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Moscav ML implementsStandardvL (SML), asdefinedin the 1997 Definition of Standad ML, including the SML
Moduleslanguageindsomeextensions Moreover, Moscov ML supportsnostrequiredpartsof the SML BasisLibrary.
It supportsseparateompilationandthe generatiorof stand-alonexecutables.

This documentexplainshow to usethe Moscav ML system.A companiondocumentthe MoscowML Language
Overviav, summarizedoscav ML syntaxandthe mostcommonbuilt-in functions[9]. Anothercompaniordocument,
the MoscowML Library Documentationdescribesn detailall Moscav ML library moduleq10].
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1 Getting started

1.1 Installation

Geta copy of the Moscav ML systemexecutablegseeSection20 for instructions)and unpackthemin your home
directory (underUnix) or in directoryC.\ (underMS Windows and DOS). This createsa directorynmosni . Readthe
file mosm /instal | .txt. This manual,aswell asthe MoscowML Languaje Overviev andthe MoscowML Library
Documentationarein directorymosm / doc.

1.2 Theinteractive system

Theinteractive systemis invoked by typing mosm atthe shellprompt. It allows you to enterdeclarationsandevaluate
expressions:

$ nosni
Mbscow M. version 2.00 (June 2000)
Enter 'quit();’ to quit.
fun fac n =if n=0then 1 elsen * fac (n-1);
>val fac =fn: int ->int
fac 10;
> val it = 3628800 : int

You can quit the interactive sessionby typing ‘qui t();’ or control-D (underUnix) or control-Z followed by new-
line (underMS Windows andDOS). Typehel p "l i b"; for anoverview of built-in function libraries,ande.g.hel p
"Array" for helponArray operationsSeeSection3 for furtherinformationonnosm .

1.3 The batch compiler and link er

Thebatchcompilerandlinkeris invokedby typingmosmi ¢ attheshellprompt.It cancompileML sourcefiles separately
(mosnl ¢ - c¢) andlink themto obtainexecutablegnosm ¢ - 0), in amannersimilarto C compilers.SeeSection10 for
furtherinformationon nosni c.

1.4 The Moscov ML Moduleslanguage

The Moscov ML Moduleslanguageis a consenrative extensionof the StandardViL Moduleslanguage so that ary
StandardVL programcanbe compiledwith Moscov ML 2.00,usingtoplevel-modecompilation;seeSection?.

Moreover, theMosconv ML Moduleslanguagés backwardscompatiblewith Moscav ML versionsl.44andbefore,
sothatany existing Moscav ML programcanbe compiledwith Moscav ML 2.00, usingstructure-modeompilation;
seeSection6.

1.5 What isnewin release?2.00

e The Moscav ML Moduleslanguage(designedand implementedby Claudio Russo)includesthe full Standard
ML Moduleslanguagéstructuressignaturesandfunctors):
e TheMoscav ML Moduleslanguagesxtendsthe StandardML Moduleslanguagen threeways:

— higherorderfunctors:afunctormaybedefinedwithin a structure passe@asanargumento anotheifunctor,
or returnedastheresultof afunctor; seeSectionsl1.1,11.2and11.3

— first-classmodules:structuresandfunctorsmaybe packedandthenhandledasCorelanguagevalues which
maythenbeunpacledasstructurer functorsagain;seeSectionl1.4

— recursve modules:structuresandsignaturesnayberecursvely defined;seeSection11.5

e Value polymorphismhasbecomefriendlier: non-generalizabléree type variablesareleft free,andbecomein-
stantiatedonceonly) whenthe boundvariableis used;seeSection12.

e Addedfacilitiesfor creatingandcommunicatingvith subprocessestructureUni x andSi gnal from SML Basis
Library).

o Addedfacilitiesfor efficientfunctionalgeneratiorof HTML code(structureVsp); alsosupportghewriting of ML
Sener Pagescripts.

e Addedfacilitiessettingandaccessingcookies’in CGI scriptshbsni cooki e, thanksto HansMolin.

e The(di mage structurenow producedPNGimages(usingThomasBoutell’'s gd library).



¢ Internalchangesrestrictionson datatypeconstructoorderinghave beenremoved; the runtimesystemandbyte-
codeformatnow accommodatenuchlargerprogramstherepresentatioof exceptionshasbeensimplified; literals
arenow sharednsidetopdecsgtc.

2 Additional documentation

Moscov ML implementsStandardVL (SML) asrevisedin 1997,alsoknowvn asSML'97 [7, 8], andsomeextensions
to the SML Moduleslanguage Moscov ML implementanuchof the StandardML BasisLibrary [3], the mostimpor-
tant omissionbeingthe functional streaminput-outputoperations.The StandardML BasisLibrary is a joint effort of
the StandardVIL of New Jersg, MLWorks, andMoscov ML developers to enhancehe portability of StandardviL
programs.

The MoscowML Languaye Overviav [9] describegshe Moscav ML sourcesyntax,which is SML'97 with some
extensionsandthe mostcommonbuilt-in functions.

The MoscowML Library Documentatiorj10] describesn detail all Moscav ML library modulesandhasa com-
prehensie index to exceptions,functions,structurestypes,andvalues. The sameinformationis available alsofrom
mosnl ’s built-in helpfunction (Section3.1) andashypertext from Moscav ML’s homepageandin thefile
mosn / doc/ mosm | i b/i ndex. htni .

The MoscowML for the Apple Macintosh[2] is a detaileduserguideto the Apple Macintoshversionof Moscav
ML.

1The BasisLibrary authorsare Andrew Appel (Princeton,USA); EmdenGansneAT&T ResearchlUSA); JohnRepyy, Lal Geoge, Lorenz
Huelsbegen, Dave MacQueern(LucentBell LaboratorieslUSA); Matthev Arcus, Dave Berry, RichardBrooksby Nick Barnes Brian MonahanJon
Thackray(HarlequinLtd., Cambridge England);CarsterMuller (Berlin, Germar); andPeterSestoft(Royal VeterinaryandAgricultural University
Denmark).



3 The interactive system: mosmi

Theinteractive systermosn is invokedsimply by typingnosn atthecommandine:

$ nosni
Mbscow M. version 2.00 (June 2000)
Enter ‘quit();’ to quit.

The interactive systemcanbe terminatedby typing qui t () ; andnewline, or control-D (underUnix) or control-Z and
newline (underMS WindowsandDOS).Type‘hel p "";’ for helpon built-in functions.
Invoking theinteractive systemwith commandine arguments

mosm filey ... filep

is equivalentto invokingnosn and,whenMoscov ML hasstarted entering

(use "filey"; ...; use "filep");

3.1 On-line help

Inanosm sessionyoumaytypehel p "lib"; foranoverview of built-in functionlibraries. To gethelponaparticular
identifier, suchasf ronttri ng, type

help "fromstring";

This will producea menuof all library structureswhich containthe identifier f r onst ri ng (disregardingthe lower
case/uppercagistinction):

| 1] val Bool.fronBtring |
| 2| val Char.fronBtring |
| 3| val Date.fronBtring |
| 4| val Int.fronBtring |
| 5| val Path.fronBtring |
| 6 | val Real.fronBtring |
| 7| val String.fronBtring |
| 8| val Tinme.fronBtring |
| 9| val Wrd.fronBtring |
| 10 | val Wrd8.fronString |

Choosinga numberfrom this menuwill invoke the helpbrowseron the desiredstructuree.g.l nt. The helpbrowseris
primitive but easyto use.It works bestwith awindow sizeof 24 lines.

3.2 Editing and running ML programs

Unix and Emacs Youmayrunnmosm asasubshelunderEmacs.You shouldusethenmosni -versionof the SML mode
for Emacs;seefile mosm /utility/emacs for instructions.In caseof errors,Emacscaninterpretmosn ’'s error
messageandjumpto the offendingpieceof sourcecode.Thisis very corvenient.

Window systems In awindow-orientedsystem suchasMacOS,MS Windows, or the X window systemyou mayrun
mosnl in onewindow and edit sourcecodein another After (re-)editingthe sourcefile, you mustissuea use
commandn themosm window.

MS DOS and MS Windows You may usethesimpleedi t scriptto invoke aneditorfrom insideanosnl sessionsee
file rosm \utility\dosedit for instructions.Youwill notneedto quit thenmosn sessiorto edita sourcefile,
andthe scriptwill automaticallyreloadthe newly editedfile.

3.3 Command-line options of mosml

-conservative
Setsconsenrative modefor compilationof subsequentnits: acceptall extensiongo the SML Moduleslanguage,
but issueawarningfor eachuse;seeSectionll. Thisis thedefault.



-1 directory
Specifiesdirectoriesto be searchedor interfacefiles, bytecodefiles, and sourcefiles. A call to use, | oad or

| oadOne will first searchthecurrentdirectory thenall directoriesspecifiedby option*- 1’ in orderof appearance
from left to right, andfinally the standardibrary directory (This optionaffectsthevariableMet a. | oadPat h; see
Section3.4).

-i nptypes

Specifiegthat the type checler shoulddistinguishbetweenimperative andapplicative type variables,generalize
all applicatve type variables,and generalizeéimperatie type variablesonly in non-expansve expressions.See
Sectionl2.

-1i beral
Setdiberalmodefor compilationof subsequeninits: accepwithoutwarningsall extensiongo the SML Modules
languageseeSectionl1.

- ort hodox
Setsorthodoxmodefor the compilationof subsequeninits: rejectall usesof the extensiongo the SML Modules
languageThatis, accepionly SML Modulessyntax;seeSectionl1.

- P unit-set
Determineswvhichlibrary unitswill beincludedandopenatcompile-time.Any library unitin theload pathcanbe
usedby theconpi | e functionfor typecheckingpurposesThusregardles®f the- P option,theconpi | e function
knowsthetype of library functionssuchasAr ray. f ol dl .

-P default Theinitial ervironmentfor the SML BasisLibrary: modulesArray, Char, List, String, and
Vect or will beloaded,andChar, Li st, andSt ri ng will be partially opened.

-P sm 90 This providesan initial environmentwhich is upwardscompatiblewith that of the 1990 Definition
of Standad ML and with pre-1.30releasef Moscav ML. In particular the functionschr, expl ode,
i npl ode, andor d work on strings,not characters.The new versionsof thesefunctionsarestill available
asChar. chr, Char.ord, String. expl ode, andString.inpl ode. The mathfunctionsandinput-output
facilities requiredby the 1990 Definition [7, AppendixC andD] areavailableat top-level. In additionthe
samdibrariesareloadedaswith - P def aul t.

-P nj 93 This provides a top-level ervironmentwhich is mostly compatiblewith that of SML/NJ 0.93. The
functionsapp, cei | i ng, chr, dec, expl ode, f ol d, hd, i npl ode, i nc, max, ni n,nth,nthtail, ord, ordof,
revapp, revfol d, substring,tl,andtruncat e havethesametypeandmeaningasin SML/NJ0.93.Note
thatthis is incompatiblewith SML/NJ version110. The mathfunctionsandinput-outputfacilitiesrequired
by the 1990Definition[7, AppendixC andD] areavailableattop-level. In additionthe same(new) libraries
areloadedaswith - P def aul t. Thisoptiondoesnotimply - i npt ypes.

-P full Thisloadsall thelibrariesmarkedF in thelibrary list (see[9]), andpartially opensthe Char, Li st , and
String units.

-P none No library unitsareloadedor openednitially.

Additionallibrary unitscanloadedinto theinteractive systemby usingthel oad function; seeSection3.4 below.
- qui et dec
Turns off the interactive system$ promptand responsesexceptfor warningsand error messages.Useful for
writing scriptsin SML. Setshet a. qui et dec tot r ue; seeSection3.4.
-stdlib stdlib-directory
Specifythe standardibrary directoryto be stdlib-directory The default standardibrary is usuallynosm /i b
underUnix andc: \ mosm \ I i b underMS Windows andDOS.
-val uepol y
Specifieghatthetypechecler shoulduse'valuepolymorphism’;seeSection12. Default.

