actual parameters need to be coerced.

There may be range typesin the types returned by these two functions, waiting on a later
type operation involving the result type for their resolution. Section 5.4 discusses strategiesfor
ensuring that all range types are eventually resolved.
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Range types, with syntax
T.T

are typeswhose values are in the process of being gradually determined. They are used during
function matching, for inferring the values of actual generic parameters.

5.1. Theinferenceof actual generic parameters

Theaim of actual generic parameter inferenceisto allow the programmer to omit actual generic
parametersin function calls, where theinformation they convey can be recovered from the actual
ordinary parameters. For example, in

congreal| (5.0, emptylisfreal])

both actual generic parametersare deduciblefrom the presenceof 5.0; the programmer should be
abletowritejust cong5.0, emptylis). KMT offersaform of actual generic parameter inference
based on the method pioneered by Pierce and Turner [4] and subsequently added to Java. KMT
triesto clarify thissubject by giving the name‘ rangetype’ to the key new idea, and differentiating
range types from parameter types.

Actual generic parameter inference begins with the insertion of a range typein place of
the missing actual generic parameter, when the policy of the corresponding formal parameter
permitsit (Step 2 of the algorithm given in Section 4.4). A range type isatype containing two
other types, alower constaint, L, and an upperconstaint, U. It standsfor sometypet, not yet
finalized, intherangeL <t < U (sometypewhichisasupertype of L and asubtypeof U). Both
L andU areoptional; if either isomitted, the corresponding constraint ont doesnot apply. If both
areabsent, t isfreetotakeon any valueat all. If both are present, the condition L < U must hold,;
that is, L must be a subtype of U. The syntax above meansL..U, with both types optional.

A rangetype may also contain athird type, T. If T ispresent, then therangetypeissaidto
beresolvedo T;itsvalueisT,and L and U don’t matter. However, beforeresolvingto T acheck
iIsalwaysmadethat L < T <U, so T doesnot ride roughshod over L and U.

Astype operations such as equality and subtype tests occur, questions are asked of arange
type: areyou asubtypeof thisother type, areyou equal toit? Therangetypetriestoanswer ‘ Yes
to al these questions, but it remembers the commitments it has made, either by accumulating
constaints (updating L or U or both), or by resolving to sometype T. If its constraints forbid
the operation, or it does not know what to do (Section 5.3), it answers‘No'.

In additionto L, U, and T, a range type contains a Boolean finalizingflag. When it is set,
the range type assumesthat the next type operation it undergoeswill beitslast. Thisisvaluable
information, because then the range type does not have to worry about making a choicethat fails
towork out later: anything that worksfor that one operation will do. In particular, arange type
ismorelikely to resolveitself to another type when itsfinalizingflag is set.

44
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It is usual to adjust the introduced range types in some way at the end of the matching
operation (Step 6 of thealgorithm of Section 4.4). At oneextreme, KMT could do nothing at all,
and |et the range types continue to accumul ate constraintsindefinitely . Thisissaid tolead totype
errorsfar from the point where the range types were introduced. At the other extreme, it could
resolvetherangetypesat that time, based on whatever constraintsthey have accumulated during
the match. Thisfailsto say what to do with range typesthat have accumulated no constraints at
al, and it preventsthe literal list expression

[4, 5.0]

from type checking, when it clearly hastypelist[real].

KMT should probably offer a policy specifying what to do at the end of the match, taking
into account what constraints(if any) the range type has accumulated, how many timesthe range
type appears in the result type (this affects how many more type operations it will undergo),
and whether top-down type checking was used in the match. All of thisis straightforward to
implement, but messy to specify, so at present KMT has only one policy (that is, it offers no
choice): each range type introduced during function matching has its finalizing flag set at the
end of thematch. Of course, the rangetype may aready befinalizing, or even resolved, by then.
Thisisthe author’spet policy. It hasmany attractivefeatures, including the ability to type check
the literal list above; indeed, it will produce type list[x] for a manifest list, where x isthe join of
the list element types. Its main deficiencyisthat when a range type appears more than oncein
the result type, the finalizing flag causes the range type to resolve itself before the constraintson
occurrences after the first have been taken into account, occasionally leading to the conclusion
that an expression is not well-typed, when in redlity it is.

Range types left unresolved by this procedure are usually resolved shortly afterwards,
during the type checking of the result type. Still, there is no absolute guarantee of this. For
example, in the expression

emptylist.length

which calculates the length of an empty list, the list element type will remain completely
unconstrained. If it isimportant to ensure that all range types are resolved eventually, then the
Knt | nf er Begi n and Knt | nf er End functions are the answer, as Section 5.4 explains.

5.2. Creation and query

The user isunlikely to ever need to create range types explicitly, since function matching istheir
main application, and KM T doesthe creation itself there. Range types are aways shared when
copying, so arangetypein (say) aresult type or inherit type would always be wrong. However,
for the record, a range type can be created by calling

KMTI_RANGE_TYPE Knt RangeTypeMake( KMI_BOOLEAN eval uated, void *inpl,
KMI_RANGE_PQOLI CI ES policies, whar_t *name, KMI_BOOLEAN fi nali zi ng,
KMI_TYPE | ower _constraint, KMI_TYPE upper_constraint);

The first parameter says whether the range type is to be created in an already evaluated state.
After that comesthe usual implementation pointer, some policies (Section 5.3), an optional name
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used only by the display operation (Section 5.6), the f i nal i zi ng flag described above, and
initial values (possibly NULL) for the lower and upper constraints. These may be retrieved, and
the implementation pointer may be reset, by calling

voi d =Kt RangeTypel npl (KMI_RANGE_TYPE range_type);

voi d Knt RangeTypeSet | mpl (KMI_RANGE_TYPE range_type, void *inpl);
KMI_RANGE POLI CI ES Knt RangeTypePol i ci es( KMI_RANGE_TYPE range_type);
wchar _t +Knt RangeTypeName( KMI_RANGE TYPE range_type);

KMI_BOOLEAN Knt RangeTypeFi nal i zi ng( KMI_RANGE_TYPE range_type);
KMI_TYPE Knt RangeTypeLower Constrai nt (KMI_RANGE TYPE range_type);
KMI_TYPE Knt RangeTypeUpper Constrai nt (KMI_RANGE TYPE range_type);

i nt Kt RangeTypeGenus(KMI_RANGE TYPE range type);

KMI_TYPE Knt RangeTypeResol vedTo( KMI_RANGE_TYPE range_type);

The genus of a range type is the value of the genus policy stored in itspol i ci es attribute,
when evaluated. Knt RangeTypeResol vedTo returnsthe type that the range typeis currently
resolved to, or NULL if it isnot resolved. It isimportant to use this function when traversing a
type (Section 1.2), since resolved range types must be taken to be the typesthey are resolved to,
otherwise the integrity of the system iscompromised.

5.3. Rangepoliciesand failuretoinfer

In most cases, there is no doubt about the outcome of a type operation even though range types
areinvolved. For example, testing equality of list[int..]withlist[real], whereint.. denotesarange
type constrained below by int, clearly must succeed resolving int.. to real.

Thereare cases, however, where an operation could succeed but thereisno best way to make
it doso. For example, int.. can be made a subtypeof ..real in many ways: let x be any type such
that int < x <real, and constrainint.. toint..x, and ..real tox..real. But x could proveto be abad
choice | ater, when these types become involved in other operations. For thisreason, KM T does
not make these kinds of arbitrary choicesunlessthef i nal i zi ng flag is set, so that thereisno
need to worry about their effect on future operations. Instead, in these casesthe operation fails
but in addition a callback is executed informing the user that there has been afailureto infer.

The callback function will have one of these two types:

typedef void (*KMI_RANGE_RANGE_FUN) ( KMT_RANGE_TYPE range_typel,
KMI_RANGE_TYPE range_t ype2);

typedef void (*KMI_RANGE_OTHER_FUN) ( KMT_RANGE_TYPE range_t ype,
KMI_TYPE ot her _type);

These pass the two typesinvolved, either two range types or one range type and one non-range
type. They accept nothing in return, and offer the user no chance to patch up the outcomein any
way. They are merely opportunitiesfor printing error messages.

These callbacks are somewhat different from the callbacks that occur during evaluation.
Calls on these functions may occur whenever type operations involving range types are going
on, which could be during evaluation, but could also be at other times. And they do not causean
error type to be inserted; instead, the operation under way at the time hasresult KMI_FALSE.
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The functions are held in a KMI_RANGE_POLI Cl ES object, passed as the pol i ci es
attribute of the rangetype. An object of thistype may be created by acall to

KMI_RANGE_PCLI Cl ES Knt RangePol i ci esivake(
char genus,
KMI_RANGE_RANGE_FUN  range_subtype_range failure,
KMI_RANGE_RANGE_FUN range_j oi n_range_fail ure,
KMI_RANGE_OTHER _FUN  range_j oi n_ot her _failure,
KMI_RANGE_RANGE_FUN  range_neet _range_fail ure,
KMI_RANGE_OTHER_FUN  range_neet _other_failure);

The first parameter defines the genus of the range type, and must agree with the genus of the
lower and upper constraints, if present. The functions are called when failure to infer occurred
when trying to establish a subtype relation between two range types (as in the example above),
when trying to join two range types, when trying to join a range type to some non-range type,
when trying to meet two rangetypes, and when trying to meet arangetype with anon-rangetype.
It may be useful for debugging to distinguish these cases, but for the programmer it is probably
sufficient to merely report failure to infer in each case, by means of an error message such as

m ssi ng generic paranmeter (cannot infer)

A suitablefile position to attach to this error message should be obtainable via the implementa
tion pointer of the range type.

5.4. Confirming and cancellingchanges

Until now, types have always had fix edvalues. It is worrying to discover that range types
experience side effects during operations. It could be that asking the same question twice might
give two different answers, because of these side effects. For example, consider the operation
of testing several overloaded function types to see whether they match the actual parameters
of acal type. Thereisareal danger that side effectsfrom one match in the types of the actua
parameterswill affect another, even if thefirst match isrejected.

Another issueof practical importance, especially in systemsthat offer reflection or coercion,
iIswhether all range types eventually do get resolved to a specific type. Some range types, such
asthelist element typein emptylist.length, areinherently indeterminate. Othersaccumulatesome
constraints, not enough to fix a definitetype, but aslong aseither L or U ispresent the rangetype
can reasonably be resolved to either of them.

Both of theseissuesare addressed by the Knt | nf er Begi n and Knt | nf er End functions:

void Km | nferBegin();
void Kmt | nferEnd(KMI_I NFER i nfer, KMI_TYPE type);

Calls to these functions must occur in matching pairs. The pairs may be arbitrarily nested,
although it will be convenient to first specify their behaviour without nesting, then generalize.

Consider a matching pair of Knt I nf er Begi n and Knt I nf er End calls, not contained
within or containing any other callsto these functions. Let the introduced range types be those
range types created between these two calls, and | et the altered range types be those range types



48 Chapter 5. Rangetypes

aready in existencewhen Knt | nf er Begi n wascalled whose values changed (that is, therewas
some changetoL, U, T, or finalizing) between the two calls.

Theonly effect of Knt | nf er Begi n isto mark the starting point, and so help to define the
two setsof range types. Thereal work iscarried out by Knt | nf er End. What it does depends
on itsfirst parameter,i nf er , whose value hastype

typedef enum {

KMT_I NFER_CANCEL,

KMT_I NFER_CONFI RM

KMT_I NFER_CONFI RM_AND_RESCLVE
} KMI_I NFER;

KMT_I NFER_CANCEL means that the work done since the matching Knt | nf er Begi n isto be
undone. Introduced range types don’'t matter since they will become unreachable, but atered
range types must be reset to their values at the time of the matching Knt | nf er Begi n.

KMT_I NFER_CONFI RM means that the work done since the matching Knt | nf er Begi n
will continue to be used after Knt | nf er End returns. Knt | nf er End has nothing to do in this
case except wave everyone through.

KMT_I NFER_CONFI RM_AND_RESCLVE means that, in addition to confirming, an attempt
should be made to resolve al the range types introduced since the matching Knt | nf er Begi n
which are not already resolved. Any of these with alower or upper constraint will be resolved
to that constraint; failing that, if thet ype parameter of Knt | nf er End isnon-NULL, it will be
used in caseswhereitsgenusisappropriate; and failing that, resolution will not occur. Thet ype
parameter isused only in this case.