3.4 Non-standard primiti vesin the interactive system

The following non-standargrimitivesare definedin unit Met a, loaded(and openby default) only in the interactve
system Hencetheseprimitivescannotbe usedfrom sourcefiles which arecompiledseparatelyThefunctionsconpi | e,
conpi |l eStructure, conpi | eTopl evel andl oad dealwith Moscav ML compilationunits; seeSection5.

conpile : string -> unit
Evaluatingconpi | e "U.sidg" will compileandelaboratehespecificationsn file U.sigin structuremode produc-
ing acompiledsignaturel in file U.ui. Thisfunctionis backwardscompatiblewith Moscav ML 1.44andearliet

Equivalentto conpi | eStructure [] "U.sid'.



conpi

conpi

Evaluatingconpi | e "U.sml" will elaborateandcompilethedeclarationsn file U.smlin structuremode,produc-
ing a compiledstructureU in bytecodefile U.uo. If thereis anexplicit signatureU.sig, thenfile U.ui mustexist,
andthe structuremustmatchthe signature.If thereis no U.sig, thenan inferred signaturewill be producedin
file U.ui. No evaluationtakesplace. This functionis backwardscompatiblewith Moscov ML 1.44andearliet
Equivalentto conpi | eStructure [] "U.sml'.

Thedeclareddentifierswill bereportedif ver bose ist rue (seebelow); otherwisecompilationwill besilent. In
ary casecompilationwarningsarereported andcompilationerrorsabortthe compilationandraisethe exception
Fai | with astringargument.

leStructure : string list -> string -> unit

Evaluatingconpi | eStruct ure opnunts "U.sig' will elaborateandcompilethe specificationsn file U.sigin
structuremode, producinga compiledsignatureU in file U.ui. The units listed in opnunts are addedto the
compilationcontext in which the specificationsn U.sigarecompiled.

Evaluatingconpi | eSt ruct ure opnunis "U.sml' will elaborateandcompilethe declarationsn file U.sigin
structuremode, producinga compiled structureU in bytecodefile U.uo. The contentsof the units listed in
opnunis are addedto the compilationcontext in which the declarationsn U.sml are compiled. If thereis an
explicit signatureJ.sig, thenfile U.ui mustexist, andthe structuremustmatchthe signature If thereis no U.sig,
thenaninferredsignaturewill be producedn file U.ui. No evaluationtakesplace.

| eTopl evel : string list -> string -> unit

Evaluatingconpi | eTopl evel opnunts "U.sig" will elaborateand compilethe specificationsn file U.sigin
toplevel mode,producinga compiledinterfacefile U.ui. Theunitslistedin opnuntsareaddedto the compilation
contet in which the specificationsn U.sigarecompiled.

Evaluatingconpi | eSt ruct ure opnunis "U.sml' will elaborateandcompilethe declarationsn file U.sigin
toplevel mode, producinga bytecodefile U.uo. The contentsof the units listed in opnunts are addedto the
compilationcontext in which the declarationsn U.smlarecompiled. If thereis anexplicit signatureU.sig, then
file U.ui mustexist, anddeclarationsnustmatchtheinterface.If thereis no U.sig,thenaninferredsignaturewill

be producedn file U.ui. No evaluationtakesplace.

conservative : unit -> unit

Evaluatingconservative () setsconserative modefor the compilationfunctions: acceptall extensiongo the
SML Moduleslanguagebut issueawarningfor eachuse;seeSection11. Theconserative modemaybe setalso
by themosm option- conservati ve. Conserative modeis the default.

instal PP : (ppstream->"a -> unit) -> unit

Evaluatingi nst al | PP pp installsthe prettyprinterpp at typety, provided pp hastypeppstream-> ty ->
unit. Thetypety mustbe a nullary (parametetess)type constructoreitherbuilt-in (suchasi nt or bool ) or
userdefined.Wheneeravalueof typet y is aboutto be printedby theinteractve system andwhenezer function
printVal isinvokedonanargumentof typety, the prettyprinterpp will beinvokedto printit. Seethe example
in mosm / exanpl es/ pretty.

liberal : unit -> unit

| oad :

Evaluatingl i beral () setsliberal modefor thecompilationfunctions:acceptwithout warnings)all extensions
to the SML ModuleslanguageseeSectionl1. Theliberal modemaybe setalsoby themosm option-1i beral .
string -> unit

Evaluatingl oad "U" will load and evaluatethe compiledunit implementationfrom file U.uo. The resulting
valuesare not reported,but exceptionsare reported,and causeevaluationandloadingto stop. If U is already
loadedthenl oad " U" hasnoeffect. If any otherunitis mentionedoy U but notyetloaded thenit will beloaded
automaticallybeforeU. Theloadedunit(s) mustbein the currentdirectoryor in adirectoryonthel oadPat h list
(seebelaw).

After loadinga unit, it canbe openedwith open U. Openingit attop-level will list theidentifiersdeclaredn the
unit.

Whenloading U, it is checled thatthe interfacesof units mentionedby U agreewith the interfacesusedwhen
compilingU, andit is checledthatthe interfaceof U hasnot beenmodifiedsinceU wascompiled;thesechecks
arenecessaryor type safety TheexceptionFai | is raisedif theinterfacechecksfail, or if thefile containingU
or aunitmentionecby U is notfound.

| oaded : unit -> string |ist

Evaluatingl oaded () will returnalist of the namesof loadedunitsin someorder(notincluding the preloaded
unitsMet a andCener al ).

| oadOne : string -> unit

Evaluatingl oadOne "U" issimilartol oad "U", butraisesexceptionFai | if U is alreadyloadedor if someunit
mentionedby U is not yetloaded. Thatis, it doesnot automaticallyload any units mentionedby U. It performs



thesameinterfacechecksasl oad.

| oadPath : string list ref
This variabledetermineghe load path: which directorieswill be searchedor interfacefiles (.ui files), bytecode
files (.uo files), and sourcefiles (.smlfiles). This variableaffectsthel oad, | oadOne, anduse functions. The
currentdirectoryis always searchedirst, followed by the directoriesin | oadPat h, in order By default, only
the standardibrary directoryis in thelist, but if additionaldirectoriesare specifiedusingoption- | , thenthese
directoriesareprependedo Met a. | oadPat h.

orthodox : unit -> unit
Evaluatingor t hodox () setsorthodoxmodefor thecompilationfunctions:rejectall usesof theextensiongo the
SML ModuleslanguageseeSectionll. Thatis, acceptonly SML Modulessyntax. The orthodoxmodemaybe
setalsoby thenosni option- or t hodox.

printval : "a->"a
Thisis a polymorphicfunctionprovidedasa quick deluggingaid. It is anidentity function,which asa side-efect
printsits argumentto standarcbutputexactly asit would be printedat top-level. Outputis flushedimmediately
For printing strings,thefunctionpri nt is moreusefulthanpri nt Val .

printDepth : int ref
This variabledetermineghe depth(in termsof nestedconstructorsyecords tuples,lists, andvectors)to which
valuesareprintedby the top-level valueprinterandthe functionpri nt Val . The component®f the valuewhose
depthis greaterthanpr i nt Dept h areprintedas‘#’. Theinitial valueof pri nt Dept h is 20.

printLength : int ref
This variabledetermineghe depthto which list valuesareprintedby the top-level valueprinterandthe function
printVal . Only thefirst pri nt Lengt h elementof a list areprinted,andthe remainingelementsare printedas
‘...". Theinitial valueof pri nt Lengt h is 200.

qui etdec : bool ref
This variable,whent r ue, turnsoff the interactve systems promptand responsesexceptwarningsand error
messagedJsefulfor writing scriptsin SML. Thedefaultvalueisf al se; it canbesettot r ue with the- qui et dec
commandine option;seeSection3.3.

quit : unit -> unit
Evaluatingqui t () quitsMoscov ML immediately

quotation : bool ref
Determinesvhetherquotationsand antiquotationsare permittedin declarationenteredat top-level andin files
compiledwith conpi | e; seeSection16. Whenquot ati on is f al se (the default), the backquotecharacteiis
an ordinary symbolwhich canbe usedin ML symbolicidentifiers. Whenquot ati on is t r ue, the backquote
charactersillegalin symbolicidentifiers,andaquotation' a b ¢ will beevaluatedo anobjectof type’ a frag
list.

system: string -> int
Evaluatingsyst em " cont causeshecommanccomto beexecutedby theoperatingsystem.If anon-zeranteger
is returned this mustindicatethatthe operatingsystemhasfailed to executethe command.UnderMS DOS, the
integerreturnedalwaysequals0.

use : string -> unit
Evaluatinguse " f" causesviL declarationgo bereadfrom file f asif they wereenteredrom the console.The
file mustbein the currentdirectoryor in a directoryon thel oadPat h list. A file loadedby use may; in turn,
evaluatecallsto use. For bestresults,useuse only attop level, or attop level within ause’d file.

val uepoly : bool ref
Determinesvhetherthe type checler shoulduse‘value polymorphism’;seeSection12. Command-lineoption
-val uepol y setsval uepol y to true (the default), whereasoption -i npt ypes setsval uepol y to f al se; see
Sections3.3and10.2.

verbose : bool ref
Determinesvhetherthe signaturanferredby a call to conpi | e will be printed. The printedsignaturefollows the
syntaxof Moscov ML signaturesso the outputof conpi | e "U.sml' canbe editedto subsequentlgreatefile
U.sig. Thedefaultvalueisf al se.



4 Understanding inferr ed typesand signatures

Whenyou enteradeclaratiorin theinteractve toplevel, nosnl respondsvith atypeor signature Therespons@rovides
muchinformationaboutthe declarationlt is worth learninghow to interpretthis information.

In thetype reportedfor a valuebinding, the generalizedype variablesarelisted betweertheval keyword andthe
identifierboundby thedeclaration:

- val f = length;
>val "af =fn: "alist ->int — polymorphicfunction;’ a hasbeengeneralized

Whenvaluepolymorphism(seeSection12) preventsthe generalizatiorof a type variable,it remainsfreeandungener
alized.Hence' a will appeain thetype'a list -> int, butwill notbelistedbetweerval andf.

For adat at ype declarationwhich is generatie, the responselescribeghe new internaltype nameshereu), the
datatypes type structure(consistingof the internaltype nameandthe constructors)andthe constructors:

- datatype u = A

> New type names: =u
datatype u = (u,{con A: u})
con A=A u

The notation=u meansthat the internaltype nameu admitsequality Sincethe dat at ype declarationis generatie,

repeateddeclarationof datatypeu will producedistinct new internal type namesu/ 1, u/ 2, etc. If the datatypeis
polymorphic,theinternaltype namewill beatypefunction,takingasparametertypevariable’ a:

- datatype 'a u = A of ’a;

> New type nanes: =u

datatype 'au = ("auf{con’'aA: "a->"au})
con'aA=fn: "a->"au

For asignaturespecifyinganunknovn type,theresponsés atypefunction/\t. {. ..} mappingary internaltypename
t toarecord{. ..}, whichis theinternalrepresentatioof the signature:

- signature SIG=sig typet val x : t end;
> signature SIG=/\t.{typet =1t, val x : t}

For a structuredeclarationthe responselescribesary new internaltype namesandthenthe internal signatureof the
structure Hereit hasthreecomponentgdatatypet , constructor, andvalueidentifierx):

- structure S = struct datatype t = A, val x = A end,
> New type names: =t
structure S: {datatype t = (t,{con A: t}), con A: t, val x : t}

For afunctor, theresponselescribes signaturdunction{. . . }->{. . . }, mappingthesignatureof thefunctoragument
to the signatureof the functorbody:

- functor F(X : sig val x : int end) = struct val y = X x end;

> functor F: {val x : int}->{val y : int}
Whenthefunctorargumentsignaturespecifiesan unknavn type, the signaturgunctionwill have theform
I't.{...}->{...} inwhichtheinternaltypenamet hasbeengeneralized:

- functor F(X: sig typet; val x : t end) = struct val y = X. x end;

> functor F: It.{typet =1t, val x : t}->{val y: t}

Whenthe body of a (standardygeneratie functor G containsa dat at ype declarationthe responsealescribeavhatnew
internaltype nameswill be generatedt every applicationof the functor. The notation{}->... meanghatthe functor
argumentignaturds empty andthenotation?=t . {.. . . } saysthatthereis someinternaltypenamet , admittingequality
suchthatthefunctorbodyhasthesignature| . . . }:

- functor F() = struct datatype t = A end;
> functor F : {}->?=t.{datatype t = (t,{con A: t}), con A: t}

Whenthefunctoris applicatve (seeSectionl1.2)thenno new internaltype namesaregeneratect functorapplication.



5 Compilation units

Moscav ML programscanbesplitinto severalsourcefiles, so-calledcompilationunits,or unitsfor short. A compilation
unit consistof animplementatiorfile uni ti d. sm andanoptionalinterfacefile uni ti d. si g. A unitmustbecompiled
in oneof two modes:

e Structure mode: File A. snl declaresa single SML structureA, andfile A si g, if presentdeclaresan explicit
SML signatureA thatis usedasanopaqueconstraintfor structureA.

Structure-modaunits are backwards compatiblewith the simple structuresusedin Moscav ML version1.20
throughl.44.Henceold Moscov ML programscanbe compiled(in structuremode)with no changes.

To compilea unit in structuremode,usethe functionconpi | eSt r uct ur e (seeSection3.4), or invoke the batch
compilernosni ¢, precedingheunit file namewith option- st r uct ur e (seeSection10.2).

e Toplevel mode: File A. sm containsaMoscov ML declaration(which mayitself bea sequencef declarations),
andfile A. si g, if presentmustbeaMoscav ML specificationwhich mayitself bea sequencef specifications).
Toplevel-modeunitscancontainarbitraryMoscov ML code,andhencearbitraryStandardvL code.

To compilea unit in toplevel mode,usethe function conpi | eTopl evel (seeSection3.4), or invoke the batch
compilernosn ¢, precedingheunit file namewith option- t opl evel (seeSectionl10.2).

Theimplementatiorfile andtheinterfacefile (if any) of a unit mustbe compiledin the samemode. The precisesyntax
of structure-modeinitsandtoplevel-modeunitsis givenin the MoscowML Language Overviewv [9].

A programmingprojectmay consistof a mixture of structure-modandtoplevel-modecompilationunits. Seethe
examplein Section8.

5.1 Compiling, linking and loading units

Compiling a unit interfaceA. si g producesa compiledunit interfacein file A. ui . Compiling a unit implementation
A. sm producesacompiledunitimplementationin file A. uo, containingbytecodeln addition,if thereis no correspond
interfaceA. si g, thenafile A. ui , containinganinferredunit interface,is produced.
Only the compiledunit interfaceA. ui is neededvhencompilingotherunitsthatdependnA. snl .
Thusthefollowing file nameextensionshave a specialmeaning:

Extension| Contents
.sig unit interface
.sm unitimplementation
. ui compiled(or inferred)unit interface
. uo compiledunitimplementatior(bytecode)
Compiledunit implementationsan be linked togetherusingnmosm ¢ -0 mosm out A uo ... to producea linked

executablebytecoddile mosmi out . Thelinkerwill automaticallylink in any requiredbytecoddfilesinto nosni out. See
Section10.2for moreoptions.

Compiledunits canbe loadedinto the interactive systemnosni usingthe primitives| oad andl oadOne; seeSec-
tion 3.4. Loadinga unit makesthe entitiesdeclaredoy the unit accessibléo subsequentleclarationsn theinteractve
system.

5.2 Compiling existing SML programsthat involve .sigfiles

Thespecialmeaningof .sig files may causeconflictswhencompiling existing SML programgwritten for othercompil-
ers),in which .sig files are often usedratherinformally to containsignaturedeclarationsFor instancefile A. si g may
declarethe signature®f structuresleclaredn file A. sm (but might containotherarbitrarySML declarationdbesides).

By contrastjn Moscav ML, .sigfilesplayaformalrole. More preciselyMoscov ML expectsfile A. si g to containa
unitinterface.Thusit maybenecessaryo renameéA. si g toA-si g. sm , compileit beforeA. sm , andmaleits contents
availableto A. sm (seealsoSection7):

mosm ¢ -¢ -toplevel A-sig.snl
mosmc -c -toplevel A-sig.ui A sn
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5.3 Unit namesand MS DOS/Windows/OS2file names

In MS DOS,Windows,andOS/2,thefile systemmaychangehe caseof unit file namesandeventruncatehem(in MS
DOS). UnderMS Windows, file namesarenot truly casesensitve. Sincefile namesareusedasunit namesthis may
causeoroblems We attemptto circumventtheseproblemsasfollows:

e Unit namesusedinsideML programsunderMS DOS andMS Windows are ‘normalized’: the first characteiis
madeuppercase(if it is a letter), all othercharacterare madelower case,and (underMS DOS only) the unit
nameis truncatedo eightcharactersHencea unit which residesn file commands. sm canbereferredto asunit
Commands insideanML program.

e Thefollowing namesareexceptiongo thisrule: Basi cl O, Bi nl O, Char Ar r ay, Char Vect or,

CommandLi ne, Fi | eSys, Li stPair, GS, StringCvt, Substring, Text|Q Wrd8Array, Wr d8Vect or; they are
normalizedpreciselyasshovn above for compatibilitywith the SML BasisLibrary.

e UnderMS DOS (only), a unit namegiven as argumentto e.g.l oad or conpi | e, or to the batchcompiler, is
truncatecandmadelower case soevaluatingl oad " Ver yLongNanme" will loadbytecoddfile veryl ong. uo.
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6 Structure-modecompilation units

This sectiondescribeghe useof structure-modeompilationunits, which arebackwardscompatiblewith Moscav ML
versionsl.20throughl.44.

6.1 Basicconcepts

A structure-modeompilationunit consistsof a unitimplementationin file uni ti d. sn , andanoptionalunit interface
infileunitid.sig.

Thefile uni tid. sm mustcontaina declarationof a single Moscov ML structureuni ti d, andfile uni tid. sig,
if presentmustcontaina declarationof a singleMoscav ML signatureuni ti d. Whenthe unit interfaceis present;jt
is calledthe explicit signatue to distinguishit from the signatureinferredwhen elaboratingthe unit implementation.
Whenpresentthe explicit signaturemustbe matchedoy theimplementationandonly thoseidentifiersspecifiedn the
signaturearevisible outsidethe unit.

For a structure-modeinit it is immaterialwhethera compilationunit’s interfaceandimplementatiorare compiled
anddirectly executedn theinteractive toplevel system:

mosni
> use "unitid.sig";
> use "unitid.sm";

or whetherthey arefirst compiledin structure-modeandthenloadedinto theinteractive toplevel system:

mosmc -c -structure unitid.sig unitid.sn
mosm
> |oad "unitid";
whereuni ti d. si g, if presentmustbe compiledbeforeuni tid. sm .

More generallywhenacompilationunit depend®nanumberof othercompilationunits" uni ti d¢",...,"uni ti d,",
thencompilationinsidetheinteractive system:

nmosm

> app load ["unitidy",...,"unitidy"];
> use "unitid.sig";

> use "unitid.sm";

is equivalentto structure-modeompilationfollowedby loadinginto theinteractive system:

mosm ¢ -c -structure unitidg.ui ... unitids ui unitid.sig unitid.smn
mosni
> app load ["unitidy",...,"unitidy"];

> |oad "unitid";

6.2 Structure-modeunits without explicit signature
A unit U without anexplicit signatureconsistf afile U.smlcontaining

structure U = modep

Thisis thesameasa simpleSML structuredeclaration.Theremustbe no correspondingxplicit signaturdfile U.sig.

6.3 Structure-modeunits with explicit signature

A unit U with anexplicit signatureconsistof a signaturefile U.sig containing
signature U = sigep

andafile U.sml, containing

structure U:> U= mod&p

This is similar to an SML structuredeclaratiorwith an opaquesignatureconstraint.Note thatthe file name,signature
name,and structurenamemustbe the same. The notation‘U : > U is an opaquesignatureconstraint,meaningthat
otherunitshave no accesdo theinternalsof U.sml, only to the signaturelJ.sig.
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7 Toplevel-modecompilation units

A toplevel-modecompilationunit may containarbitraryMoscon ML toplevel declarationsandconsequentlyarbitrary
StandardViL toplevel declarationgincludingfunctor, signatureandfixity declarations).

7.1 Basicconcepts

A toplevel-modecompilationunit consistof a unit implementationin file uni ti d. sm , andanoptionalunit interface
in afile calleduni ti d. si g.

Thefile uni tid. sm maycontainarbitraryMoscon ML declarationsandfile uni ti d. si g, if presentmay contain
arbitraryMoscaov ML specifications. Whenthe unit interfaceis presentthe unit implementatiormustimplementev-
erythingspecifiedin the unit interface,and only thoseidentifiersspecifiedin the interfacearevisible outsidethe unit.
It is consideredh mistale for the implementatiorto declaremoreidentifiersthan specifiedin the interfaceor for the
implementatiornto declarean identifier asa constructoror exception,but the interfaceto specifythat identifierasan
ordinaryvalue:awarningis issuedn thesecases.

Provided the interfaceandimplementatioragreeon which identifiersare declaredthenit is immaterialwhethera
compilationunitis compiledanddirectly executedn theinteractive toplevel system:

mosm
> use "unitid.sm";

or whetherit is first compiledin toplevel-mode andthenloadedinto theinteractive system:

mosmc -c -toplevel unitid.sig unitid.sn
nosm
> load "unitid";
In contrasto a structure-modeinit, the unit interfaceuni ti d. si g shouldnot beloadedin theinteractive system asit
declaresothing.If thereisnouni ti d. si g, thenleaveit outin thenosn ¢ commandabove.
More generally whena toplevel compilationunit dependn a numberof othercompilationunits” uni ti d,", ...,
"uni tidy" (compiledin structuremodeor toplevel mode) thencompilationinsidethe interactive system:

mosni
> app load ["unitidy",...,"unitidy"];
> use "unitid.sm";

is equivalentto toplevel-modecompilationfollowedby loadinginto theinteractive system:

mosm ¢ -¢ -toplevel unitidy. ui ... unitidy ui unitid.sig unitid.sn
mosni
> app load ["unitidy",...,"unitidy"];

> |oad "unitid";

Again,if thereis nouni ti d. si g, thenleaveit outin thenosn ¢ commandabove.
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8 An exampleprogram consistingof four mixed-modeunits

To illustrate units, we presenta tiny programworking with arithmeticexpressions.It consistsof two structure-mode
units,Expr andReduce andtwo toplevel-modeunits,Eval uat e andTest . Thisexampleisin nosm / exanpl es/ uni ts.