Kt | nf er Begi n andKnt | nf er End havetwo main uses. Oneisto encloseany collection
of typing operationsthat are tentative and might need to be undone, asin thisexample:

Knt | nf er Begi n() ;
i f( Kmt TypeEqual (typel, type2) )
{

/* success so confirmand carry on */
Kt | nf er End( KMI_I NFER_CONFI RM  NULL) ;

}

el se

{

/* failure so undo any changes and try sonething el se */
Kt | nf er End( KMI_I NFER_CANCEL, NULL);

}

Thisisonly needed where there are alter nativetypings, to insul ate the second alternative against
side-effectsof thefirst; if the types must be equal elseit isan error, one simply writes
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i f( !KntTypeEqual (typel, type2) )
{

Error("types shoul d have been equal ");

}

with no need for Knt | nf er Begi n and Knt | nf er End.

Alternativetypingsoccur when testing overloaded function typesagainst a call type object.
When range types are in use, each call to Knt Cal | TypeMat ch (Section 4.4) needs to be
enclosed inKnt | nf er Begi n and Knt | nf er End, so that if side-effectsare introduced into the
actual parameters, they will be removed before the next matching operation begins.

The second main use of Knt | nf er Begi n and Knt | nf er End isto enclose, say, the entire
type checking of afunction body:

Kt | nf er Begi n() ;

Knt | nf er End( KMT_I NFER_CONFI RM_AND_RESOLVE, int_type);

Thisensuresthat every range typeisresolved to some definite type, astypically needed for code
generation, reflection, etc. 1n thisexample the user has decided that totally unconstrained types
such asthelist element type in emptylist.length should be arbitrarily assigned typeint.

When callsto Knt | nf er Begi n and Knt | nf er End are nested, introductions and changes
to range types occurring within any inner pair of calls count for the outer pair if the inner pair
ended with a confirmation (since then the inner pair waves them on), and don’t count for the
outer pair if the inner pair ended in a cancellation (since then the inner pair undoes them). A
change confirmed by aninner pair could be cancelled later by an outer pair. If confirmationwith
resolutionisrequired for more than one genusof type, it can be achieved with nested calls, since
each type supplied by Knt | nf er End isonly applied to range types of itsown genus.

Range types may be introduced and altered outside of any pair of Knt | nf er Begi n and
Kt | nf er End calls. Therewill then be no way to cancel unnested alterations.

Knt | nf er Begi n and Knt | nf er End have been implemented carefully and have negligi-
ble cost. For example, the memory they use isrecycled through free listsby Knt | nf er End, so
memory allocation and deallocation timeisvirtualy zero.

5.5. Evaluation and validity

This section decribes how the operation of evaluating a raw type applies to range types, and
definesthe validity rulesfor range types.

A raw rangetypeisevaluated by evaluating itslower and upper constraints, if present, then
checking the validity rules and mutating the raw range type in place into an evaluated range
type. A lexical context isnot stored in range types; their lower and upper constraints, if any, are
evaluated in the samelexical context asthe range type asawhole.

There are two validity rulesfor range types. First, the lower and upper constraints, when
present, must have the same genus asthe genus contained in the range type’spolicy set. Second,
if both a lower and upper constraint are present, then the lower constraint must be a subtype
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of the upper constraint. The range types inserted automatically during function matching are
evaluated range types; they never suffer from validity problems.

When evaluation detects a validity problem, it calls one of the three callback functions
related to rangetypesheldinitspol i ci es parameter, asdescribed in Section 1.4. Inthe syntax
that the user would use to declare these functions, they are:

voi d range_| ower _wrong_genus( KMI_RANGE_TYPE range_type);
voi d range_upper _w ong_genus( KMI_RANGE_TYPE range_type);

The genus of the lower or upper constraint of r ange_t ype differsfrom the genus stored in the
policy set of r ange_t ype.

voi d range_i nconsi st ent (KMI_RANGE_TYPE range_type);

Thisraw range type hasboth avalid lower constraint and a valid upper constraint, but the lower
constraint is not a subtype of the upper constraint.

5.6. Display

The operation for displaying atype, Knt TypeShow, wasintroduced in Section 1.7. Thissection
explainshow it appliesto range types. For convenience, afunction

wchar _t *Km RangeTypeShow KMT_RANGE_TYPE range_t ype);

is defined which displays arange type, by upcasting and calling Knt Ty peShow.

If arangetypeisresolved to another type, that other typeisdisplayed, asit must be, because
the meaning is that the range type redlly is that other type. Otherwise, if arange type appears
more than once within the overall type being displayed, then to emphasize the fact that the two
occurrenceshave a shared value, therangetype’ snameisdisplayed, usingthe par anet er _f nt
format string. When arangetypeisinserted by KMT, itsnameis set to the name of the formal
parameter it matcheswith, so using the par anet er _f nt format string is appropriate.

Otherwise (if the range type is not resolved and appears exactly once within the overall
type being displayed) ther ange_f mt format string of the KMT_TYPE_FMT object determines
how the range type will be displayed. The range type contains two types, its lower and upper
constraints, and these are displayed by the formatting commands L" %" and L" %J'. Both
are optional, so they may only appear within the second part of aL"% ... % " formatting
command. For example, the syntax

L" % A% . % % A

iIsrecommended. It printsthe lower constraint if thereisone, followed by two dots, followed by
the upper constraint if thereisone.

5.7. Equality, subtype, join, and meet

A rangetypeisequal to another typeif it can be resolved to the other type without violating its
lower and upper constraints. In that case, when the question isasked (by Knt TypeEqual ), the
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resolution will actually occur as a side-effect of the operation.

A rangetypeisasubtype of another typeif itsupper constraint can be reduced to a subtype
of the other type without inconsistency; it is a supertype of another typeif itslower constraint
can be increased to a supertype of the other type without inconsistency. In these cases, these
constraint accumulations will actually occur as side effects of the subtype test operation.
Analogous but more complex rules apply to joins and meets.

When arange type'sfinalizing flag is set, it uses a somewhat different approach which is
more likely to cause resolution to another type than constraint accumulation. There are obscure
cases where resolution is possible but constraint accumulation leads to failure to infer. A full
description isavailable elsewhere[2].
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Record typeswereintroduced in Section 1.1, using the syntax
inherit Ry, ..., Rn{u;: Ty oo U T }

whereR,, ..., R, are optional parent types, which must evaluate to record types, and u: T stands
for zero or more components, each consisting of aname (astring) and avalue (atype). A record
type typically represents an entire module or class, except for the name and generic parameters.

Each record type also has an identity, which may be thought of asa unique integer kept in
the record. When arecord typeis copied, the copy has the sameidentity asthe original; but two
record types derived from different originals have different identities, so can never be equal.

6.1. Creation and query
A record typeiscreated by a sequence of callsbeginning with

KMI_RECORD TYPE Knt Recor dTypeMakeBegi n(void *inpl, int genus);
followed by any number of callson these functions, in any order:

KMI_PARENT Knt Recor dTypeMakePar ent (KMI_RECORD_TYPE record_t ype,
void xinpl, KMI_TYPE type, char expected genus_set, KMI_PARENT KIND ki nd);
KMI_COVPONENT Knt Recor dTypeMakeConmponent ( KMI_RECORD TYPE record_type,
void xinpl, wchar_t =name, char name_syntax, KMI_BOOLEAN is_typic,
KMI_CONTEXT access_context, KMI_ACCESS LEXI CAL access | exical,
KMI_BOOLEAN access_inherit, KMI_TYPE value, char expected genus_set);
voi d Knt Recor dTypeDel et eConponent (KMI_RECORD _TYPE record_type,
KMI_COVPONENT conponent ) ;

and ending with acall to
voi d Knt Recor dTypeMakeEnd( KMT_RECORD_TYPE record_type);

Asusual, forgetting Knt Recor dTypeMakeEnd wastes a seriously large amount of memory.

Kmt Recor dTypeMakeBegi n begins the construction of a raw record type with a fresh
identity. Its parameters are the usual implementation pointer, and the type's genus. These
attributes may be queried, and the implementation pointer reset, by

voi d +*Knt Recor dTypel npl ( KMI_RECORD TYPE record_type);
voi d Knt Recor dTypeSet | npl (KMI_RECORD _TYPE record_type, void *inpl);
int Knt RecordTypeGenus(KMI_RECORD_TYPE record_type);

Kmt Recor dTypeMakePar ent makes a new parent, adds it to r ecor d_t ype, and returnsiit.
The parameters are the usual implementation pointer, the parent type (which must evaluate to a

52
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record type), an expected genus set for the parent type (an error callback will occur if the parent
type evaluates to a type whose genusis not in this set), and the kind, for which see below. The
usual queriesare available:

voi d *Knt Par ent | npl ( KMI_PARENT parent);

voi d Knt Par ent Set | npl (KMI_PARENT parent, void *inpl);
KMI_RECORD_TYPE Knt Par ent Recor dType( KMI_PARENT parent);
KMTI_TYPE Knt Par ent Type( KMT_PARENT parent);

i nt Knt Par ent Expect edGenus( KMI_PARENT parent);
KMT_PARENT_KI ND Knt Par ent Ki nd( KMT_PARENT parent);

and arecord type may be queried to find its parents:

i nt Knt Recor dTypePar ent Count ( KM _RECORD_TYPE record_type);
KMT_PARENT Knt Recor dTypePar ent (KMI_RECORD _TYPE record_type, int index);

counting from 0 asusual. Knt Recor dTypePar ent will abort if i ndex isout of range.
Theki nd parameter determineswhat kind of parent iswanted; itstypeis

t ypedef enum {
KMT_PARENT_SI NGLE,
KMT_PARENT _COMPONENTS,
KMT_PARENT _SUBTYPE

} KMT_PARENT_KI ND;

KMT_PARENT_SI NGLE specifies that the parent record type itself is the only thing inherited.
Thisisthe ‘single type import’ of Java, not often used. (Import and inheritance have very dif-
ferent meaningsat run time, but they are much the sameto KMT.) KMI_PARENT_COVPONENTS
specifiesthat the components of the parent type are inherited. Thisisused when importing one
moduleinto another. Finally, KMI_PARENT_SUBTYPE islike KMI_PARENT_COMPONENTS, but
in addition a subtype relationship is established. Thisis used when inheriting classes. Access
control (Section 7.5) may limit the visibility of some of the inherited components.

Kmt Recor dTypeMakeConmponent makes a new component, adds it to recor d_t ype,
and returns it. Parameter nane is the component’s name; name_synt ax isintended to store
an enumerated value giving a name syntax (ordinary name, prefix or postfix operator, etc.); it
is effectively an additional character in the name. The value of nane may beL"", but it may
not be NULL. Two components may have the same name and name syntax; they are said to be
overloaded. Parameter i s_t ypi ¢ says whether the component is typic (Section 1.3). The
next three parameters, access_cont ext, access_| exi cal , and access_i nherit, are
concerned with access control and are described in Section 7.5. Parameter val ue isthevalue of
the component, and expect ed_genus_set isaset of generathat val ue’sgenusis expected
to belong to, otherwiseit isan error (Section 1.3).

Kmt Recor dTypeDel et eConponent deletes a component from a record type. It aborts
if conponent isnot presentinrecord_t ype.

The attributesof a component may be retrieved separately by calling
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voi d =Knt Conponent | npl ( KMI_COVPONENT conponent ) ;

voi d Knt Conponent Set | npl ( KMI_COVPONENT conponent, void =inpl);

wchar _t +Knt Conponent Nanme( KMI_COVPONENT conponent) ;

char Knt Conponent NameSynt ax( KMI_COVPONENT conponent ) ;

KMI_BOOLEAN Knt Conponent | sTypi ¢( KMI_COVPONENT conponent);

KMI_CONTEXT Knt Conponent AccessCont ext ( KMI_COVPONENT conponent ) ;
KMI_ACCESS LEXI CAL Knt Conponent AccessLexi cal (KMI_COMPONENT conponent);
KMI_BOOLEAN Knt Conponent Accessl nherit ( KMI_COVPONENT conponent);
KMI_TYPE Knt Conponent Val ue( KMI_COVPONENT conponent) ;

i nt Knt Conponent | ndex( KMI_COVPONENT conponent) ;

or al at once by calling

voi d Knt Conponent Al | ( KMI_COVPONENT conponent, void =xinpl,
wchar _t *xname, char *name_syntax, KMI_BOOLEAN *is_typic,
KMT_CONTEXT *access_cont ext, KMI_ACCESS LEXI CAL xaccess_| exi cal,
KMI_BOOLEAN xaccess_inherit, KMI_TYPE xval ue, int xindex);

Thei ndex attributeisset automatically; it isO for the first component added to the record type,
1for the second, and so on, not counting inherited components, and ignoring deletions.