File Expr. sm belaw is a structure-modenit implementatiorthatcontainsstructureExpr which definesa datatype
expr for representingexpressionsand a function show to displaythem. It hasno signatureconstraintand therefore
exportsboththe datatypeandthe function:

structure Expr = struct
datatype expr = Cst of int | Neg of expr | Plus of expr * expr

fun show (Cst n)
| show (Neg e)
| show (Plus (el, e2))

makestring n
“(-" ~ showe ~ ")"
"(" N showel M "+" N showe2 M ")"

end
File Reduce. si g belaw is astructure-modeinit interfacethatcontainsthe signatureReduce:

signature Reduce = sig
val reduce : Expr.expr -> Expr.expr
end

File Reduce. sm below is a structure-modeinit implementatiorthat declareshe structureReduce, with the explicit
signatureshovn above, andthereforeexportsonly thefunctionr educe specifiedn thatsignature:

structure Reduce :> Reduce = struct
| ocal open Expr

in
fun negate (Neg e) = e
| negate e = Neg e
fun reduce (Neg (Neg €)) =e
| reduce (Neg e) = negate (reduce e)
| reduce (Plus (Cst 0, €2)) = reduce e2
| reduce (Plus (el, Cst 0)) = reduce el
| reduce (Plus (el, e2)) = Plus (reduce el, reduce e2)
| reduce e =e
end

end

File Eval uat e. si g below is a toplevel-modeunit interfacethat containsthe specificationof a functor Eval , which
mapsary structureR matchingthe signatureReduce to a structurewith afunctioneval for evaluatingexpressionsand
afunctiont est for testingR:

functor Eval : functor(R Reduce) ->
sig val eval: Expr.expr ->int
val test: Expr.expr -> bool
end

File Eval uat e. sm below is atoplevel-modeunitimplementatiorthatcontaingheactualfunctorEval , whichmentions
theunit Expr aswell aswell astheunitinterfaceReduce:

functor Eval (R Reduce) =
struct
| ocal open Expr in
fun eval (Cst n

) n
| eval (Neg e)
(

~ (eval e)

| eval (Plus (el, e2)) = eval el + eval e2;
fun test e = (eval e = eval (R reduce e))
end
end

File Test . snl is atoplevel-modeunitimplementatiorwhich mentionsthe unit Expr , the unit Reduce, andthe functor
Eval definedin theunit Eval uat e, appliesthefunctorto Reduce andcarriesouttwo tests:
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structure T = Eval (Reduce)

open Expr

val t1 = T.test (Plus (Cst 244, Cst 0))

val t2 = T.test (Neg (Plus (Neg (Cst 140), Cst 0)))
The simplestway to compilethis exampleis to enter:

mosm ¢ -c -structure Expr.sm Reduce.sig Reduce.sm -toplevel Evaluate.sig Eval uate.sm
Test . sni

whichis equivalentto issuingthefollowing individual commands:

mosm ¢ -c -structure Expr.sn

mosm ¢ -c -structure Expr.ui Reduce.sig

mosm ¢ -c -structure Expr.ui Reduce.sn

mosm ¢ -c -toplevel Expr.ui Reduce.ui Evaluate.sig

mosm ¢ -¢ -toplevel Expr.ui Reduce.ui Evaluate.sn

mosm ¢ -c -toplevel Expr.ui Reduce.ui Evaluate.ui Test.sn

The abore commandre)compilesall files unconditionally However, whenmodifying a programconsistingof several
units, it sufficesto recompilgjust thoseunitsthathave changedandthoseunitsthatdependn unitsthathave changed.
Moreover, compilationusesonly the interfacesof otherunits, soit sufiicesto recompilejust thoseunitsthatdependon
unit interfacesthathave changed.

Thusif Expr. sm butnotExpr. si g changesit sufficestorecompilgustExpr. sm , nottheunitsReduce, Eval uat e,
or Test . Similarly, if Reduce. sm but notReduce. si g changesit sufficesto recompilejustReduce. snl , nottheunits
Eval uat e or Test .

Thenext sectionexplainsrecompilationrmanagementsingnosni dep andnake.
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9 Recompilation managementusing mosmldepand make

Recompilatiormanagemertielpsthe programmerecompileonly whatis necessargftera changeo a unit interfaceor
unitimplementation.

Considetheexampleprogramin Section8 consistingof thefour unitsExpr , Reduce, Eval uat e andTest . Assume
theirsourcefiles*. si g and*. sn residein a particulardirectory(you maycopy themfrom nosm / exanpl es/ uni ts).
Copy the Makefile stubfrom mosmi / t ool s/ Makef il e. st ub to thatdirectory andchangeto thatdirectory

1. Editthe Makefile sothatthe namesof theunitsExpr, Reduce, Eval uat e, andTest appearontheline beginning
with “UNI TS=, with eachunit precededby theoption- st r uct ur e (thedefault) or - t opl evel toindicateits mode
(seethe examplemalefilein mosm / exanpl es/ uni ts/ Makefi | e):

UNI TS= -structure Expr Reduce -toplevel Evaluate Test
2. EdittheMakefile sothatthe nameof thecompiledunitimplementatiorfiles Expr . uo, Eval uat e. uo, Reduce. uo
andTest . uo appeaiontheline beginningwith ‘al | :

all: Expr.uo Reduce.uo Eval uate.uo Test.uo

3. Computethe dependencieamongthefiles by executing:
meke depend
4. Recompileall thosefiles which have notyet beencompiled,or which have beenmodifiedbut notyetrecompiled,
or which dependon modifiedfiles, by executing:

make

Step(4) mustbe repeatedvhenerer you have modifieda componentof the programsystem. Step(3) needonly be

repeatedf theinterdependenciesf somecomponentshangepr if you addor remove anexplicit signaturefile. Steps

(2 and1) needonly berepeatedvhenyou add,deleteor changethe modeof anentireunit in the programsystem.
Thecompiled*. ui and*. uo files canberemovedby executing:

make cl ean

Theunit dependenciearecomputedoy the ML programnosni dep, calledwith
mosni dep $(UNI TS)

Whenyou explicitly list theunits (togethemwith theindicationof their compilationmode):

UNI TS= -structure Expr Reduce -toplevel Evaluate Test

thennosnl dep merelyconstructsa dependengfile onthe assumptiorthata unit maydependon all precedingunits (to
theleft), takinginto accounthepresencef explicit interfaceq. si g files). Unfortunatelythis meanghatmosm dep will
generallycreateaninefficient Makefile, containingmoredependenciethanareactuallyin your sourcefiles. However,
it still savessomerecompilation(which is cheapin Moscov ML aryway) andis more cornvenientthanhand-crafting
the Makefile. We hopeto improve on this situationin the future, but computingdependenciefor full StandardvL
programsds known to bedifficult.

If youomit step(1) andleave $( UNI TS) undefined:

UNI TS=
thenmosm dep will accuratelyinfer the dependenciebetweenall the. si g and. sml sourcefiles in the directory by
inspectingheir contentsaandlooking for occurrencesf unit namesUnfortunatelythis processonly worksfor programs

containingjust structure-modenits, thatthemselescontainonly flat structuresbut no functorsor sub-structuresThis
is thebehaviour of nosn dep in release®f Moscav ML prior to 2.00,andis providedfor backwardscompatibility.
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10 The batch compiler and link er: mosmic

Moscav ML includesabatchcompilerandlinkermosmi ¢ in additionto theinteractive systemmosni . It compilesunits
andlinks programsand canturn theminto standalonexecutablebytecodefiles. The batchcompilercanbe invoked
from a Makefile (seeSection9), which simplifiesthe (re)compilationof large programsconsiderably

10.1 Overview

The nosn ¢ commandhasa command-linenterfacesimilar to that of mostC compilers. It acceptsseveral typesof
arguments:sourcefiles for unit interfaces,sourcefiles for unit implementationscompiledunit interfaces(which are
addedo the compilationcontext), andcompiledunit implementationgwhich areaddedo thelinkedexecutable).

e An agumentendingin .sigis takento bethe nameof a sourcefile containinga unit interface.Givenafile U.sig,
thecompilerproducesa compiledinterfacein thefile U.ui.

e An argumentendingin .smlis takento bethe nameof a sourcefile containinga unitimplementationGivenafile
U.sml,thecompilerproducesompiledobjectcodein thefile U.uo. It alsoproducesaninferredinterfacefile U.ui
if thereis no explicit interfaceU.sig.

e An argumentendingin .ui is takento bethe nameof acompilationunit interface. The contentof thatcompilation
unit areaddedo the compilationcontext of theremainingsourcefiles.

e An agumentendingin .uo is takento be the nameof a compiledunit implementation. Suchfiles are linked
together alongwith the compiledunit implementation®btainedby compiling .smlargumentg(if ary), andthe
necessaryvloscov ML library files, to producea standalon@xecutableprogram.

The linker automaticallyincludesany additionalbytecodefiles requiredby the files specifiedon the command
line; option-i malkesit reportall thefiles thatwerelinked. Thelinkerissuesawarningif afile B is requiredby a

file Athatprecede® in thecommandine. At run-time,thetop-level declaration®f thefiles areevaluatedn the

orderin whichthefileswerelinked;in theabsencef any warning,thisis theorderof the.uoand.smlfilesonthe

commandine.

Thelinker (andthe | oad functionin the interactive toplevel) ensureprobabilisticallytype-safelinking, soit is

virtually impossibleto causethe systemto createatype-unsafg@rogram.

Theoutputof thelinking phaséds afile containingcompiledcodethatcanbeexecutedoy theruntimesystencan runm
If mosn out is thenameof thefile producedy thelinking phasgwith option- o mosmi out ), thecommand

nosm out argy argp ... argn

executeghe compiledcodecontainedn nosm out . Executingthe codemeansexecutingthetoplevel declaration®f all
thebytecoddilesinvolved,in theorderin whichthey werelinked. Thelist of command-linergumentsarg; ... argn
canbeobtainedn a programby CormandLi ne. ar gunents ().

Thereis no distinguishedunctionwhich is automaticallyinvoked whenthe programis executed put it is common
to defineamai n functionandinvokeit usingthetoplevel declaratiorval _ = main(), like this:

fun main () =
case CommandLine. argunents () of
[arg] => print ("The argument is " ~ arg * "\n")
| _ => print "Usage: nosmiout arg\n\n"

val _ =min ();

MS Windows and DOS: If theoutputfile producedby thelinking phasehasextension. exe, andoption- noheader is
notusedthenthefile is directly executable Hence anoutputfile namedmsni out . exe canbeexecutedwith the
command

mosm out argl arg2 ... argn

Theoutputfile mosm out . exe consistof atiny executabldile prependedo alinkedbytecoddile. Theexecutable
invokes the can r unm runtime systemto interpretthe bytecode. As a consequencethis is not a standalone
executableit still requirescanmi rt . dl | to bepresenin directoryC: \ mosmi \ bi n.

Unix: The outputfile producedby the linking phaseis directly executable(unlessthe - noheader optionis used). It
automaticallyinvokesthe cam r unmruntimesystem eitherusingatiny executableprependedo thelinked byte-
codefile, or usingthe Unix incantation#! / usr/ | ocal / bi n/ cam r unmor similar. In theformercasecan runm
mustbein oneof the directoriesin the path;in the latter caseit mustbein / usr/ | ocal / bi n. To createatrue
stand-alonexecutableusenosm ¢ option- st andal one.
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10.2 Command-line options of mosmic

Thefollowing command-lineoptionsarerecognizedy nosmi c.

-C
Compileonly. Suppressethe linking phaseof the compilation. Sourcecodefiles areturnedinto compiledfiles
(.ui and.uo), but no executabldile is produced.This optionis usefulfor compiling separateinits.

-conservative
Setsconsenrative modefor compilationof subsequentnits: acceptall extensiongo the SML Moduleslanguage,
but issueawarningfor eachuse;seeSectionll. Thisis thedefault.

-files response-file
Passthe namesof files listed in file response-filgo the linking phasejust asif thesenamesappearedn the
commandine. File namesn response-filareseparatetby blanks(spacestabs,newlines)andmustendeitherin
.smlor.uo. A nameU.smlappearingn the responsdile is equivalentto U.uo. Usethis optionto overcomesilly
limitationson the lengthof thecommandine (asin MS DOS).

This option causesomeinformationaboutexceptionnamesto be written at the endof the executablebytecode
file.

Causeghe compilerto print the inferredinterface(s)of the unit implementation(speingcompiled. Also causes
thelinker to list all objectfiles linked. A U.sig file correspondingo a given U.smlfile canbe producedsemi-
automaticallyby piping the outputof thecompilerto afile U.out,andsubsequentlgditingthisfile to obtainafile
U.sig.

-1 directory
Add thegivendirectoryto thelist of directoriessearchedor compiledinterfacefiles (.ui) andcompiledimplemen-
tationfiles (.uo). By default, the currentdirectoryis searchedirst, thenthe standardibrary directory Directories
addedwith - | are searchedafter the currentdirectory but beforethe standardibrary directory Whenseveral
directoriesare addedwith several-1 optionson the commandline, thesedirectoriesare searchedrom left to
right.

-1 nptypes
Specifythatthe type checler shoulddistinguishimperativze andapplicative type variables generalizeall applica-
tive typevariablesandgeneralizémperatie type variablesonly in non-expansve expressionsSeeSectionl12.

-1i beral
Setdiberalmodefor compilationof subsequeninits: acceptithoutwarningsall extensiongo the SML Modules
languageseeSectionll.

-nsgstyl e style
By specifying- nsgstyl e nsdev, one can make the compiler generateerror messagesinderstandabléy Mi-
crosoftDeveloperStudio. Thedefaultbehaiour is to generateerrormessagesnderstandablihe Emacseditorin
SML mode.

-noaut ol i nk
Thelinker automaticallylinks in ary additionalobjectfiles requiredby thefiles explicitly specifiedon the com-
mandline. With option- noaut ol i nk all requiredobjectfiles mustbeexplicitly specifiedn theappropriateorder

- noheader
Causesheoutputfile produceddy thelinkerto containonly thebytecodenot precededy ary executablecode.A
file mosn out thusobtainedcanbe executedonly by explicitly invoking theruntimesystemasfollows: cam r unm
mosni out .

-0 exec-file
Specifythe nameof the outputfile producedby the linker. In the absencef this option, a default nameis used.
In MS Windows andDOS, the default nameis nosni out . exe; in Unix it is a. out .

- or t hodox
Setsorthodoxmodefor the compilationof subsequeninits: rejectall usesof the extensiongo the SML Modules
languageThatis, acceponly SML Modulessyntax;seeSectionl11.

- P unit-set
Determinesvhich library unitswill be openat compile-time.Any library unit in theload pathcanbe usedby the
compilerfor type checkingpurposes.Thusregardlessof the - P option, the compilerknows the type of library
functionssuchasArray. fol dl .

-P default Theunits Char, Li st, andString will be partially opened. This is the default, permitting e.g.
String. concat to bereferredto justasconcat .
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-P sm 90 Providesaninitial ervironmentwhichis upwardscompatiblewith thatof the 1990Definition of Stan-
dard ML andwith pre-1.30release®f Mosconv ML. In particular the functionschr, expl ode, i npl ode,
andor d work on strings,not charactersThe mathfunctionsandinput-outputfacilitiesrequiredby the 1990
Definition [7, AppendixC andD] areavailableattop-level. In additionthe same(new) librariesareopened
aswith - P defaul t.

-P nj 93 Providesatop-level erwvironmentwhich is mostly compatiblewith thatof SML/NJ 0.93. The functions
app, cei l i ng, chr, dec, expl ode, fol d, hd, i npl ode, i nc, max, min, nth, nthtail, ord, ordof, revapp,
revfol d, substring, tl, andtruncat e have the sametype andmeaningasin SML/NJ 0.93. The math
functionsandinput-outputfacilities requiredby the 1990Definition [7, AppendixC andD] areavailableat
top-level. In additionthe same(new) librariesareopenedaswith - P def aul t. This optiondoesnotimply
-1 npt ypes.

-P full Sameas-P default.

-P none No library unitsareinitially opened.

Additional directoriesto be searchedor library unitscanbe specifiedwith the- 1 directoryoption.
-q
Enableghe quotation/antiquotatiomechanismseeSectionl16.
- st andal one
Unix: Specifieghatthe runtime systemshouldbe prependedo the linked bytecodethuscreatinga stand-alone
executable This adds75-100KB to the sizeof thelinkedfile. MS Windows: This optioncannotbe used.Under
MS Windows, all mosmlc-generategkecutablesequirethe dynamicallylinkedlibrary can rt . dl | to bepresent
in thedirectoryC: \ nosm \ bi n.
-stdlib stdlib-directory
Specifieghe standardibrary directory which will be searchedby the compilerandlinkerfor the.ui and.uofiles
correspondingo units mentionedn thefiles beinglinked. The default standardibrary is setwhenthe systemis
createdandis usually${ HOVE} / mosm /| i b underUnix andc: \ nosni \ | i b underMS Windows andDOS.
-structure
Specifieghatsubsequensmland.sig sourcefiles mustbe compiledin structuremode;seeSection6. Default.
-topl evel
Specifieghatsubsequensmland.sig sourcefiles mustbe compiledin toplevel mode;seeSection?.
-V
Printsthe versionnumberof the variouspasse®f thecompiler
-val uepol y
Specifythatthetype checler shoulduse'valuepolymorphism’;seeSection12. Default.
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11 Extensionsto the Standard ML Moduleslanguage

TheMoscov ML Moduleslanguageextendsthe StandardViL Moduleslanguagen severalways:

e higherorderfunctors: a functor may be definedwithin a structure passedisan argumentto anotherfunctor, or
returnedastheresultof a functor;seeSection11.1

e applicatve aswell as(the usual)generatie functors;seeSection11.2

e transparenaswell asopaqueunctorsignaturesseeSection11.3

o first-classmodules:structuresandfunctorsmay be paclkedandthenhandledasCorelanguagevalues which may
thenbeunpacledasstructureor functorsagain;seeSectionl1.4

e recursve modules:structuresaandsignaturesnay berecursvely defined;seeSection11.5

e relaxationof miscellaneoustandardiL restrictions;seeSection11.6.

TheMoscowML Language Overviav definegheprecisesyntaxof the extensions For someadditionalexamplesof their
use,seethedirectorymosni / exanpl es/ nodul es andits READVE file.

By default, Moscov ML acceptsall non-StandardviL extensionsbut issuesa warningat every use. This is the
behaiour of Moscov ML’s conservativecompilationmode. Two other compilationmodesare available: liberal, in
which all extensionsaresilently acceptedandorthodox in which all extensionsarerejectedaserrors.

The compilationmodecanbe setby the command-lineoptions- conser vati ve, -1 i beral , and- ort hodox; see
Sections3.3and10.2. In theinteractve systemnosni , the compilationmodeaffectsML codeenterednteractively, as
well asthefunctionsconpi | e, conpi | eStruct ure, conpi | eTopl evel , anduse. Thecompilationmodecanbe setby
thefunctionsconservati ve, | i beral , andort hodox.

Theextensionglescribedherearebasedn parton[11, 12]; aformal definitionof theextensionsderivedfrom[7, 8],
is availableon request.

11.1 Higher-order modules

In StandardML Modules,structuresandfunctorbodiescannotdeclarefunctors.In Moscav ML Modules,they can:

functor F1(S: sig type t; val x : t end) = struct
functor T : sig type u; val y : uend) = struct val pair = (S.x, T.y) end
end
structure R11 = Fi(struct type t=int val x=177 end)
structure R12 = R11. G(struct type u=string val y="abc" end)
val (a, b) = Rl2.pair

A functorthatreturnsafunctorcanbe curried,avoiding theintermediatestructure:

functor F2(S: sig typet; val x : t end) (T : sigtype u; val y : uend) =
struct val pair = (S.x, T.y) end
structure R2 =
F2(struct type t=int val x=177 end)(struct type u=string val y="abc" end)
val (a, b) = R2.pair

A functormaybedeclaredo take anotherfunctorasanargumentwhosetypeis specifiedusinga functorsignature:

(* Gis a functor signature *)
signature G = functor(X:sig type t=int val x: t end)->sig type uval y : u end

(* F3 takes the functor F as an argument, and applies it *)
functor F3(F: G = F(struct type t=int val x=177 end)

(* R3is the result of F3 applied to an anonynous functor *)
structure R3 = F3(functor(X sig type t=int val x:t end)=>
struct type u = Xt * Xt val y= (X x, X x) end)

In thedefinitionof R3, theargumentto F3 happengo be ananorymousfunctor.
Wherever afunctorof a certaintypeis expected pnemay supplyinsteada functorthathasmorea generatype, thatis,
onewhichis morepolymorphic,expectsalessgeneralrgumentor produces moregenerakresult:

(* F3 is applied to a nore general functor than it specifically requires *)
structure R4 = F3(functor(X sig type t end)=>
struct type u = Xt val y =1val z =[] end)
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As in StandardViL, functorsandstructuregesidein separatsnamespacessoit is perfectlylegal to re-usethe same
namefor botha structureanda functor, without onehiding the other:

structure M= struct end
functor M) = struct end

structure NL = M (* structure N1 bound to structure M*)
functor N2 =M (* functor Nl bound to functor M*)
structure N3 = MM (* functor Mapplied to structure M*)

However, whenanotherfunctor, sayP, simply returnstheidentifierM asin:
functor P () = M

it is not clearwhethemrefersto the structureMor thefunctorM In thisambiguousase Moscav ML alwaysinterprets
M onits own, asa structure put you canwrite op Mto referto thefunctorMinstead:

functor P () = M (* Preturns the structure M*)
functor Q() =op M (* Qreturns the functor M*)

Thefilesmosm / exanpl es/ modul es/ {pol y. sm , boot strap. sm } containexampleghatusehigherorderfunctors.

11.2 Applicative functors

In the StandardML Moduleslanguageall functorsare generatie. If the body of generatie functor FG declaresa
datatypeor opaquetypet , thentwo applicationsof FGwill createtwo structuresSGL andS& with distincttypesSGL. t
andS@. t:

functor FG (S : sig end) = struct datatype t = C end (* generative *)
structure SGL = F§) and S& = FJ)
val res = if true then SGL C el se S&.C, (* ill-typed *)

Recallthat a conditionalexpressionrequiresboth branchego have equivalenttypes,so the last declarationabove is
well-typedonly if thetype SGL. t is equivalentto SG. t .

If functorshadan applicative not generatie, semanticsthe two typeswould be equivalent. Moscov ML Modules
allows the declarationof applicative functors aswell asgeneratie functors. An applicative versionFA of the above
functoris declaredhe sameway, exceptthattheformal functorargumentS : si g end is notenclosedn parentheses:

functor FA'S: sig end = struct datatype t = C end (* applicative *)
structure SAL = FA() and SA2 = FA()
val res = if true then SAL C el se SA2.C (* well-typed *)

More generallyif atypein anapplicative functor's body depend®n a datatypeor opaquetype of the functor’s formal
argument,thenthe typesreturnedby separateapplicationsof the applicative functor will be equivalent, provided the
functoris appliedto equivalenttypearguments:

functor GA S: sig typet end = struct datatype u = Cof S.t end (* applicative, *)
(* but u depends on S.t *)
structure TAL = GA(type t = int) and TA2 = GA(type t = bool) and TA3 = GA(type t = int)
val res = if true then TAL.C 1 else TA3.C 1, (* well-typed *)
val res = if true then TAL.C 1 el se TA2.C true; (* ill-typed *)

Moscav ML supportstype projectionsX. u (the dot notationfor types)with local structurebindings. This makesit
possibleto referdirectly to atypereturnedby anapplicatve functorwithin anotheitype expressionwhichis usefulfor
expressingsharingconstraints:

signature S = sig functor F. functor X sig typet end -> sig type u end
type v = X.u where X = F(type t = int) (* Xis local to Xu *)
end

The local binding hasno run-time effect and is only elaboratedat compile-timefor its type information. For more
examplesof applicative functors,seethefilesmosmi / exanpl es/ modul es/{col | ect.sm , boot strap.sni}.

2Similar to Objectie Caml.
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11.3 Opagueand transparent functor signatures

Thetypesof functorsarespecifiedusingfunctor signatures Similar to the distinctionbetweengeneratie andapplica-

tive functor expressionsfunctor signaturesnay be opaqueor transpaent Whethera functor signatureis opaqueor

transparenaffectstheinterpretatiorof any datatypeor opaquetype specificationsn its bodysignature:
Theopaquefunctorsignature

signature GO = functor(X sig type t val x:t end)->sig type u val y:u end (* opaque *)

specifiesthe type of thosefunctorsthat, when appliedto an actualagumentmatchingthe argumentsignaturesi g
type t val x:t end, returna resultmatchingthe body signaturesi g type u val y:u end, for someunknavn
implementatiorof thetypeu (possiblydependingon X. t).