Two functions providefor visiting every uninherited component:

i nt Kt Recor dTypeConponent Tabl eSi ze( KMI_RECORD _TYPE record_type);

KMI_BOOLEAN Knt Recor dTypeConponent ( KMI_RECORD_TYPE record_type,
int pos, KMI_COVPONENT =*conponent);

The components are stored in alinear probing hash table. The first function returns the size of
thistable, whilethe second tellswhether position pos holdsacomponent, and sets* conponent
toitif so. Tovisit every component, use

for( pos = 0; pos < KntRecordTypeConponent Tabl eSi ze(record_type); pos++ )
i f( Km RecordTypeConponent (record _type, pos, &conmponent) )
vi sit(conponent);

Asusual with hash tables, the componentswill be visited in an essentially random order.

6.2. Renaming
KMT supportsrenaming during inheritance. For example, an inherit clause might say
classvip_personinherit person rename address asresidence....

specifying that the component known as addressin class person will be referred to asresidence
in classvip_person. The rename does not create a new component, it merely changes the name
by which an existing component isretrieved. Thisexampleisnot very convincing, but renaming
Isone meansof overcoming name clashes caused by multipleinheritance, and a change of name
may also be desirable when thereisa change of interpretation.

By default, parents do not have any renaming. A set of renames may be added by
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voi d Knt Par ent RenaneBegi n( KMIT_PARENT parent);
followed by any number of callsto

KMI_RENAME Knt Par ent MakeRename( KMI_PARENT par ent,
void ol d_inmpl, wchar_t =ol d_name, char ol d_name_synt ax,
void »new_inpl, wchar_t *new_name, char new_name_synt ax,
KMI_RENAME_CLASH _FUN ol d_cl ash_abort,
KMI_RENAME_CLASH_FUN new_cl ash_abort);

and finishing with
voi d Knt Par ent RenaneEnd( KMI_PARENT parent);

Asusual, the penalty for forgetting Knt Par ent RenaneEnd isalot of wasted memory.

Kmt Par ent MakeRenane acceptsthe parent, a trio of implementation pointer, name, and
name syntax representing the old name (from the parent type), and another trio representing the
new name (that the old name is being renamed to). It createsa KMI_RENAME object containing
these attributes, addsit topar ent , and returnsit; or, if thecall isaborted by ol d_cl ash_abort
or new_cl ash_abort (seebelow), it returnsNULL. Theusual queriesare available:

voi d =Knt Renaneq dl npl (KMI_RENAME r enane) ;

voi d Knt RenameSet A dl npl (KMI_RENAME renane, void ol d_i npl);
wchar _t +Knmt Renamed dName( KMI_RENAVE r enane) ;

char Knt Renaned dNameSynt ax( KMI_RENAVE r enane) ;

voi d =Knt RenaneNew npl ( KMI_RENAME renane) ;

voi d Knt RenameSet Newl npl (KMT_RENAME renane, void *new_inpl);
wchar _t *Knt RenameNewName( KMI_RENAVE r enane) ;

char Knt RenaneNewNanmeSynt ax( KMI_RENAVE r enane) ;

There are no operationsfor visiting all the renamesof a parent.

Renaming causesacomponent in the parent record type with the old name (for convenience,
‘name’ means ‘ name plus name syntax’ from here on) to be visible under the new name in the
child record type, instead of the old name. Thisisnot assimple asit may sound.

When a call to Knt Par ent MakeRenane discovers that the rename it is about to insert
has the same old name as an existing rename, it callsthe callback function passed as parameter
ol d_cl ash_abort . Thishassignature

t ypedef KMI_BOCOLEAN (*KKMI_RENAME_CLASH FUN) (
KMI_RENAME i ncom ng_renane, KMI_RENAME exi sting renane);

and passes back to the user the incoming rename (not yet inserted) and the existing rename
(previoudly inserted) which clash. The user may take the opportunity to print an error message,
if desired, and in any case must return a KMI_BOOLEAN result which is KMT_TRUE if the
rename insertion isto be aborted, and KM _FALSE if it isto continue. If it does continue, more
callbacks reporting clashes with other existing renames may occur. If the insertion goes ahead,
the interpretation isthat the component with the old namein the parent record type isaccessible
viaeither new namein the child record type. For example,
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classvip_personinherit person
rename address as residence, rename address as home

if not aborted meansthat within vip_person, the inherited component address may be referred
to as either residence or home.

A similar arrangement is made when new names clash: the function passed in parameter
new_cl ash_abort iscaled, with the same parameters, and the same meaning for its return
value. Once again, a clash isnot necessarily an error. For example,

classvip_personinherit person
rename address as residence, rename telephone as residence

if not aborted meansthat the components address and telephone from person are overloaded in
vip_person under the name residence.

No callback occurswhen an old name clasheswith a new name:

classvip_personinherit person
rename address as residence, rename residence as home

It may look dangerous, but there isin fact no interaction between these renames and no reason
to consider them to be a problem.

Themeaning of inheritanceisthat the componentsof theinherited type are considered to be
present in the child type, just asthough they had been declared there. Accordingly, the operation
of retrieving acomponent with a given namein the child type searches each parent type aswell.
When doing that, for each rename with the given name for new name, it searchesthe parent type
for the corresponding old name; and then, if there is no rename whose old name is the given
name, it searchesthe parent type for the given name.

The first part of this, searching for each old name, implements the interpretation that
clashing new namesindicate that the old names become overloaded. The second part isperhaps
surprising. If thereisarename whose old name isthe given name, it would be wrong to search
the parent type for the given name, since that might find something that, being renamed, it
should not find. Conversely, if there is no rename with the given name for old name, then any
componentsof the parent type with the given name have not been renamed and should be found,
even if there are also renameswith the given name for new name.

KMT makes it easy to prohibit rename clashes within individual parents, but there is no
support for global consistency checks, for example to ensure that all components are inherited
under at most one name. Suppose record type D inherits B and C, which both inherit A, but that
C renamesx in Atoy. Then xin Aisinherited into D asboth x and y. Assigning a meaning to
thisisnot KMT’s problem, but it isa problem for the user.

6.3. Evaluation and validity
The evaluation operation, Knt TypeEval uat e, was introduced in Section 1.4. This section
explainshow it appliesto record types.

Evaluation of araw record type evaluates al the types within the record (all the parent
record types and component values) and carries out some major work behind the scenes (the
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construction of theancestor setsdescribedin Section 8.4). Thecontext for eval uating component
valuesis the record type itself, ensuring that the components are visible in each others’ values.
The context for evaluating parent types is the enclosing context of the record type; the syntax
used in this guide makes this difference visible by placing the parent types outside the braces.
Evaluating parent typesin the context of the record type would produce eval uation cycles.

Record typesare one of four kinds of typethat may be either raw or evaluated. Unlikethe
other three (function types, range types, and meet types), record types may not be created in the
evaluated state! However, they may be evaluated at any time, even immediately after creation:

record_type = Knt RecordTypeMakeBegi n(i npl, genus);
Kmt TypeEval uat e( (KMI_TYPE %) &record_type, context, policies);

Evaluation may be followed by the insertion and deletion of components (provided they have
evaluated values, since an evaluated type may contain only evaluated elements), and eventually
by Knt Recor dTypeMakeEnd. But aparent may not be added to an evaluated record type, since
the ancestor sets mentioned above would be spoiled by the late arrival of another parent.

The KMI_EVALUATI ON_POLI Cl ES object from Section 1.4 contains four error callback
functionsrelated to record types. In the syntax used to declare these functions, they are:

voi d record_parent _not _record( KMI_PARENT parent);
Thetypeof par ent did not evaluate to arecord type.
voi d record_parent _w ong_genus( KMI_PARENT parent);
Thetypeof par ent evaluated to arecord type, but its genus differsfrom the expected genus.

voi d record_ancestors_inconsistent (KMI_RAW RECORD TYPE record_type,
KMI_RECORD TYPE ancestor typel, KMI_RECORD TYPE ancestor _type2);

Inconsistent genericity: evaluated record typesancest or _t ypel and ancest or _t ype2 are
ancestorsof r ecor d_t ype with equal identitiesand unequal substitutions.

voi d record_conponent _w ong_genus( KMI_COVPONENT conponent);

Thevalueof conponent isnot an error type, but itsgenus does not liein the expected genus set
of the component. Evaluated record types, being valid, do not suffer from these problems.

6.4. Display

The operation for displaying atype, Knt TypeShow, wasintroduced in Section 1.7. Thissection
explainshow it appliesto record types. For convenience, afunction

wchar _t »Knt RecordTypeShow( KMI_RECORD TYPE record_type);
Is defined which displaysarecord type, by upcasting and calling Knt TypeShow.

Thisisbecause an evaluated record type must know itslexical context, to accessthe formal parametersin scope. These
are needed when handling substitutions (Section 1.1).
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Kt Ty peShow does not display the contents of a record type. Instead, it displays a type
expression whose value isthe record type in question. For example, given arecord type nlist[X]
lying within a util module, the record type which is the value of the call expression nlist[int]
would display asuti |l .nlist[int].

These displays are constructed by following the stored context pointer of the record type
(Section 1.4) outwardsthrough the chain of enclosing contexts (function types, components, and
record types) until it ends. No format strings are provided for record types. Instead, each com-
ponent is displayed using the access_f nt format string, with its" %" formatting command
producing everything in the enclosing context, or being considered not present if the record type
enclosing the component has a NULL stored context. Each function type is displayed using the
format stringsfor call types, withtheL" %41" command again producing everything in the enclos
ing context. Thisdisplay format requiresone actual parameter for each formal parameter in the
context. When displaying araw record type, the namesof theformal parametersareused. When
displaying an evaluated record type, the corresponding substitutions are used.

Section 1.4 states that contexts are stored during evaluation, suggesting that the above
method will fail on uneval uated types, and on typescreated in evaluated form. However, contexts
arealso stored whenever one context object isplaced directly within another: when acomponent
is added to a record type, when a record type becomes the result type of a function type or the
value of a component, and so on. (Such contexts are replaced during Knt TypeEval uat e and
do not influence evaluation.)

Thisdisplay method worksbest when record typesappear inthe usual places. ascomponent
values, and asresult typesof function typeswhich arethemselvescomponent values. It produces
what Java calls a ‘canonical type expression’, that is, one with al inheritance (or import)
removed. Display of record typesappearing in other placesis hampered by the fact that no type
expression exists which denotes them exactly. This method will produce a misleading result in
those cases. In practice the external languageis not likely to permit them anyway.

6.5. Equality, subtype, join, and meet

Two evaluated record types are equal if they have the same identity and their substitutions are
equal. Thisisdiscussed in Section 1.1, where examples are given which show that the outcome
differsin several waysfrom that produced by structural typing.

One evaluated record type is a subtype of another if, when the first evaluated record type's
substitutionsare madeinto its parent record types, one of those parent record typesisequal tothe
other type. Thereisno way to influence KMT to use anything other than an equality test here.
When combined with the general transitivity of subtyping, thisimpliesthat an evaluated record
typeisasubtype of all itsancestor record types, with appropriate substitutions.

Definitions of the join and meet operationsfollow in the usual way from this definition of
the subtyperelation. Two evaluated record typeshaveajoinif and only if some ancestor of one
iIsequal to someancestor of the other; thejoinwill be a subtype of each such ancestor. They have
ameet if and only if it isnot the case that some ancestor of one invokes a record type with the
same identity as some ancestor of the other, and the two ancestors have different substitutions.
Section 8.4 contains a more detailed explanation.
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Accesstypeswereintroduced in Section 1.1, using the syntax
Ru

Thehead of the accesstype, ‘R, isoptional; when present, it must evaluateto arecord type. The
name, u, isastring.

There are no evaluated access types, only raw ones, because evaluation removes all access
typesfrom type expressions. There are no equality, subtype, join, or meet operationsfor access
types, since they apply only to evaluated types. The value of Ru isthe value of the component
with name u from record type R; or, if Risabsent, it isthe value of the component with name u
from the nearest lexically enclosing record type containing such a component.

Theevaluation of accesstypesisanormal part of the evaluation of typeexpressions;indeed,
all names appearing in type expressions, except for invocations of formal parameters, are the
names of access types. But there is another use for evaluating names, in type checking term
expressions. For example, type checking of the term expression

rocket.launch

must first find rocket in the enclosing lexical context, then find launch in the type of the value of
rocket. Thisoperation of searching for anamein acontext or typeiscalled retrieval, and isalso
covered in thischapter.

7.1. Creation and query
An accesstypeis created by calling

KMI_ACCESS_TYPE Knt AccessTypeMake(void =i npl, KMI_TYPE head,
char expected _genus_set, wchar _t =name, char name_syntax);

This acceptsthe usual implementation pointer, the head, an expected genus set, the name, and a
name syntax (Section 6.1). It will abort if name isNULL. These attributes may be queried, and
the implementation pointer may be reset, by calling

voi d *Knt AccessTypel npl (KMI_ACCESS_TYPE access_type);

voi d Knt AccessTypeSet | npl (KMI_ACCESS TYPE access_type, void *inpl);
KMI_TYPE Knt AccessTypeHead( KMI_ACCESS TYPE access_type);

char Knt AccessTypeExpect edGenusSet ( KMI_ACCESS TYPE access_type);
wchar _t *Knt AccessTypeNane( KMI_ACCESS _TYPE access_type);

char Knt AccessTypeNanmeSynt ax( KMI_ACCESS TYPE access_type);

A head is optional, so head may be NULL; expect ed_genus_set isunused in thiscase. If
thereisa head, then when evaluated itsgenus must liewithin expect ed_genus_set .

59
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7.2. Evaluation

The evaluation operation was introduced in Section 1.4. This section explains how evaluation
appliesto accesstypes, a alevel of detall sufficient for evaluating type expressions. Thereisin
fact much more to evaluating accesstypesthan this. Since thisextramaterial ismainly relevant
toretrieval, it appearsin Section 7.4 and following sections.

If thereisahead, it is evaluated first. If it evaluates to an error type, evaluation returns
immediately with an error type for result. Otherwise, if it does not evaluate to a record type
with a suitable genus, an error callback is generated, and again evaluation returns with an error
type for result. Otherwise, a typic component with the access type’s name and name syntax is
retrieved from the record type, and the result isthe value of that component.

If there is no head, the access type could represent an invocation of a formal parameter
aswell as of a component, because the two are syntactically indistinguishable, as discussed in
Section 1.4. Inthiscase, evaluation searchesitscont ext parameter, retrieving the nearest typic
formal parameter or typic record component with the accesstype’s name and name syntax. The
result is either a parameter type invoking the formal parameter, or the component’svalue.

Retrieval from a record type always includes the appropriate type substitutions, and it
always searches inherited record types, taking due account of renaming where present. These
issues and many othersare covered in Section 7.4.

When evaluation of an accesstype strikesa problem, it calls one of the callback functions
of itspol i ci es parameter asdescribed in Section 1.4. Inthe syntax that the user would use to
declare these functions, they are:

voi d access_head_not _record( KMI_ACCESS TYPE access_type);

This access type has a non-NULL head which has been successfully evaluated (or was aready
evaluated), but that head isneither arecord type nor an error type. The result isan error type as
usual; the head itself isnot considered erroneous, rather the accesstypeisin error for using it.

voi d access_head_w ong_genus(KMI_ACCESS TYPE access_type);

Asfor access_head_not _recor d, except that the head isarecord type but itsgenusisnot a
member of the expected genus set.

voi d access_name_unknown( KMI_ACCESS _TYPE access_type);

Retrieval failed to find either atypic formal parameter or a typic component with the name and
name syntax of the accesstype.

voi d access_nane_over | oad( KMI_ACCESS TYPE access_type,
KMI_NAVED nanedl, KMI_NAMED naned?2);

Retrieval found two or more distinct typic formal parameters or typic components with this
access type’'s name and name syntax; nanmed1 and named2 are two examples of such named
entities. Although overloading isacceptable in general, it isnot acceptable in type expressions.
See Section 7.4.2 for type KM _NANED.

An accesstype that attemptsto retrieve a parameter from itshead is always erroneous. For
example, given arecord typelist[X] the type expression list[int] x isan error. Thereisno callback
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function for this case, because retrieval from record type list[int] does not search lexically
enclosing scopes, so will not find parameter X, which liesin an enclosing function type. Instead,
anaccess_name_unknown callback will occur.

7.3. Display

The operation for displaying atype, Knt TypeShow, wasintroduced in Section 1.7. Thissection
explainshow it appliesto accesstypes. For convenience, afunction

wchar _t *Km AccessTypeShow( KMI_ACCESS TYPE access_type);

isdefined which displays an accesstype, by upcasting and calling Knt TypeShow.

Each KMI_TYPE_FMT object contains just one format string for displaying access types,
access_f nt. Within it, format command L" %" displays the head, and L" 9%\" displays the
name. Since the head isoptional it should appear only inthe second part of aL"% ... %"
format command. For example,

L" 9% 9% %H. ] 90"

producesthe usual format, with the head followed by a dot followed by the name when thereis
a head, or the name alone otherwise.

7.4. Retrieval

The evaluation of accesstypesis closely related to retrieval, the type checking of term expres
sionswhich are invocations of formal parametersand the components of record types.

7.4.1. Theretrieval operations

Just asmost of thework of evaluating a call type isdone by the function matching operation, so
most of thework of evaluating an accesstype isdone by these two functions, which the user can
call directly:

voi d Knt RetrieveFroniType( KMI_TYPE type, KMI_CONTEXT context,
wchar _t *name, char name_syntax, int genus_set, int species_set,
KMI_RETRI EVE_TEST_FUN retrieve_test_fun, void *inpl);

voi d Knt Ret ri eveFronCont ext ( KMI_CONTEXT cont ext,
wchar _t *name, char name_syntax, int genus_set, int species_set,
KMI_RETRI EVE_TEST_FUN retrieve_test_fun, void *inpl);

Parametersnane, nane_synt ax, genus_set , and speci es_set tdl the two functionswhat
to search for: any named entity (formal parameter or record component) with the given name
and name syntax, agenusfrom the given genus set, and a speciesfrom the given speciesset. The
symbol KMI_ANY, a synonym for ~0, will match any non-zero genus or species.

In both cases, the result is conceptually a list of al named entities satisfying the con-
ditions of the retrieval. However, instead of returning such a list, the two functions execute
retrieve_test_fun,acalback function, each time they find one of them. The retrieve test
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function (and thei npl parameter, which isassociated with it) isthe subject of the next section.

Kt Ret ri eveFr onType isused when there is a head, for example when retrieving f in
e.f(2);thet ype parameter isthetypeof e, and must bean evaluated type. The second parameter,
cont ext, is the lexical context (Section 1.6) within which the entire expression occurs.
Although the type is searched, not the context, the context is needed for access control (Section
7.5). Thiskind of retrieval can only ever find a record component, not a formal parameter. Its
behaviour on the various kinds of evaluated typesisasfollows.

Retrieval from a function type produces a null outcome (i.e. no calls on the retrieve test
function). Retrieval from a parameter type isequivalent to retrieval from itsformal parameter’s
upper constraint if thereisone, and producesanull outcome otherwise. Retrieval from arecord
type searchesthe record type. Retrieval from ameet type retrievesfrom each of itsrecord types
in an unspecified order. Retrieval from an error type produces a null outcome.

Retrieval from aresolved rangetypeisequivalent to retrieval from thetypeit isresolved to.
Retrieval from an unresolved range type with at least one constraint first causes the range type
to beresolved, to the lower constraint if there isone, otherwiseto the upper constraint, then pro-
ceedsasbefore. (Resolutionisnecessary in some cases, and doing it whenever possibleisat least
simple and definite.) Retrieval from an unconstrained range type produces a null outcome.

Kt Ret ri eveFr onCont ext isused when there isno head, for example when retrieving
f inf(2); thecont ext parameter isboth the lexical context in which the expression occursand
the starting point for the search. Knt Ret ri eveFr onCont ext searchesfor formal parameters
in the function types of the context, and componentsin the record types of the context, from the
inside out asusual.

In conformity with the meaning of inheritance, whichisthat inherited componentsareto be
treated just asthough they were defined in the child record, the search of arecord type by both
functionsincludessearchingitsparent record types, and their parent record typesand soon. The
retrievetest function providesdetailed control over this process (Section 7.4.2).

7.4.2. Theretrievetest function

A simple way to think about retrieval in the presence of overloading is as a pipeline with two
stages. first retrieve all relevant named entities, then test them for applicability and choose the
best. Unfortunately, thisis usually too simple, since the first stage would return some named
entitieswhich areirrelevant because they are overridden or shadowed. It isusually necessary for
the user to test the resultsof aretrieval for applicability while the retrieval isgoing on.

The retrieve_test_fun parameter of the two retrieval functions supports this
interleaving of retrieval with testing. It isa callback function, invoked when a named entity is
found that hasthe right name, name syntax, genus, and species. Thisfunction has signature

typedef void (*KMI_RETRI EVE_TEST_FUN) (KMI_NAMED naned,
KMI_TYPE type, KMI_RETRIEVE INFO retrieve_info,
KMI_BOOLEAN +hi des_encl osi ng, KMI_BOOLEAN *hi des_i nherited);

Parameter nanmed contains the named entity that has been retrieved. Type KMI_NAMED is the
abstract superclass of objects that have a name, and hence could be the result of aretrieval. It
has two concrete subtypes:
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KMT_NAVED
KMT_FORMAL_PARANETER
KMT_COVPONENT

There are operationsfor returning the tag, name, name syntax, and theis_typic attribute (Section
1.3) possessed by all named entities:

KMI_TAG Knt NamredTag( KMT_NAMED naned) ;

wchar _t +Knt NanedNane( KMT_NAMED naned) ;

char Knt NanmedNanmeSynt ax( KMI_NAMED naned) ;
KMI_BOOLEAN Knt Named! sTypi ¢( KMT_NAVED naned) ;

plus upcasting operations:

KMI_NAVED Knt For mal Par anet er ToNamed( KMI_FORMAL _PARAMETER formal ) ;
KMI_NAVED Knt Conponent ToNanmed( KMI_COVMPONENT conponent ) ;

and downcasting operations:

KMI_FORMAL_PARAMETER Knt NarmedToFor mal Par anet er (KMI_NAMED nared) ;
KMI_COVPONENT Kmt NanedToConponent ( KMT_NAMED naned) ;

Asusual, C castsmay be used if preferred.

Thet ype parameter of the retrievetest function isthe type of the retrieved entity. If the
entity isaformal parameter, it will be a parameter type invoking that parameter; if the entity isa
record component, it will be the component’s value with appropriate type substitutions.

Theretrieve_i nf o parameter of theretrievetest function isa pointer to a private struct
containing miscellaneous useful information about the retrieval :

void *Knt Retrievel nfol npl (KMI_RETRI EVE_ | NFO retrieve_info);

KMI_TYPE Knt Retri evel nfoType( KMI_RETRIEVE_INFO retrieve_info);
KMI_CONTEXT Knt Ret ri evel nf oCont ext (KMI_RETRI EVE_INFO retrieve_info);
KMI_RETRI EVE_PATH Knt Ret ri evel nf oPat h( KMI_RETRI EVE_I NFO retrieve_i nfo);

Knt Ret ri evel nf ol npl returnsthei npl parameter of theoriginal Knt Ret r i eveFr oniType
or Knt Ret ri eveFr onCont ext call, Knt Ret ri evel nf oType returnsthe original t ype pa
rameter (whichwill benon-NULL if and only if theoriginal call wastoKnt Ret r i eveFr oniType
and not Knt Ret ri eveFr onCont ext ), and Knt Ret ri evel nf oCont ext returnsthe original
cont ext parameter. Knt Ret ri evel nf oPat h returns the retrieve path, explained in Section
7.4.3. Theinfo struct isheld in stack memory and lost after the retrievetest function returns, so
anything needing to be kept must be extracted from it within the retrieve test function.

Thehi des_encl osi ng and hi des_i nheri t ed parametersof theretrievetest function
are pointers to Boolean variables whose values are undefined at the time of the call. These
variables must be assigned values within the body of the retrieve test function, and KMT will
abort immediately after it returnsif thisisnot done.