A transpaent versionGT of the above functor signatureis written the sameway, exceptthat the formal functor
argumentX: sig type t val x:t end isnotenclosedn parentheses:

signature GI = functor X sig typet val x:t end -> sig type u val y:u end (* transparent *)

Thisfunctorsignaturespecifieghefamily of functortypesthat,for agivenimplementatiorof theresulttypeu (possibly
dependingn X. t ), mapstructuresnatchingtheargumentsignaturesi g type t val x:t end to structuresnatching
thebodysignaturesi g type u val y:u end.

In practice,whenwriting a functor H that takes a functor F as an agument,the choice betweenspecifyingthat
argumentusinganopaqueor transparensignaturewill affecttheamountof typeinformationthatis propagateavhenever
His appliedto anactualfunctor. For instanceconsidertthefour functors:

functor F1 (X:sig type t val x:t end) = struct type u = Xt val y = X x end
functor F2 (X:sig type t val x:t end) = struct type u =int val y =1 end
functor HO(F: G0) = F(struct type t = string val x = "abc" end)

functor HT(F:GI) = F(struct type t = string val x = "abc" end)

FunctorF1 returnsa renamedversionof its argument,andfunctor F2 just ignoresits argumentand returnsthe same
structureregardlessThe two higherorderfunctorsHO andHT applythe suppliedF to the sameargument(in which x is
astring),but assumetespectiely, anopaqueandatransparensignaturefor F.

SincefunctorHO usesthe opaquesignaturel0, its formal argumentr is assumedo returnsomenewn unknown type
u wheneverit is applied,sothatthetwo applicationsof HOreturnnew abstractypesROL. u andRQ2. u:

structure ROL = HQ(F1) and R®2 = HQ(F2)
val resOlL = if true then ROL.y else "def"; (* ill-typed *)
val res®@ = if true then R®R.y else 1; (* ill-typed *)

FunctorHT, ontheotherhand,useshetransparensignatureGl. This ensureshat,no matterwhattheactualdependeng
of resulttypeu on argumenttypet , HT maybe appliedto ary functor F whoseargumentsignatureandresultsignature
matchGT, with the actualdefinitionof u reflectedin theresult. In particular thetwo applicationof HT returnthe same
definitionsfor type u aswould the substitutionof F1 andF2 directly into the body of HT. Thatis, thetypesRT1. u and
RT2. u areequivalentto st ring andi nt :

structure RT1 = HT(F1) and RT2 = HT(F2)
val resTl = if true then RTl.y else "def"; (* well-typed *)
val resT2 = if true then RT2.y else 1; (* well-typed *)

Anotherway to look at this is that HO's formal argumenthasa generatie specificationso thatits applicationin HO's
bodyreturnsanew type,while HT’s formal agumenthasanapplicative specificationsothatits applicationin HT's body
returnsthe sametypeasHT's actualargument.

11.4 First-classmodules

In theMoscov ML Moduleslanguagea structureor functorcanbewrappedup asa padage, whichis afirst-classCore
languageraluejustlik e any othervalue,andthensubsequentlynpacledto re-createhe structureor functor:
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signature NAT = sig type nat val Z:nat val S:nat ->nat val plus: nat -> nat -> nat end

structure SafeNat = (* unlimted range but slow *)

struct datatype nat = Z | Sof nat fun plus Zm=m| plus (Sn) m=S (plus nnm end
structure FastNat = (* limted range but fast *)

struct type nat =int val Z=0 funSn=n+1 funplusnm=n+ mend
type natpack = [ NAT ] (* package type *)
val safeNat = [ structure SafeNat as NAT |; (* packing *)
val fastNat = [ structure FastNat as NAT |;
structure Nat as NAT = (* unpacking *)

if (913 nod 7 = 5) then safeNat el se fastNat

val natlist = [safeNat,fastNat] : [ NAT ] list;

A functormaybe paclkedusingthesimilar Coreexpression [ functor modep as sigexp ] andunpacledusingthe
functorbinding functor funid as sigexp = exp.
Packageype equialences determinedy structure notname sothefollowing packagdypesareequialent:

[sigtype t val x: t type u
[sig type u val x: u typet

t val y: u end]
uval y: t end]

becausehe signaturesareequivalent(every structurethatmatchesonealsomatchegsheother).
For type soundnesgeasonsa packagemay not be unpacledin the body of a functor (althoughit maybe unpacled
within a Coreexpressioroccurringin thatbody):

functor Fail (val nat : [ NAT]) =

struct structure Nat as NAT = nat end (* illegal *)
functor Ok (val nat : [ NAT ]) =

struct val x = let structure Nat as NAT = nat in nat end end (* legal *)

Thefilesmosm / exanpl es/ modul es/ {si eve. sm , array. sm, choi ce.sm, matrix.sn} containmoreexamples.

11.5 Recursive structuresand signatures

The StandardVIL Moduleslanguagedoesnot permit recursvely definedmodules. For instance two structurestven
andCOdd maynotdependon eachother In theMoscav ML Moduleslanguagea structuremay bedefinedrecursvely:

structure S =rec (X sig structure Odd : sig val test : int -> bool end end)
struct structure Even = struct fun test 0 = true
| test n = X Qdd.test (n-1)
end
structure Odd = struct fun test 0 = false
| test n = Even.test (n-1)
end

end;

Here, X is a forward declarationof the structures body that allows Even. t est to referto X. Odd. t est beforeit has
beendefined.Thebodyof arecursve structuremustmatchthe signatureof theforward declarationary opaquetypeor
datatypespecifiedn the signaturemustbeimplementedn the body by copyingit usingaforwardreference:

structure &k = (* well-typed *)

rec (X sig datatypet = Ctype u type v = int end)

struct datatype t = datatype Xt type u = X u type v =int end
structure Fail = (* ill-typed *)

rec (X sig datatypet = Ctype u type v = int end)

struct datatypet = Ctype u =int type v = int end

At run-time, attemptingto evaluatethe forward referenceof a recursve structurebeforeits body hasbeenbeenfully
evaluatedraisesthe exceptionBi nd:

structure Fail =rec (X sig end) X (* raises Bind *)
structure Fail =rec (Xsig val x: int end)
struct val x = X x end; (* raises Bind *)
structure Ok = rec (Xsig val f: int ->int end)
struct funf n=Xf n end; (* ok *)
val res = &k.f n (* infinite loop *)
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Ontheir own, recursve structuresannotbe usedto declaremutually recursve datatypeghatspanmoduleboundaries.
For this purposeMoscav ML alsosupportsecuisivesignatues

signature REC = rec(X sig structure Odd: sig type t end end)
sig structure Even: sig datatype t = Zero | Succ of X Odd.t end
structure Odd: sig datatype t = One | Succ of Even.t end
end;

Here, X is a forward declarationof a structureimplementingthe body of the signaturethat allows the specificationof
Even. t torefertothetypeX. Gdd. t beforeit hasbeenfully specified.In arecursve signaturethebody of thesignature
mustmatchthe forward declarationand specify animplementatiorfor ary opaquetypesor datatypesleclaredwithin
theforwardspecification.

Oncearecursve signaturenasbeendefined,t canbe usedto implementtherecursve structurel with datatypeshat
spanmoduleboundaries:

structure T = rec(X: REQ)
struct structure Even = struct datatype t = datatype X Even.t
fun succ Zero = X Odd. One
| succ E = X Qdd. Succ E

end
structure Odd = struct datatype t = datatype X Odd.t
fun succ O = Even. Succ O
end

end

Thefiles mosm / exanpl es/ modul es/ {recursion.sn , bootstrap.sm} containexamplesof usingrecursve struc-
turesandsignatures.

11.6 Miscellaneousrelaxationsof Standard ML restrictions

In StandardvIL, functorsandsignaturesnayonly be declaredat top-level, andstructuresnay only be declarecat top-
level andwithin structures.None of thesemay be declaredwithin Corelet expressions.Moscov ML removesthese
restrictionsso that functors, signaturesand structuresmay be declaredanywhere,which is particularly useful when
programmingwith first-classmodules.

In StandardML, every parameterisetype definition,andevery type schemeoccurringwithin a signaturemustbe
closedandmustnotmentionary typevariableghatarenotexplicitly listedasparametersMoscov ML doesnotimpose
thisrestriction,andallows freetypevariables providedthey areboundin anenclosingscope Again, thisis usefulwhen
programmingwith first-classmodules.

typet ='a->"a (* illegal, since "a not in scope *)
fun f (x:’a) =let typet ="a* "a (* legal Msm, illegal SM *)
in (x,x):t
end;
type 'a stackpack = (* legal Msn *)
[ sig
type stack = 'a list; (* "a occurs free in this type binding *)
val push : "a -> stack -> stack (* "a occurs free in this type schene *)
end ]
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12 Value polymorphism

The 1997revision of StandardVL [8] adoptsvaluepolymorphismdiscardingthe distinctionbetweerimperative (' _a)
andapplicatve (' a) typevariablesandgeneralizingype variablesonly in non-expansve expressionsin Moscav ML
2.00,non-generalizetiypevariablesareleft free,to beinstantiatedater. Consideraval -binding

val x = e;
With value polymorphismthe free type variablesin thetype of x aregeneralizednly if the right-handsidee is non-

expansve. This is a purely syntacticcriterion: an expressionis non-epansivef it hasthe form nexp, definedby the
grammarbelow:

nexp = scon specialconstant
longvid (possiblyqualified)valueidentifier
{ (nexprow) } recordof non-expansve expressions
( nexp) parenthesizedon-expansie expression
connexp constructompplicationwhereconis notr ef
exconnexp exceptionconstructompplication
nexp: ty typednon-epansvie expression
f n matth functionabstraction
[ structure nmodep as sigexp ]  structurepackage
[ functor nmodep as sigexp ] functorpackage

nmodep := (op)longmodid moduleidentifier
( nmodep )
nmodep : (: >) sigexp transparenfopaque)xonstraint
functor arg => modep functor
rec ( strid : sigexp ) nmodep recursve structure

nexprow = lab=nexp{(, nexprow)

Roughly a non-expansve expressioris justa value,thatis, anexpressiorin normalform. For example,theright-hand
sidel engt h below is anidentifier, andsois non-expansie. Hencethe free type variable’ a in thetype’a list ->
i nt of x becomegeneralizedasshovn by theoccurrencef’ a betweerval andx:

- val x = length;

>val "ax =fn: "alist ->int
Ontheotherhand,theright-handside(fn f => f) | ength below, althoughit evaluateso the samevalueasthe pre-
viousone,is expansve: it is not derivablefrom theabove grammar Hencethe typevariable’ a will notbegeneralized,
andawarningwill beissued:

-val x = (fnf =>f) length;
' Wrning: Val ue pol ynor phi sm
I Free type variable(s) at top level in value identifier x
>val x =fn: "alist ->int

Notethatthetypevariable’ a hasnotbeengeneralizedThustypevariable’ a is freeandmaybecomenstantiatedvhen
x is used.If so,thetype of x becomesnorespecific:

- X ["abc", "def"];

I Warning: the free type variable "a has been instantiated to string

>val it =2 int

- X

>val it =fn: string list ->int
To make surethat a type variablegetsgeneralizedpne may eta-expandthe right-handside expression.Eta-epansion
replacesanexpressiorewithfn y => (e y) thusmakingit non-expansve:

-val x1 =fny = (fnf =>f) length y;

>val "bxl=fn: "blist ->int
Compatibility: All programscompiledwith Moscov ML 1.44will compilealsowith Moscov ML 2.00.To compileold
programghatuseimperative typevariablesasin the 1990Definition, you mayinvokenosm or nosm ¢ with the option

-1 npt ypes.
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13 Weakpointers

Moscav ML supportsweak pointersand arraysof weak pointers,using library structureWleak. A weakpointeris a
pointerthatcannotitself keepanobjectalive. Hencethe objectpointedto by aweakpointermay be deallocatedy the
garbagecollectorif the objectis reachablenly by weakpointers.