If acall onaretrievetest functionreturnswith=hi des_encl osi ng set toKMI_TRUE, then
the search will not proceed to the enclosing lexical context. Knt Ret ri eveFr onmlype does not
search lexically enclosing contextsin any case, but * hi des_encl osi ng must be set anyway.
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If acall on aretrieve test function returns with = hi des_i nheri t ed set to KMI_TRUE,
and a record type is currently being searched, then the parents of that record type will not be
searched. Searches of the parents of other record types are not affected. If afunction typeis
being searched, » hi des_i nheri t ed hasno effect, but it must be set anyway.

Whatever truncationsin the search these flags produce, it remains possible for the omitted
areasto be reached along other paths. The flags prevent certain transitionsfrom one area of the
search to another; they do not prohibit searching the omitted areas altogether.

It is possible for two or more overloaded components to be found within a single record
type, and for two or more overloaded formal parameters to be found within a single function
type. In that case, the functions call back the user for all of them, in order of declaration for
formal parameters and in an unspecified order for record components, before the search leaves
that record or function type. The rules given above for the meaning of *hi des_encl osi ng
and *hi des_i nheri t ed have been written with this possibility in mind.

Some examples of retrieve test functions appear below. When writing them, the user has
two tasks. First, the entity and type need to be saved. Typically, the user would set the i npl
parameter of the retrieve operation to point to the node of the abstract syntax tree on whose
behalf thisretrieval is being carried out, and storeent ity and t ype into that node. Second,
valuesmust be assigned to  hi des_encl osi ng and *hi des_i nheri t ed.

Here isa simple example of aretrievetest function that might be useful in a system with
no overloading. Type VX_CALL_NODE is supposed to be the user’s type representing a call
expression syntax tree node.

voi d Sinpl eRetrieveTest (KMI_NAMED nanmed, KMI_TYPE type,
KMI_RETRI EVE_I NFO retrieve_info,
KMI_BOOLEAN =hi des_encl osi ng, KMI_BOOLEAN +hi des_i nheri t ed)

VX_CALL_NCDE cal | _node;
call _node = (VX_CALL_NODE) KntRetrievelnfolnpl(retrieve_info);
cal |l _node->named = naned,;
call _node->type = type;
*hi des_encl osing = +hides_inherited = KMI_TRUE;
}

This function considers any named entity with the correct name, syntax, genus, and speciesto
be applicable, and takes its existence as sufficient justification for not searching any further into
lexically enclosing or inherited contexts.

Here is a more elaborate retrieve test function, which accepts a named entity only if its
signature matches some function application, in the manner of C++ and Java:
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voi d FunRetri eveTest (KMI_NAVED naned, KMI_TYPE type,
KMI_RETRI EVE_I NFO retrieve_info,
KMI_BOOLEAN +hi des_encl osi ng, KMI_BOCOLEAN +hi des_i nherit ed)

VX_CALL_NODE cal | _node;
cal |l _node = (VX_CALL_NODE) KntRetrievelnfolnpl(retrieve_info);
Knt RawCal | TypeSet Head( cal | _node->cal | _type, type);
i f( !'KnmtRawCal | TypeMat ch(cal | _node->cal | _type) )
{
/* does not match, so ignore it and keep searching */
*hi des_encl osing = *hides_inherited = KMI_FALSE;

}
el se if( call_node->naned != NULL )
{
/* matches, but so did a previous callback */

if( call_node->named != naned )
Error("anbiguity");
*hi des_encl osing = +hides_inherited = KMI_TRUE;
}
el se
{
/* matches, so accept and truncate the search */
cal | _node->named = naned,;
cal | _node->type = type;
*hi des_encl osing = *hides_inherited = KMI_TRUE;
}
}

This records the first matching named entity and its type, printing an error message if there
are others, athough not when the same entity is retrieved twice along different paths (Section
7.4.3). If range types are in use, arrangements must be made to reset them between matches
(Section 5.4).

When only one named entity is retrieved and its type fails to match, it is good practice to
print a detailed diagnosis. This can be done by storing naned and t ype even when the match
fails, and if nothing better comesalong, traversing the failed call type asin Section 4.4.

There are many other possible enhancements. For example, concrete entities could be
preferred to abstract ones. Thei npl pointersof the retrieved entities should give accessto this
information on the user side. A realisticretrievetest functionislikely to be significantly longer
that the one given above.

Knt Ret ri eveFr onType and Knt Ret ri eveFr onCont ext can be called from within
the retrieve test function. Although deciding whether one named entity is applicable by
retrieving others does not seem useful, such callsare handled correctly (that is, independently).
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7.4.3. Theretrievepath

Theretrieve path of aretrieved named entity isthe path that the retrieval followed to reach that
entity, beginning at thet ype or cont ext parameter of the retrieve function, and ending at the
typethat directly enclosesthe entity passed to the retrievetest function. At a minimum the path
containsone element, whichisboth thet ype or cont ext parameter of theretrievefunctionand
immediately enclosesthe retrieved entity.

Retrievals never search raw types, and error types never lead to calls on the retrieve test
function, so thetypesthat may be elementsof aretrieve path are function types, parameter types,
rangetypes, record types, and meet types. Anelement of aretrievepath may also beacomponent
or aparent (including an optional rename), making seven kinds of element altogether.

Two retrieve paths are distinct if they pass through a different sequence of elements. A
retrieve path isacyclic if it does not contain two attempts to retrieve the same name and name
syntax from the same type. (In the absence of renaming, thisjust meansthat the path does not
contain the same record type twice.) Retrieval exploresall distinct acyclic paths, except when
the retrieve test function instructs it to truncate its search, and it calls the retrieve test function
whenever it finds a suitable named entity in the course of exploring all these paths.

An example of revisiting a type occursin the classic diamond, where D inherits B and C,
both of which inherit A. A retrieva initiated at D which finds an x in Awill find it twice, once
viaB, then againviaC. By stacking n diamondsit ispossibleto construct acase of 3n + 1types
which cause retrieval to return the same entity 2" times.

There are rare cases where the search revisits a type because it isinherited by two distinct
lexically enclosing types. Consider the following legal Java program:

class A

{

class B extends A{ ... }

}

A search begun within B will visit A during the course of searching type B and itsinherited types,
then visit A again becauseit lexically enclosesB. A private component of A (one not accessible
viainheritance, but accessiblethroughout itslexical scope) would be found on the second search
of A but not thefirst.

The above examplesvisit atype twice, but on different paths. Renaming can cause a type
to be visited twice on the same path. Consider thisexample:

A:inheritB{...}

B: inherit Arenamexasy({ ...}

and suppose that B contains a component X. Then aretrieval of y in B will succeed, viaa path
that visits B twice. Thisisnot a cycle, because the two visits search for different names.

Occasionally it might be desired to examine the retrieve path leading to a retrieved named
entity. The value returned by a call to Knt Retri evel nfoPat h(retri eve_i nfo) within
the retrieve test function representsthe last element of this path, and from there it is possible to
follow the path all the way back to the start. The following operations are available on objects
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of itstype, KMT_RETRI EVE_PATH:

wchar _t «Knt Retri evePat hName( KMI_RETRI EVE_PATH r p) ;

char Knt Retri evePat hNameSynt ax( KMI_RETRI EVE_PATH rp);
KMI_RENAME Knt Ret ri evePat hRename( KMI_RETRI EVE_PATH rp) ;
KMI_RETRI EVE_PATH Knt Ret ri evePat hPrev( KMI_RETRI EVE_PATH r p) ;
KMI_RETRI EVE_PATH Knt Ret ri evePat hCopy( KMI_RETRI EVE_PATH r p) ;
KMI_RETRI EVE_NODE Knt Ret ri evePat hNode( KMI_RETRI EVE_PATH rp) ;

Knt Ret ri evePat hName and Knt Ret ri evePat hNaneSynt ax give the name and name
syntax being retrieved at thispoint (in the absence of renaming they will be constant throughout
the path), and Knt Ret ri evePat hRenane is the rename that the path is currently passing
through, or NULL if none (only relevant if Knt Ret ri evePat hNode hastype KMI_PARENT).

Knt Ret ri evePat hPr ev isthe previouselement of theretrievepath, or NULL if r p isthe
first element. Knt Ret ri evePat hCopy makesadeep copy of theretrievepath. This, or some-
thing likeit, will be necessary if itisdesired to usetheretrieve path after thewholeretrieval ends,
because the retrieve path pointed to by ther p parameter of the retrieve test function iskept in
stack memory, for efficienc y,and so becomes unavailable after the retrieve test function returns.

Knt Ret ri evePat hNode returns the object being searched at this point of the path. Its
result type, KMT_RETRI EVE_NODE, isan abstract supertype of seven concrete subtypes, one for
each of the seven kinds of element that may lie on aretrieve path:

KMT_RETRI EVE_NODE
KMI_FUNCTI ON_TYPE
KMT_PARAVETER TYPE
KMI_RANGE_TYPE
KMI_RECORD_TYPE
KMT_MVEET_TYPE
KMT_PARENT
KMT_ COVPONENT

Thetag of aretrieve node may be found asusua by
KMI_TAG Knt Ret ri eveNodeTag( KMI_RETRI EVE_NCDE rn);
and upcasting and downcasting may be done with C casts, or by calling upcasting operations

KMI_RETRI EVE_NODE Knt Functi onTypeToRet ri eveNode(

KMI_FUNCTI ON_TYPE function_type);
KMI_RETRI EVE_NCDE Knt Par anet er TypeToRet ri eveNode(

KMI_PARAMETER TYPE param type);
KMI_RETRI EVE_NODE Knt RangeTypeToRet ri eveNode( KMT_RANGE _TYPE range_type);
KMI_RETRI EVE_NCODE Knt Recor dTypeToRet ri eveNode( KMI_RECORD TYPE
record_type);
KMI_RETRI EVE_NODE Knt Meet TypeToRet ri eveNode( KMT_MEET_TYPE neet _type);
KMI_RETRI EVE_NODE Knt Par ent ToRet ri eveNode( KMI_PARENT parent);
KMI_RETRI EVE_NODE Knt Conponent ToRet ri eveNode( KMI_COMPONENT conponent);
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and downcasting operations

KMT_FUNCTI ON_TYPE Knt Ret ri eveNodeToFuncti onType( KMI_RETRI EVE_NCDE rn);
KMT_PARAMETER_TYPE Knt Ret ri eveNodeToPar amet er Type( KMI_RETRI EVE_NODE rn) ;
KMI_RANGE_TYPE Knt Ret ri eveNodeToRangeType( KMI_RETRI EVE_NCDE rn);
KMI_RECORD_TYPE Knt Ret ri eveNodeToRecor dType( KMI_RETRI EVE_NCDE rn);
KMI_MEET_TYPE Knt Retri eveNodeToMeet Type( KMI_RETRI EVE_NODE rn);
KMT_PARENT Knt Ret ri eveNodeToPar ent (KMI_RETRI EVE_NCDE rn) ;

KMTI_COMPONENT Knt Ret ri eveNodeToConponent ( KMI_RETRI EVE_NCDE rn);

Sincethe retrieve path is never empty, it may be traversed by

rp = KmtRetrievelnfoPath(retrieve_info);
do
{
rn = KntRetrievePat hNode(rp);
switch( KnmtRetrieveNodeTag(rn) )
{
case KMI_FUNCTI ON TYPE TAG
case KMI_PARAMETER TYPE_TAG
case KMI_RANGE_TYPE_TAG
case KMI_RECORD TYPE_TAG
case KMI_MEET _TYPE TAG
case KMI_PARENT_TAG
case KMI_COVPONENT TAG
}
rp = KntRetrievePathPrev(rp);
} while( rp !'= NULL );

downcasting r n to the appropriate type within each case.

A retrieve path which begins with Knt Ret ri eveFr oniType and ends with a call on the
retrievetest function hasthisstructure:

1 ~ KMT_RECORD_TYPE
KMT_PARAVETER_TYPE L{KMT_I\/EET_TYPE}J‘ T

KMT_PARENT
KMI_RANGE_TYPE

The path may pass through several parameter and range types at first, then possibly one meet
type, but it must eventually reach arecord type; from thereit may passvia parentsto other record
types, ending with the record type containing the component retrieved.

¥

A retrievepath which beginswith Knt Ret r i eveFr onCont ext and endswithacall onthe
retrievetest function hasa somewhat more complex structure. The path may begin by exploring
a sequence of inner lexical contexts, none of which isthe source of the entity returned by the
retrievetest function. Thispart of the path hasthis structure:
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inner_contexts

f ),
L{ KMI_RECORD_TYPE }J KMT_ COVPONENT [ [KMT_ RECO?D_TYPEﬁ

KMT_FUNCT]I ON_TYPE}

At each context level, the path either passes through a component and then its enclosing record
type, or through a function type; but it may begin at a record type without having previously
passed through a component. A path which findsa component hasthis structure:

~} KMI_RECORD_TYPE
-[inner_contexts}-[KM_COVPONENT] |

KMT_PARENT

It endswith arecord type, possibly reached via several parents. Beforethat it may have searched
some inner contexts, in which case it emerges from them through some component. A path
which finds a parameter hasthis structure:

» KMT _FUNCTI ON_TYPE
L»{inner_contexts}—JA — - -

It ends with a function type, and may also have searched inner contexts beforehand.

7.5. Accesscontrol

Access control is the term commonly used for language features that restrict access to record
components. In KMT terms, access control causes a retrieval operation to not call the retrieve
test function when it otherwise would.

There are essentially no design constraints on language features for access control, as
examples such as friend functions in C++ [6] and selective export and object-based privacy
in Eiffel [3] demonstrate. Stroustrup somewhere gives two guiding principles: access should
be granted not taken, and access control should be independent of the semantics of the things
accessed. A third isthat modules can replace unusual features such asthose just listed.

In the absence of further guidance, KMT offersa conservative system consistent with these
principlesand sufficient to implement the Java access control system. The user who needs other
kinds of access control can bypass or supplement KMT’s system by implementing them within
the retrieve test function, utilizingretri eve_i nf o and arbitrary data held on the user side.
However, the retrieve test function called when eval uating type expressions cannot be replaced,
and thisforces KM T’s access control to be used within type expressions.

Access control depends on the retrieved component, which isthe component that is under
consideration for passing to the user viathe retrievetest function; on the original context of the
retrieval, which isthe cont ext parameter of the original call to Knt Ret r i eveFr onCont ext
or Knt Retri eveFronType; and on the enclosing record type, which is the record type
immediately enclosing the retrieved component. It also depends on three attributesstored in the
retrieved component: access_cont ext ,access_| exi cal ,andaccess_i nherit. Section
6.1 explainshow to set these attributes.
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Attributeaccess_cont ext isacontext. It should either be NULL or elseit should enclose
the retrieved component, directly or indirectly. Attributeaccess_| exi cal hastype

typedef enum {
KMTI_ACCESS_THROUGHQOUT,
KMT_ACCESS HERE_AND_AFTER,
KMT_ACCESS_AFTER,

} KMTI_ACCESS LEXI CAL;

andaccess_i nherit isaBoolean. A component isvisiblethroughout itsaccess_cont ext ,
or has unrestricted visibility if access_cont ext is NULL, except that access_| exi cal
allowsitsvisibility to berestricted to at or after the point of definition (something that isnot often
wanted in modern object-oriented languages), and access_i nheri t alowsitsvisibility to be
extended to all record types which inherit the enclosing record type. More formally:

(1) Accessisgranted whenaccess_cont ext iSNULL or the original context of the retrieval
lieswithinaccess_cont ext , except asmodified by rule (2).

(2) Whentheoriginal context of theretrieval lieswithin one of the componentsof theenclosing
record type, two exceptions to rule (1) apply: accessis denied when access_| exi cal
iISKMI_ACCESS_HERE_AND_AFTER and the original context of the retrieval precedesthe
component,andwhenaccess_| exi cal iSKMI_ACCESS_AFTER and theoriginal context
of the retrieval either precedes the component or lies within its value. These tests are
implemented by checking whether thereis a node of the retrieve path immediately before
the enclosing record type which is a component of the enclosing record type, and if so
comparing itsindex with the index of the retrieved component.

(3) Inadditionto (1),if access_i nherit isKMI_TRUE then accessisgranted if the original
context of the retrieval islexically enclosed in arecord type which inherits the enclosing
record type directly or indirectly.

These rules support the access modes of Java:

Java mode access_context access_| exical access_inherit
private Enclosing class KMI_ACCESS THROUGHOUT ~ KMT_FALSE
package Enclosingmodule ~ KMI_ACCESS_THROUGHOUT =~ KMTI_FALSE
protected Enclosingmodule  KMI_ACCESS_THROUGHOUT KMT_TRUE
public NULL KMI_ACCESS_THROUGHOUT  KMI_TRUE

but give little insight into the design space of access control overall. Rule (3) seemsanomalous
when thereisahead, because in addition to the main search, the one beginning at the head to find
the component, another search, beginning at the original context, may be madeto check rule (3).
When there is no head, the two searches would follow the same track so the second is omitted.

During evaluation, some parent types may need to be evaluated while the second search is
being carried out, just asthey would have needed to be evaluated by the main search if there had
been no head. Thus, not only can the main search contribute to an evaluation cycle (Section 1.5)
during evaluation, checking rule (3) can do so aswell.
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7.6. Closureparameters

This section and itsimplementation are under construction

A local functionisafunction whose definition islexically enclosed within another function
definition. Although object-oriented programming languages tend not to offer local functions,
many othersdo, including Pascal and functional languages.

When compiling local functionsthe problem arises of what to do about invocationswithin
the bodies of these functions of local variables and parameters declared outside them, but not
globally. For example, take the Nonpareil function

quadratic_rootga: real, b: real, c: real): list{real} :=

let
disc:=b*b-4*a*c
in

if disc<Othen

[ (b + sgrt(disc))/2*a, (—b — sgrt(disc))/2*a]
elseif disc=0then

[ b/ 2*a]
else

Suppose we are compiling to C and it is desired to compile disc into a separate function. (This
isnot actually necessary unlessdisc hasa parameter.) The function cannot be

float disc()
{
return b = b - 4 x a x c;

}

because a, b, and ¢ are undefined.

There are many solutions to this problem, starting with the traditional one of compiling
to assembly language and including a ‘ static pointer’ in each activation record to the lexically
enclosing activation record. The whole question could very well be left to the back end of the
compiler. KMT offersa solution, particularly useful when compiling to C, which isbased on a
clever conversion of theinterface of disc in the front end, to something like

disc(a: real, b: real, c: real)

wherethereisone new parameter for every non-global variableor parameter invoked within disc
but defined outside it. These added parametersare called closure parameters.

A new closure parameter isneeded whenever aretrieval originating within the body of disc
passes through disc to alexically enclosing record and retrievesfrom that record something that
isnot aglobal symbol. KMT addsthe new parameter during theretrieval: it noticesthat theright
conditions have occurred, inserts the new parameter, and modifies the result of the retrieval to
return the new parameter rather than the original result. Thecaller of Knt TypeRet ri eve isnot
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aware that this has happened.

Subsequent retrievals also find the new parameter, because it is given the same name
and now shadows the component it originally intercepted. When functions are nested within
functionsnested within functions, anew parameter isadded to every function on the search path.
It may seem to be too clever, but there really are no catches?

Each function type contains a policy of type KMI_CLOSURE_POLI Cl ES which must be
non-NULL in those function types, such asthat for disc above, which are open to receiving closure
parameters. An object of thistypeiscreated by calling

KMI_CLOSURE_PQOLI CI ES Knt O osur ePol i ci esMake(

i nt genus_set,
i nt speci es_set,

KMT_PARAMVETER POLI Cl ES policies
),

When aretrieval passes through a function type with a non-NULL value of this policy, it goes
on alert. When it retrieves a component, but before passing it to the user for testing, it checks
whether the genus and speciesof the value of the component it hasfound lieinthegenus_set
and speci es_set of the policy. If so, it adds a new formal parameter to the function type
holding the policy, with the same name asthe retrieved component, and the pol i ci es attribute
for itspolicies, and switchesto retrievingthat new parameter. Thisisdone repeatedly back down
the chain of lexically enclosing types.

Careful limitation of thefunction typescontaining these policies(to only thoserepresenting
functions lexically enclosed in other functions), and the kinds of components intercepted
(to only those representing local variables or parameters of functions), is needed when using
closure parameters. Another point requiring careful notice isthat, for smplicity of use, closure
parameters are added before there is any confirmation from retrieval testing that the retrieved
symbol isreally wanted. For the kindsof symbolsof interest, thisisnot a problem.

callback function allowing new parameter to have an implementation pointer still to do
effect on function matching still to do

IActually, thereisacatch. If thefunction typewhichisaccumulating closure parametersisretrieved beforeall itsclosure
parameters have been added (which may happen if it is recursive, for example), then that retrieval will not return the
correct final type, which isnot known yet. Watch this space.
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A meet typeisaset of record types, expressed in Section 1.1 by the syntax
R, meet ...meet R,

wheren > 2 and each member, R, isarecordtype. It standsfor thelargest typewhichisasubtype
of each member. For example, author meet editor isthe type of authorswho are also editors.
Even if alanguage design omits meet types, KM T’stype operations produce them occasionally,
when multipleinheritance and joinsor meets (asused in conditional expressionsor theinference
of actual generic parameters) are present.

Meet types are an instance of what the literature calls intersection types. The name ‘ meet
type was chosen because of the close connection with the meet operation: the meet of record
types R, and R,, when neither isa subtype of the other, isR; meet R, when it exists.

A meet operation may be applied to any two types, but the membersof ameet typemay only
be record types. Case analysis makesthe reason clear. For example, a parameter typein a meet
would be constrained in away that there isno provision for, as consideration of parameter x in

list[int] meet x

shows. A function type can only meet with afunction type, and in that case the result isanother
function type, so there isno need for arepresentation of the meet of two function types.

8.1. Creation and query
A meet typeiscreated by a sequence of callsbeginning with
KMI_MEET TYPE Knt Meet TypeMakeBegi n( KMT_BOCOLEAN eval uat ed, void *inpl);

Thefirst parameter sayswhether the meet typeisto be created in an already evaluated state, and
will usually be KMI_FALSE. After it comesthe usua implementation pointer (Section 1.2). A
sequence of membersisthen added by at least two callsto

voi d Knt Meet TypeMakeMenber (KMI_MEET _TYPE neet type, KMI_TYPE nenber);

When an evaluated meet type is being created, each member must be a record type, otherwise
Kmt Meet TypeMakeMenber aborts. When araw meet typeisbeing created, each member may
have any type, but an error callback will be generated later if the member evaluatesto anything
other than arecord type. The sequence concludeswith

voi d Knt Meet TypeMakeEnd( KMI_MEET _TYPE neet _type);

When an evaluated meet type is being created, this performs the validity checks described in
Section 8.2 and aborts if they fail, so the user must be certain that the type is valid. Calling
these functions out of sequence, calling Knt Meet TypeMakeMenber less than twice before
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calling Knt Meet TypeMakeEnd, and attempting to make use of a meet type before calling
Knt Meet TypeMakeEnd, al cause an abort.

A meet type may be queried, and itsimplementation pointer reset, by calling

voi d =Knt Meet Typel npl (KMI_NMEET_TYPE neet _type);

voi d Knt Meet TypeSet | npl (KMI_MEET_TYPE neet _type, void *inpl);
short Knmt Meet TypeMenber Count (KMI_MEET _TYPE neet _type);

KMI_TYPE Knt Meet TypeMenber (KMI_MEET_TYPE neet _type, int index);
i nt Knt Meet TypeGenus(KMI_MEET _TYPE neet _type);

Knt Meet TypeMenber Count returnsthe number of members. Knt Meet TypeMenber returns
thei ndex’th member, counting from 0, abortingif i ndex isout of range. It issafeto downcast
its result to KMI_RECORD_TYPE when the meet type is evaluated. Knt Meet TypeGenus is
available only when the meet type isevaluated; it returns the common genus of the members.

8.2. Evaluation and validity

The evaluation operation, Knt TypeEval uat e, was introduced in Section 1.4. This section
explainshow it appliesto raw meet types, and givesthe validity rulesfor meet types.

A raw meet typeisevaluated by eval uating itsmembersand carrying out the validity checks
explained below. The membersmay be reordered during evaluation. Thereisno stored context
in ameet type, and its members are evaluated in the same lexical context asthe meet type itself.

The validity rules for an evaluated meet type are that it must have at least two members,
al of which are evaluated record typeswith the same genus, and it must be neither inconsi stent
nor redundant. A meet type isinconsistent if it isa subtype of two record types with the same
identity but different substitutions. For example,

list[int] meet list[real]

isobviously inconsistent, but there are also |ess obvious examples. A meet typeisredundant if
it isexpressible using fewer members. For example,

list[int] meet listfint]

isobviously redundant, but again there are less obvious exampl es.