The interfaceto arraysof weakpointersis the sameasthat of standardarrays(structureAr r ay), but the subscript
function sub may raiseexceptionFai | if the accesseabjectis dead. On the otherhand,if sub returnsa value,it is
guaranteedotto die unexpectedly:it will bekeptalive by thereturnedpointer Also, theweakarrayiterationfunctions
iterateonly overthelive elementf thearrays.

Oneapplicationof weakpointersis to implementhashconsingwithout spacdeaks. Theideain hashconsingis to
re-usepairs: whenever a new pair (a, b) is to be built, an auxiliary tableis checled to seewhethersucha pair exists
already If so,theold pairis reused.In someapplicationsthis mayconsere muchspaceandtime. However, thereis a
dangerof runningout of memorybecaus®f a spacdeak: the pair (a, b) cannotbe deallocatedy the garbagecollector
becausét remainsforever reachabldrom the auxiliary table. To circumwventthis problem,onecreatesa weakpointer
from theauxiliary tableto the pair, sothattheauxiliary tablein itself cannotkeepthe pair alive.

For an example,seenosm / exanpl es/ weak. Seealsothe descriptionof Wak in the MoscowML Library Docu-
mentationortry ‘hel p "Weak"; .

14 Dynamic linking of foreign functions

Moscav ML supportsdynamiclinking of foreign (C) functions,usinglibrary structureDynl i b3. A library of functions
may be written in C and compiledinto a dynamicallyloadablelibrary, usingappropriatecompileroptions. With the
Dynl i b structureonecanloadthis library andcall the C functionsfrom Moscav ML, without recompilingthe runtime
system.

It is the responsibilityof the C functionsto accessandconstructSML valuesproperly usingthe macroesiefinedin
mosml /i ncl ude/ M val ues. h. For thisreasonthe foreignfunctioninterfaceis includedonly with the sourcedistribu-
tion. As usual,typeor storagamistalesin C programsamnay crashyour programs.

The ML garbagecollectormay run at ary time an ML memoryallocationis made. This may causeML valuesto
be moved (from the younggeneratiorto the old one). To make surethatML heappointersneededy your C function
are adjustedcorrectly by the garbagecollector, registerthem using the Push_root's andPop_r oot s macroesfrom
mosm /i ncl ude/ menory. h.

To modify avaluein theML heapyou mustusetheMdi f y macrofromnosn /i ncl ude/ menory. h; otherwiseyou
may confusetheincrementafarbagecollectorandcrashyour program.

Whenloadingthe compiledlibrary onemustspecifytheabsolutgpathunlesst hasbeeninstalledasa systemniibrary.
Thismayrequireputtingit in aparticulardirectory suchas/ | i b or/ usr/ | i b, orediting/ et ¢/ | d. so. conf andrunning
I dconfig.

To compileMoscav ML # with supportfor dynamiclinking, editfile mosni / sr ¢/ Makef i | e. i nc asindicatedthere.

For moreinformation,seethe examplesn directorynmosm / src/ dynl i bs, in particular
mosm / src/ dynlibs/interface. SeealsotheDynli b sectionin the MoscowML Library Documentatiorj10]; or try
‘hel p "Dynlib";".

3Thanksto KenLarsen.
4SupportedinderLinux, FreeBSDNetBSD,Solaris,Digital Unix, HP-UX, MacOS,andMS Windows'95/98/NT
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15 Guide to selecteddynamically loadedlibraries

15.1 Using GNU gdbm persistenthashtables

Moscav ML providesan interfaceto GNU gdbm persistenthashtablesyia structuresGdbm and Pol ygdbm seethe
appropriatesectionsin [10]. GNU gdbm providesfastaccessavento very large hashtablestoredon disk, ensuring
mutualexclusion,andarehandyfor creatingsimpledatabasefor useby CGI scriptsetc.

UsingGdbmor Pol ygdbmrequireDynl i b (seeSectionl4above): GNU gdbm(notincludedwith Moscon ML) must
be installed,andthe interfaceto GNU gdbmdefinedin nosm / src/ dynl i bs/ ngdbm mustbe compiledandinstalled.
For instructions seethe README file there.

15.2 Using POSIX regular expressions

Moscav ML providesaninterfaceto the GNU regex implementatiorof POSIX 1003.2regular expressionsyith addi-
tional supportfor replacingmatchingsubstringstc.,via structureRegex; seetheappropriatesectionin [10].

UsingRegex requiresDynl i b (seeSectionl4 above): The GNU regex library (whichis includedwith Moscov ML)
andthe interfacedefinedin nosn / src/ dynl i bs/ nr egex mustbe compiledandinstalled. For instructions,seethe
README file there.

15.3 Usingthe PostgreSQL relational databaseserer

Moscav ML providesaninterfaceto the PostgreSQlrelationaldatabassener, via structurePost gr es; seethe appro-
priatesectionin [10].

Using Post gr es requiresDynl i b (seeSection14 above): the PostgreSQldatabaseener (not included)mustbe
installed,andthe interfaceto PostgreSQLldefinedin mosn / sr ¢/ dynl i bs/ npg mustbe compiledandinstalled. For
instructions seethe READVE file there.

15.4 Usingthe MySQL relational databaseserver

Moscov ML providesaninterface to the MySQL relationaldatabaseener, via structureMysql ; seethe appropriate
sectionin [10].

UsingMysgl requiresDynl i b (seeSection14 above): the MySQL databassener (notincluded)mustbeinstalled,
andtheinterfaceto Mysql definedin nosm / src/ dynl i bs/ mysqgl mustbe compiledandinstalled. For instructions,
seethe README file there.

15.5 Usingthe PNG imagelibrary

Moscav ML providesan interfaceto ThomasBoutell's gd graphicspackagefor creatingPNG images,via structure
Cdi mage; seetheappropriatesectionin [10].

UsingGdi mage requiresDynl i b (seeSection14 above): thegd imagepackagegnotincluded)mustbeinstalled,and
theinterfacedefinedin nosn / sr ¢/ dynl i bs/ ngd mustbe compiledandinstalled.For instructions seethe READVE file
there.

15.6 Usingthe Socket interface

Moscav ML providesaninterfacé to Internetandfile soclets,via structureSocket , which adheregairly closelyto the
SML BasisLibrary structureof the samename;seethe appropriatesectionin [10].

UsingstructureSocket requiresDynl i b (seeSection14 above): thesocletsinterfacedefinedin
mosm / src/ dynl i bs/ nsocket mustbecompiledandinstalled.For instructions seethe READVE file there.

5Thanksto ThomasS. Iversen.
6Thanksto Ken Larsen;initial developmentfinancedby the PROSPERproject.
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16 Quotationsand antiquotations

Moscav ML implementsguotations a non-standardanguagdeatureusefulfor embeddingbjectlanguagephrasesn
ML programsQuotationsaredisabledby default. This featureoriginatesin the StandardviL of New Jersg implemen-
tation. To enablequotationsin theinteractive system(nosni ), executequot ati on : = true. Thisallows quotationgo
appeatin declaration®nteredat top-level andin files compiledby the primitive conpi | e. To enablequotationdn files
compiledwith the batchcompilernosni c, invokeit with option- g asin nosnm ¢ -q.

A gquotationis a particularkind of expressiorand consistsof a non-emptysequencef (possiblyempty)fragments
surroundedy backquotes:

exp = ‘frags quotation

frags := charseq charactesequence
charseq"id frags antiquotatiorvariable
charseq"( exp) frags antiquotatiorexpression

Thecharseqis apossiblyemptysequencef printablecharactersr space®r tabsor newlines. A quotationevaluatego
avalueoftypety frag |ist wherety isthetypeof theantiquotatiorvariablesandantiquotatiorexpressionsandthe
type' a frag is definedasfollows:

datatype 'a frag = QUOTE of string | ANTIQUOTE of 'a

A charseqgfragmentevaluateso QUOTE " charsed . An antiquotationfragment®id or *( exp) evaluateso ANTI QUOTE
valuewherevalueis thevalueof thevariableid resp.theexpressiorexp. All antiquotationsn aquotationmusthavethe
sametypety.

An antiquotationfragmentis always surroundeddy (possiblyempty) quotationfragments;and no two quotation
fragmentscanbeadjacentTheentirequotationis parsedeforeary antiquotatiorinsideit is evaluated Hencechanging
the value of Met a. quot ati on in an antiquotationinside a quotationhasno effect on the parsingof the containing
guotation.

For anexample,saywe have writtenan ML programto analyseC programphrasesandthatwe wantto enterthe C
declaratiorchar s[6] = "abcde". We couldsimply defineit asa string:

val phrase = "char s[6] = \"abcde\"";
but thenwe needto escapehe quotes(") in the C declarationwhich is tiresome.If insteadwe usea quotation these
escapearenotneeded:

val phrase = ‘char s[6] = "abcde""';
It evaluatego [ QUOTE "char s[6] = \"abcde\""] : 'a frag |ist. Moreover, supposave wantto generatesuch
declarationdor otherstringsthanjust" abcde", andthatwe have anabstracsyntaxfor C phrases:

dat atype cprog =
IntCst of int
| StrCst of string
|

Thenwe mayreplacethestring” abcde" by anantiquotatior*( Str Cst st r), andthearraydimensiong by anantiquo-
tation®(I ntCst (size str + 1)), andmakethestringstr afunctionparameter:

fun nkphrase str = ‘char s[*(IntCst (size str + 1))] = ~(StrCst str)";

Evaluatingmkphr ase "1 onger" produceghefollowing representatioof a C phrase:

[ QUOTE "char s[", ANTIQUOTE (IntCst 7), QUOTE "] =",
ANTI QUOTE (StrCst "longer"), QUOTE ""] : cprog frag |ist
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17 A lexer generator: mosmllex

This sectiondescribesosni | ex, alexergeneratowhichis closelybasedncan | ex from the CamlLight implemen-
tationby Xavier Leroy. This documentatioris basedon thatof can | ex also.

17.1 Overview

Givena setof regularexpressionsvith attachedsemanticactions,mosni | ex producesa lexical analyseiin the style of
| ex. If file | exer .| ex containsaspecificatiorof alexical analyserthenexecuting

mosm | ex | exer.|ex

producesfile | exer. snl containingMoscov ML codefor the lexical analyser This file definesonelexing function
perentry pointin the lexer definition. Thesefunctionshave the samenamesasthe entry points. Lexing functionstake
asargumentalexer buffer, andreturnthe semantiattribute of the correspondingntry point.

Lexer buffersareanabstractatatypeimplementedn thelibrary unit Lexi ng. Thefunctions
creat eLexer String andcr eat eLexer from unit Lexi ng createlexer buffersthatreadfrom a charactesstring, or ary
readingfunction,respectiely.

Whenusedin conjunctionwith a parsergeneratedy mosni yac (seeSection18), the semanticactionscomputea
valuebelongingto the datatype oken definedby the generategbarsingunit.

Exampleusesof nosni | ex canbefoundin directoriescal ¢ andl exyacc undemosni / exanpl es.

17.2 Hints on using mosmllex

A lexerdefinitionmusthave arule to recognizethe specialsymboleof , meaningend-of-file.In generalalexer mustbe
ableto handleall charactershatcanappeaiin theinput. Thisis usuallyachieved by puttingthe wildcardcase_ atthe
very endof thelexer definition. If thelexeris to beusedwith e.g.MS Windows, MS DOS or MacOSfiles,remembeto
provide arule for thecarriage-retursymbol\ r . Mostoften\ r will betreatedthesameas\ n, e.g.aswhitespace.

Do not usestring constantgo definemary keywords;this may producelarge lexer programs.lt is betterto let the
lexer scankeywordsthe sameway asidentifiersandthenuseanauxiliary functionto distinguishbetweerthem. For an
example,seethekeywor d functionin nosni / exanpl es/ | exyacc/ Lexer. | ex.