Excluding meet types with less than two members imposes no significant restriction. A
meet type with one member can only mean the same type asthat member, and a meet type with
no members can only mean a type which isa supertype of all record types. This‘top’ type has
some theoretical interest, but since it has no componentsit isuselessin practice.

When evaluation detects a validity problem, it calls one of the callback functions of its
pol i ci es parameter asdescribedin Section 1.4. Inthe syntax that the user would useto declare
these functions, they are:

voi d meet _nmenber _not _record( KMI_MEET _TYPE neet _type, int index);

Thei ndex’th member of neet _t ype did not evaluate to arecord type.
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voi d nmeet _menber _wrong_genus(KMI_MEET _TYPE neet _type, int index);
The genus of thei ndex’th member of neet _t ype isnot equal to the genus of member O.

voi d meet _i nconsi stent (KMI_MEET _TYPE neet _type,
KMI_RECORD TYPE record_typel, KMI_RECORD TYPE record type2);

The membersare valid, but the meet typeisinconsistent. Thetwo record typesr ecord_t ypel
and record_t ype2 prove this. nmeet _t ype is a subtype of both, and they have the same
identity but different substitutions.

voi d meet _redundant (KMI_MEET _TYPE neet _type, KMI_TYPE alt_type);

The membersare valid, and the meet type is consistent, but it isredundant. Typeal t _type,a
simpler, equivalent, and non-redundant record or meet type, provesthis.

Thereisno error callback for reporting that a meet type haslessthan two members. Instead,
Kmt Meet TypeMakeEnd aborts if an attempt is made to create a meet type with less than two
members; and if there are lessthan two after evaluation, that isa case of redundancy.

8.3. Display

The operation for displaying atype, Knt Ty peShow, wasintroduced in Section 1.7. Thissection
explainshow it appliesto meet types. For convenience, afunction

wchar _t =Km Meet TypeShow( KMI_MEET _TYPE neet _type);

is defined which displays a meet type, by upcasting and calling Knt TypeShow.

The meet _f nt format string in the KMT_TYPE_FMT object affects the display of meet
types. Meet typesconsist of asequence of members, and within thisformat string the sequence
formatting command L"% ... %" displays them. Within its second and third parts, the
formatting command L" %@ displays one member. For example, setting neet _f nt to

L" 9% % 99% neet %A% % "

produces the format used in this document, with the members separated by meet. The part of
the sequence formatting command that is printed when the sequenceisempty will never be used,
because the sequence of membersof ameet isnever empty; but it must be present anyway.

8.4. Equality, subtype, join, and meet

The equality, subtype, join, and meet operations were introduced in Section 1.8. This section
explains how they apply to evaluated meet types.

Two meet types are equal if their members are equal; the members’ order does not matter.
One meet typeisa subtype of another meet typeif for every member U of the upper type, there
existsa member L of the lower type such that L <U. A meet type is a subtype of a non-meet
typeif some member isa subtype of that type; a non-meet typeisa subtype of a meet typeif it
isasubtype of every member of the meet type.
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Thejoin and meet operationsfor meet typesfollow from the subtype operation in the usual
way. For background (i.e. what followsis not part of the specification of KMT), here is how
joins and meets between record and meet types are found, when the simple cases (types equal,
or one a subtype of the other) do not apply. During evaluation, the inherit types of each record
type are expanded into the set of all ancestorsof the record type, including the record typeitself,
the record types it inherits, the record types they inherit, and so on, taking care not to include
any record type twice. Thejoin of two record typesisfound by taking the intersection of their
ancestor sets, then going back to arecord or meet type which hasthat set of ancestors. The meet
of two record typesisfound in the same way, except that the union of the ancestor setsistaken
instead of the join. The same method appliesfor meet types, except that the ancestor set to start
from istheintersection of the ancestor setsof the record types of the meet type.

Ancestor sets are also used to detect inconsistency and redundancy. A record or meet
type isinconsistent if, during the construction of its ancestor set, an attempt is made to add a
record type when another record type is already present with the same identity and different
substitutions. (Equal substitutionsarefine; theincoming record typeissimply left out.) A meet
typeisredundant if, when itsancestor set is converted back into the simplest possible meet type,
the result has fewer membersthan the original (possibly just one, making it arecord type).
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An error type, mentioned in Section 1.1 and given syntax
?

there, may be inserted wherever atype could not be supplied because of an error. Both the user
and KMT may insert error types, KMT performsa user callback just before doing so, allowing
the user to record the fact that an error occurred and print an error message.

9.1. Creation and query
An error type isan evaluated type object of type KMI_ERROR_TYPE, created by acall to

KMI_ERROR _TYPE Knt Error TypeMake(void *inmpl, wchar _t =*nane,
char nanme_synt ax);

Parameter i npl isthe usual implementation pointer. When the error was caused by an access
type whose nameisnot known, narme and nane_synt ax should hold thefailed name and name
syntax, otherwise nane should be NULL and nane_synt ax doesnot matter. Functions

voi d =Knt Error Typel npl (KMI_ERROR TYPE error_type);

void Kmt Error TypeSet | npl (KMI_ERROR TYPE error_type, void *inpl);
wchar t =Kmt Error TypeName( KMT_ERROR TYPE error _type);

char Knt Error TypeNanmeSynt ax( KMI_ERROR _TYPE error_type);

retrieve these attributes and reset the implementation pointer. An error typeisawaysvalid, but
it hasno genus, and KMT will abort if an attempt ismadeto find the genus of an error type.

9.2. Display

The operation for displaying atype, Knt Ty peShow, wasintroduced in Section 1.7. Thissection
explainshow it appliesto error types. For convenience, afunction

wchar _t +Knt Error TypeShow( KMI_ERROR TYPE error_type);

Is defined which displaysan error type, by upcasting and calling Knt Type Show.

KMT_TYPE_FMT objectscontainaner r or _f nt format string which determinesthe format
used to display an error type. Within the format string, the formattingcommand L" %N" displays
thenamestored intheerror type. Thisnameisoptional,soL" %N" should only appear within the
second part of aL"% ... %" formattingcommand. For example, settingerror _fnt to

L"?[ 94 90\N4 "

printsthe name preceded by a question mark if present, or just the question mark otherwise.
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9.3. Equality, subtype, join, and meet

The purpose of error typesisto allow type checking to continue in a reasonable manner after an
error hasoccurred. Type operations affected by the error should be allowed to succeed, to avoid
acascade of error messages after the first. Hence the following definitions.

An error typeisequal to every other type, and it isalso a subtype and a supertype of every
other type. Thejoin or meet of an error type with any other type isthe other type. Theserules
override all other rules defining the equality, subtype, join, and meet operations.
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10.1. A Boolean type
The type KMI_BOOLEAN used throughout thisguideisdefined inknt . h to be

t ypedef enum {
KMI_FALSE = 0,
KMI_TRUE = 1

} KMI_BOOLEAN;

It isthe Boolean type that C forgot.

10.2. Memory allocation

KMT maintainsastack of memory arenas. Itsmemory allocationsgointo the arenaon top of the
stack. Thereisno limit to the capacity of an arena other than the usual operating system limit.

If the stack is empty when memory is needed, an arena is created and pushed onto it,
allowing the user to ignore memory allocation. Alternatively, the user may influence memory
allocation by making, pushing, popping, and freeing arenas:

KMI_ MEMORY_ARENA Knt Menor yAr enaMake() ;

voi d Kmt Menor yAr enaPush( KMI_ VEMORY_ARENA ar ena) ;
voi d Kt Menor yAr enaPop( KMI_ MEMORY_ARENA ar ena) ;
voi d Kmt Menor yAr enaFr ee( KMI_VEMORY_ARENA ar ena) ;

Knt Menor yAr enaPush abortsif given aNULL arena, or if the arenais already on the stack or
appearsto have been freed. Knt Menor yAr enaPop abortsif thearenait isgivenisnot currently
on top of the stack. Knt Menor yAr enaFr ee will abort if ar ena isNULL, or the arena appears
to be still on the stack or already freed.

Itisuptotheuser tousethesefacilitiessafely. Onesimpleapproachisto haveasinglearena
holding thetypesof all theinterfacesused in compiling a single compilation unit, plusa separate
arenafor analysing the body of each method, by enclosing the code for that asfollows:

nmet hod- >ar ena = Knt Menor yAr enaMake() ;

Kmt Menor yAr enaPush( net hod- >ar ena) ;
anal yse net hod ...

Kt Menor yAr enaPop( et hod- >ar ena) ;

Kmt Menor yAr enaFr ee( met hod- >ar ena) ;

Most of the memory consumed by interfacesis needed for the entire compilation, and most of
the memory allocated by KMT goes on analysing the bodies of methods, so, simple asthisis, it
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should use memory efficiently in most cases.
When a KMT operation needs memory, it calls

voi d =Knt MenoryAl | oc(size_t nbytes);

This returns a pointer to at least nbyt es bytes of memory, or aborts if the operating system
memory limit isreached. The pointer isaligned with type KMI_ALI GN, defined to bel ong, but
it can be changed (inknt . h) to awider type. The user isfreeto usethisfunction.

10.3. Extensiblearrays

Also available are four functionswhich allocate extensible arrays of pointers (or other values of
the same width as a pointer):

voi d Knt ArrayBegi n(void **xarray, int =avail _len, int min_len);
void Knt ArrayGow(void ***array, int =avail _len, int min_len);
voi d Knt ArrayEnd(void *+array, int xavail _len, int used |en);
voi d Knt ArrayReG ow(void **xarray, int xavail len, int min_len);

Thefirst three functions are tuned for both space and time, and should be more efficient than a
general-purpose memory allocator. Any number of arraysmay be growing at one time.

Knt Ar r ayBegi n setsar r ay to point toanew extensiblearray aligned with KMI_ALI GN,
of lengthm n_| en at least, and sets*avai | _| en toitslength.

Kt ArrayGrow accepts *array and *avail _| en values as set by a previous call
to Knt ArrayBegi n, Knt ArrayGrow, or Knt ArrayReGr ow, and if min_Ilen exceeds
*»avai | _| en it changes+ar r ay to point to anew extensiblearray aligned with KMI_ALI GN, of
lengthm n_I en at least, sets*avai | _| en toitslength, copiesthe old array’scontentsinto the
new array, zeroesthe rest of the new array, and reclaimsthe old array.

Knt Ar r ayEnd reduces+avai | _| en to used_| en and reclaims the unused memory. It
isnot possibleto call Knt Ar r ayGr ow after Knt Ar r ay End.

Kt Ar r ayReG ow does what Knt Arr ayGr ow does, except that it may be called after
Kt Arr ayGr owEnd. It doesnot reclaim any memory.

For example, suppose there is an object of type A which must contain an extensible array
of objectsof pointer type B, among other things. The declaration of A would be:

typedef struct {

B *p_array;
i nt b _avail;
i nt b _count;

b oA

The code for initializing an object a of type A would include
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a->b_count = 0;
Kt ArrayBegi n(&->b_array, &a->b_avail, 0);

The code for adding one element is

if( a->b_count == a->b_avail )
Kmt ArrayG oW &a->b_array, &a->b_avail, a->b_count + 1);
a->b_array[ a- >b_count ++] = new_b;

and the code for finishing off is
Kt ArrayEnd(a->b_array, &a->b_avail, a->b_count);

If Knt ArrayEnd isomitted, a seriously large amount of memory may be wasted.

Kt ArrayGr ow is not very suitable for enlarging hash tables, because it copies the old
array, it doesnot rehash it. Hash tables can be enlarged by calling Knt Ar r ayBegi n to obtain a
new table without losing the old, rehashing the old into the new, then calling Knt Ar r ayEnd on
theold tablewithused_| en set to 0. KMT also offershash tablesdirectly (Section 10.5).

Behind the scenes, each arena contains an arbitrary number of large blocks of memory
obtained from nal | oc. Whenever anew array isbegun or grown, it grabs al of the remaining
unallocated portion of the block currently receiving alocations, or al of a new large block.
When the array ends, the unallocated portion of it becomesavailableagain. For example,if type
objects are being created while parsing a method header within a class within a module within
aroot raw record, four arrays will be growing behind the scenes (three of them holding hash
tables), each occupying the remaining unallocated portion of one large memory block. Aseach
array ends, theunallocated part of it becomesavailableagain. Only asmall portion of each block
ultimately goes unallocated, and the number of arraysgrowing at onetimeisat most the lexical
depth. The memory allocator can be profiled by changing

#undef KMT_MEMORY PROFI LE

to

#def i ne KMI_MEMORY_PROFI LE
inkmt . h, and placing acall to
voi d Kmt MenoryProfil e(FlILE *fp);

at the end of the main program. This printsareport on memory usageto f p in wide characters:
the amount received from mal | oc, the amount given to the user, lost to fragmentation, etc. It
does not track the effect of Kt Ar enaFr ee; if that function isin use, the true numberswill all
be smaller than shown in the report.

10.4. Stringconstruction

KMT usesextensible arraysto hold the type expression stringsreturned by Knt TypeDi spl ay.
The functionswhich build these strings are available to the user:
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KMI_STRI NG_FACTORY Knt St ri ngBegin();

voi d Knt StringAddChar (KMI_STRI NG FACTORY sf, wchar _t ch);

voi d Knt StringAddl nt (KMI_STRI NG FACTORY sf, int i);

voi d Knt StringAddFl oat (KMI_STRI NG FACTORY sf, wchar _t *fnt, float x);
voi d Knt StringAddString(KMI_STRI NG FACTORY sf, wchar t =s);

wchar t *=Kmt StringEnd( KMI_STRI NG _FACTORY sf);

Knt St ri ngBegi n returnsa’ stringfactory’ object which organizesthe construction of onewide
character string. The next four operations add one character, one integer in format L" %" , one
float informat f nt , and one string to the end of the factory’sstring. Thefinal operation endsthe
string (including adding thefinal L’ \ 0’ ) and returnsit.

10.5. Symbol tables

KMT takes over the traditional uses for symbol tables within compilers, leaving few reasons
to create one directly. Nevertheless, the KMT symbol table module is accessible to the user.
The module implements linear probing hash tables which double in size when they reach 80%
capacity. It usesK M T’sextensible arrays, which should be more efficient than implementing this
kind of table using a general-purpose memory allocator. Care needsto be taken to end the table
when no further elements are expected, to release memory as described for extensible arrays.

The module assumesthat the entriesto be inserted have type

typedef struct knt _table entry rec {
voi d *unused;
wchar _t *Nane;

} *KMI_TABLE_ENTRY;

wherenane isthe name of the entry. The user may cast other typesto thisif they are pointersto
structs whose second word containstheir name. Thefirst word has been left free for atag field.

A symbol table has type KMT_TABLE, defined in knt . h to be a struct, not a pointer; it is
however passed to the table operationsby reference. Thefieldsof thestruct arevisibleinknt . h,
but should not be accessed directly. The operationsare asfollows.

voi d Knt Tabl eBegi n(KMT_TABLE *table, int initial_size);
Initialize~t abl e tosizei ni ti al _si ze with no entries.

voi d Knt Tabl el nsert (KMI_TABLE +tabl e, KMI_TABLE_ENTRY entry);
voi d Knt Tabl eDel et e( KMT_TABLE +tabl e, KMI_TABLE_ENTRY entry);

Insert or delete ent ry. Overloading is permitted; when deleting, the entry must be present or
KMT will abort. The table will be enlarged automatically if required when inserting, but not
reduced when deleting.

voi d Knt Tabl eEnd( KMI_TABLE =+t abl e);

L et the table know that no more entrieswill be inserted. It isimportant to do this, otherwise a
seriously large amount of memory will be wasted.
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KMI_BOOLEAN Knt Tabl eQpen( KMI_TABLE +t abl e);
KMI_TRUE if =t abl e isopentoinsertions, that is, if Knt Tabl eEnd hasnot yet been called.

KMI_BOOLEAN Knt Tabl eRet ri eve( KMT_TABLE =t abl e, wchar _t =nane,
int xcursor, KMI_TABLE ENTRY *entry);

If xt abl e contains an entry with this name, set * cur sor to the index in the table of the first
such entry found, set *ent ry to the entry at *cur sor, and return KMI_TRUE. Otherwise set
*cursor to-1,set+xentry toNULL, and return KMI_FALSE.

KMI_BOOLEAN Knt Tabl eRet ri eveHashed( KMI_TABLE *tabl e, wchar _t *nane,
int hash_code, int *cursor, KMI_TABLE ENTRY xentry);

Similar, except that a hash code (before reduction modulo the table size) obtained from
i nt Knt Tabl eHash(wchar _t *name);
isalso passed, allowing it to be calculated only once when retrieving from multiple tables.

KMI_BOOLEAN Knt Tabl eRet ri eveNext (KMI_TABLE *table, int =cursor,
KMT_TABLE_ENTRY *entry);

Assuming that *cur sor was set by Knt Tabl eRet ri eve, Knt Tabl eRet ri eveHashed, or
Kt Tabl eRet ri eveNext , find the next entry with the same name as the one lying under the
cursor, setting = cur sor , *ent ry, and the return value asfor Knt Tabl eRetri eve.

Knt Tabl eRet ri eve andKnt Tabl eRet ri eveNext makeiseasy to construct aloop that
visitsevery entry with agiven name. Thisloop is packaged in a macro called asfollows:

Kt Tabl eFor Each( & abl e, nane, &cursor, &entry)
{

visit entry ...

}

A variant

Knt Tabl eFor EachHashed( &t abl e, nane, hash_code, &cursor, &entry)
{

. visit entry ...

}

Isalso available. Visiting every entry in the table can be done using operations

int KntTabl eSi ze( KMI_TABLE «+tabl e);
KMI_BOOLEAN Knt Tabl eGet (KMI_TABLE =table, int index, KMI_TABLE ENTRY =entry);

The first returns the table size. The second returns KMT_TRUE if there is an entry at position
i ndex, andif soit sets*ent ry tothat entry. So visiting every entry can be done by the loop
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for( i =0; i < KntTableSize(&able); i++)
if( KntTableGet(&able, i, &entry) )
. Visit entry ...

Theentrieswill bevisitedin anessentiallyandomorder, asusualwith hashtables.

10.6. Behaviour on incorrect usage

WhenKMT is usedincorrectly it printsa brief messagdeginningwith ‘KMT usageerror’in
wide charactersnst der r, for example

KMI usage error: attenpt to find genus of raw type

thencallsthe C abort () function. This guidelists all conditionsunderwhich this happens,
usingphrasesuchas‘This functionabortsf ...".

Thereare mary casesvherefunctionscannotdo what they areasked to do; they might
returnKMT_FALSE, or invoke a callbackfunction,to indicatethat somethinghasgonewrong.
Thesecasegypically arisewhentypecheckinganincorrectprogram. Thisis quitenormal,and
differentfrom usingKMT incorrectly

WhenKMT detectghatits own implementations defectve, it printsa similar message
beginningwith ‘KMT internalerror’, for example

KMI internal error: expected formal paraneter here

andaborts.Pleasdet meknow if yougetary of these.l will make fixing thema high priority.

10.7. TestingKMT

Typing neke or meke knt in the main distribution directory compilesKMT but doesnot
producean executable.Typing make knt _t est addsa C sourcefile (knt _t est. c) which
containsamainprogram. Theresultingexecutableknt _t est , maybeusedto testKMT.

Binaryknt _t est readshefiles givenasits command-lineargumentsandrunsthetests
in thosefiles. A few files suitablefor passingoknt _t est appeain themainKMT directory;
theirnamesall begin with t est . File name'- * standdor standardnputandcausegnt _t est
to readcommandgrom standardnput usingits interactve mode. For example,after running

make knt test,Unix command
./knt _test testl -

causeknt _t est to first readcommanddrom t est 1 andthenenterinteractve mode;ary
definitionscreatedby t est 1 remainavailableduringthe interactve phase.Interactve mode
differsfrom non-interactre modein thatit printsa promptbeforeeachcommandbut doesnot
echobacktheinputit receves.

All inputfilesareassumedo bein UTF8. Spacesandnewlinesarenot significant,except
thatcommentsegin with ‘#” andendatendof line.

Thetestingfunction maintainsa recordtype,calledthe root recordtype,which formsthe
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context for al thetesting. If thefirst token of thefirstfilereadis‘{’,itistakentobethebeginning
of this record type, and it is read in completely and then evaluated. If not, an empty record
typeiscreated and evaluated. After thisoptional record type comes a sequence of zero or more
commands beginning with a keyword and ending with a semicolon:

c conmponent ; Evaluateconponent then add it to theroot record type
d ; Display the components of the root record type

t type ; Evaluatet ype and display itsvalue

i type ; Evaluatet ype and inspect itsvalue (display it in detail)
r nane type ; Evaluatet ype and retrievename from it, showing all hits
e type type ; Evauatethetypesand perform an equality operation

s type type ; Evauatethetypesand perform a subtype operation

j type type ; Evauatethetypesand perform ajoin operation
mtype type ; Evaluatethetypesand perform ameet operation

h ; Display thelist of available commands (thislist)

q ; Quit reading thisfile

If asyntax error occurs, knt _t est skipsto just after the next semicolon and resumes. Output
goesto st dout ; when printing types, the default print format isused. Evaluation isdone using
the default policies, which print error messagesto st derr .

In general, the name of acomponent isvisiblewithin the component’sown value (and earli-
er); but thisisnot true of componentsinserted by c commands, becausetheir componentsare not
created and added to the root record type until after their values have been evaluated. To get mu-
tually dependent components, place them within aninitial root record type as described above.

Thei command invokesfunction

wchar _t *Km Typel nspect (KMI_TYPE type);

which is available to the user but not documented elsewhere in this guide. For some kinds of
typesit isthe same asKnt TypeShow, but for othersit producesmore detail. For example, when
given an evaluated record typeit will print its context, parents, ancestor set, and components.

The grammar of typesisshown in Figure 10.1. Here isa deterministic version of category
t ype, more suited to arecursive descent parser than the version in the figure:

type ::=
typea [ "neet" typea { "nmeet" typea } ]
typea ::=
typeb [ ".." typeb ]
typeb ::=
typec { suffix }
typec ::=
function_type | record type | error_type | nane | "(" type ")"
suffix ::=
generic_actuals [ ordinary_actuals ] | ordinary _actuals | "." nane
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type ::=

function_type | call _type | range_type | record_type

| access_type | neet _type | error_type | "(" type ")"
function_type ::=

"fun" [ generic_formals ] [ ordinary formals ] ":" type
generic_formals ::=

"[" formal _paraneter { "," formal parameter } "]"
ordinary formals ::=

"(" formal _paraneter { "," formal parameter } ")"
formal _paraneter ::=

[ name J [ ":" type ] [ "dft" type ]
call _type ::=

type [ generic_actuals ] [ ordinary_actuals ]
generic_actuals ::=

"[" actual parameter { "," actual paraneter } "]"
ordinary_actuals ::=
"(" actual _paraneter { "," actual _paraneter } ")"

actual paraneter ::=
[ "$" nane ] type

range_type ::=
type ".." type
record_type ::=
[ "inherit" parent { "," parent } 1 "{" { conponent } "}"
parent ::=
type [ "rename" "(" renane { "," renanme } ")" ]
renanme ::=
name "as" nane
conmponent ::=
[ "type" ] nanme ":" type
access_type ::=
[ type "." ] name
nmeet _type ::=
type "neet" type { "neet" type }
error_type ::=
n o

Figure 10.1. The grammar of type expressions used by the testing module. In this figure, "" encloses litera
tokens, | separatesalternatives,[] enclosesoptional parts, {} encloses parts that may appear zero or more times,
and narre standsfor astring of ASCII letters, digits, and underscores, beginning with aletter, and not equal to f un,
dft,inherit,renane,as,type,or neet. Thisisjust the syntax from Section 1.1 used throughout this guide,
only defined more precisely and with some extra parts. Asusual, a parameter type may be entered using the syntax
for access types; evaluation will distinguish the two cases. Components prefix edby t ype have their i s_t ypi c
flags set. Generic parametersaretypic, and mat ch_unnat ched isKMI_UNVATCHED | NFER_RANGE if thereisno
default type, or KMI_UNMATCHED_DEFAULT if thereis. Ordinary parametersarenot typic, and mat ch_unnat ched
iSKMI_UNMATCHED_M SSI NGif thereisno default type, or KMT_UNMATCHED DEFAULT if thereis.
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