17.3 Syntaxof lexer definitions

Theformatof alexer definitionis asfollows:

{ header}
et abbre

regexp

et abbre = regexp
rul e entrypoint =

parse regexp { action}

| ...

| regexp { action}
and entrypoint =

parse ...
and ...

Commentsredelimitedby (* and*), asin SML. An abbreiation (abbre) for aregularexpressiormay referonly to
abbreviationsthatstrictly precedat in thelist of abbreviations;in particular abbreviationscannotberecursve.

17.3.1 Headersectionand entry points

Theheadersectionis arbitraryMosconv ML text enclosedn curly braceq and}. It canbe omitted. If it is presentthe
enclosedext is copiedasis at the beginning of the outputfile | exer. sm . Typically, the headersectioncontainsthe
open directivesrequiredby the actions andpossiblysomeauxiliary functionsusedin theactions.

Thenamesof theentrypointsmustbevalid ML identifiers.
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17.3.2 Regular expressions

Theregular expressiongegexp arein the styleof | ex, but with amoreML-lik e syntax.

‘ char
A characteconstantwith a syntaxsimilarto thatof Moscav ML characteconstantsseeSectionl17.3.4.Match
thedenotedccharacter

Matchary character

eof
Matchthe endof thelexerinput.

" strind'
A string constantwith a syntaxsimilar to that of Moscav ML string constantsseeSection17.3.4. Match the
denotedstring.

[ charactesset ]
Matchary singlecharactebelongingto thegivencharacteset. Valid charactesetsare: singlecharacteconstants
‘¢'; rangef charactersc;' - ‘¢’ (all characterdetweerc; andc,, inclusive); andtheunionof two or more
charactesets,denotedy concatenation.
[  charactesset ]
Matchary singlecharactenot belongingto the givencharacteset.
regexp *
Matchthe concatenatiof zeroor morestringsthatmatchregexp. (Repetition).
regexp +
Matchthe concatenatiolof oneor morestringsthatmatchregexp. (Positve repetition).
regexp ?
Matcheitherthe emptystring,or a stringmatchingregexp. (Option).
regexpy | regexp;
Matchary stringthatmatchesitherregexp; or regexpy. (Alternative).
regexpy regexpz
Matchthe concatenationf two strings thefirst matchingregexpi, thesecondnatchingregexp,. (Concatenation).
abbre/
Matchthe samestringsastheregexp in themostrecent et -binding of abbre.
( regexp )
Matchthe samestringsasregexp.

Theoperators and+ have highestprecedencedpllowedby ?, thenconcatenatiorthen| (alternatve).
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17.3.3 Actions

An actionis an arbitraryMosconv ML expression.An actionis evaluatedin a context wherethe identifier| exbuf is
boundto the currentlexer buffer. Sometypical usesof | exbuf in conjunctionwith the operationson lexer buffers
(providedby theLexi ng library unit) arelisted below.

Lexi ng. get Lexene | exbuf
Returnthe matchedstring.

Lexi ng. get LexemeChar | exbuf n
Returnthen’th charactein the matchedstring. Thefirst charactehasnumberO.

Lexi ng. get LexemeStart | exbuf
Returnthe absolutepositionin theinputtext of thebeginningof the matchedstring. Thefirst charactereadfrom
theinputtext haspositionO.

Lexi ng. get LexeneEnd | exbuf
Returnthe absolutepositionin the input text of the endof the matchedstring. The first charactereadfrom the
inputtext haspositionO.

entrypoi nt | exbuf
Hereent rypoi nt is thenameof anothetentrypointin the samdexer definition. Recursiely call thelexeronthe
givenentry point. Usefulfor lexing nesteccommentsfor example.

17.3.4 Character constantsand string constants

A characterconstantin thelexer definitionis delimitedby ' (backquotelharactersThetwo backquotegnclosesither
aspaceor a printablecharacter, differentfrom* and\, or anescapeequence:

Sequence Charactedenoted

‘c thecharactec

AV backslash\ )

A backquotd" )

“An' newline (LF)

“Ar! return(CR)

‘At horizontaltabulation (TAB)

“\b* backspacéBS)

“\ne the ASCII charactecontrolc

‘\ddd thecharactewith ASCII codedddin decimal

A string constantis a (possiblyempty)sequencef characterslelimitedby " (doublequote)characters.

string-literal 1= " strcharsed non-emptystring
" emptystring
strcharseq = strchar (strcharseq  charactesequence

A stringcharactestrchar is a spacepr a printablecharactec (except" and\ ), or anescapesequence:

Sequence Charactedenoted

c thecharactec

\\ backslash{\ )

\" doublequote(")

\n newline (LF)

\r return(CR)

\t horizontaltakulation (TAB)

\b backspacéBS)

\"c the ASCII charactecontrolc

\ ddd thecharactewith ASCII codedddin decimal
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18 A parser generator: mosmlyac

This sectiondescribesrosni yac, a simple parsergeneratomwhich is closelybasedon canl yacc from the Caml Light
implementationby Xavier Leroy; canl yacc in turn is basedon Bob Corbetts public domainBerkeley yacc. This
documentations basedn thatin the CamlLight referencemanual.

18.1 Overview

Givena context-free grammarspecificatiorwith attachedsemanticactions,mosm yac producesa parserin the style of
yacc. If file gr ammar . gr mcontainsa grammarspecificationthenexecuting

mosm yac granmar. grm

producesafile grammar. sm containinga Moscov ML unit with codefor a parseranda file gr anmar . si g containing
its interface.

The generatedinit definesa parsingfunction S for eachstartsymbol S declaredin the grammar Eachparsing
functiontakesasargumentsa lexical analyser(a function from lexer buffersto tokens)anda lexer buffer, andreturns
the semanticattribute of the correspondingentry point. Lexical analyserffunctionsare usuallygeneratedrom a lexer
specificatiorby thenosni | ex program.Lexer buffersareanabstractatatypeimplementedn thelibrary unit Lexi ng.
Tokensarevaluesfrom the datatype oken, definedin the signaturefile gr anmar . si g producedoy runningnosni yac.

Exampleusesof nosnl yac canbefoundin directoriescal ¢ andl exyacc undemosnt / exanpl es.

18.2 The format of grammar definitions

A
header
%
declarations
%0
rules
%0
trailer

Commentsn thedeclarationgndrulessectionsaareenclosedn C commentelimiters/ * and*/ , whereacommentsn
theheademlandtrailer sectionsareenclosedn ML commentdelimiters(* and*) .

18.2.1 Headerand trailer

Any SML codein the headelis copiedto the beginning of file granmar . snl, afterthet oken datatypedeclaration;it
usuallycontainsopen declarationsequiredby the semanticactionsof therules. Any SML codein thetrailer is copied
to theendof file gr ammar . sn . Both sectionsareoptional.

18.2.2 Declarations

Declarationsregivenoneperline. They all startwith a%sign.

% oken symbol... symbol
Declarethegivensymbolsastokens(terminalsymbols).Thesesymbolsbecomeconstructorgwithoutarguments)
in thet oken datatype.

% oken < type > symbol... symbol
Declarethe given symbolsastokenswith an attachedattribute of the giventype. Thesesymbolsbecomecon-
structors(with argumentsof the giventype) in thet oken datatype. The type partis an arbitrary Moscov ML
type expression put all type constructomamesmustbe fully qualified(e.g.Uni t nane. t ypenane) for all types
exceptstandarduilt-in types,evenif theproperopen declarationge.g.open Uni t nane) weregivenin theheader
section.

Y%start symbol
Declarethe given symbolasentry point for the grammar For eachentry point, a parsingfunctionwith the same
nameis definedin the outputfile gr ammar . sm . Non-terminalghatarenot declaredasentry pointshave no such
parsingfunction.
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% ype < type > symbol... symbol
Specifythetype of the semanticattributesfor the givensymbols.Every non-terminalsymbol,including the start
symbols,musthave thetype of its semanticattribute declaredthis way. This ensureghatthe generategharseris
type-safe.The type partmay be an arbitraryMosconv ML type expressionput all type constructomamesmust
befully qualified(e.g.Uni t nane. t ypenane) for all typesexceptstandardouilt-in types,evenif the properopen
declaration(e.g.open Uni t nane) weregivenin theheadersection.

% eft symbol... symbol

% i ght symbol... symbol

%onassoc symbol... symbol
Declarethe precedencandassociatiity of the givensymbols.All symbolson the sameline aregiventhe same
precedenceTlhey have higherprecedencéhansymbolsdeclaredn previous% ef t, % i ght or %onassoc lines.
They have lower precedencéhansymbolsdeclaredn subsequer ef t, % i ght or %monassoc lines. Thesym-
bolsaredeclaredo associat¢o theleft (% ef t ), to theright (% i ght ), or to benon-associatie (%monassoc). The
symbolsareusuallytokens but canalsobedummynonterminalsfor usewith the%r ec directiveinsidetherules.

18.2.3 Theformat of grammar rules

nonterminal:
symbol... symbol { semantic-actior}

| symbol... symbol{ semantic-actior}

Eachright-handsideconsistof a (possiblyempty)sequencef symbols followedby a semantiaction.

Thedirective‘%r ec symbol’ mayoccuramongthesymbolsin arule right-handside,to specifythattherule hasthe
sameprecedencandassociatiity asthegivensymbol.

Semanticactionsarearbitrary Moscav ML expressionswhich are evaluatedto producethe semanticattribute at-
tachedto the definednonterminal. The semanticactionscanaccesghe semanticattributesof the symbolsin theright-
handsideof therule with the$ notation:$1 is theattribute of thefirst (leftmost)symbol,$2 is the attribute of thesecond
symbol,etc. An emptysemanticactionevaluatego () : unit.

Actionsoccurringin the middle of rulesarenot supportedError recoveryis notimplemented.

18.3 Command-line options of mosmlyac

-V
Generate descriptionof the parsingtablesanda reporton conflictsresultingfrom ambiguitiesin the grammar
Thedescriptionis putin file gr ammar . out put .

- bprefix
Namethe outputfiles prefi x. sm, prefix. si g, prefix. out put, insteadof usingthe default namingconven-
tion.

18.4 Reporting lexer and parser errors

Lexical errors(e.g.illegal symbols)andsyntaxerrorscanbereportedn anintelligible way by usingtheLocat i on mod-
ulefrom theMoscav ML library. It providesfunctionsto print outfragmentsf asourcetext, usinglocationinformation
fromthelexerandparser Try hel p "Locati on" for moreinformation.Seefile mosm / exanpl es/ | exyacc/ Mai n. sm
for anexample.
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Copyright and credits

Copyright notice Moscov ML - alightweightimplementatiorof StandardML. Copyright (C) 1994,1995,1996,1997,

1998,1999,2000. Segei Romanenk, Moscaw, RussiaandPeterSestoft,CopenhagerDenmark.

This programis free software;you canredistrituteit and/ormodify it underthetermsof the GNU GeneraPublic
Licenseas publishedby the Free Software Foundation;eitherversion2 of the License,or (at your option) ary
later version. This programis distributedin the hopethatit will be useful,but WITHOUT ANY WARRANTY;
without even the implied warrantyof MERCHANTABILITY or FITNESSFOR A PARTICULAR PURPOSE.
Seethe GNU GeneralPublicLicense(in file mosml/cogrght/gpl2)for moredetails.

Note that a numberof sourcefiles are derived from the Caml Light distribution, copyright (C) 1993 INRIA,
RocquencourtFrance. Thuschaging money for redistributing Moscov ML may requireprior permissionfrom
INRIA; seetheINRIA copyright noticein file copyrght/cogyrght.cl.

Main Moscowv ML contributors

e DougCurrie (e@flavors.com) Flavors TechnologyUSA.

e Segei Romanenk (roman@Ileldysh.ru),Keldyshinstitute of Applied Mathematics RussianAcademyof
SciencesRussia.

e ClaudioV. Russo(Claudio.Russo@cl.cam.ac.uk)niversity of Cambridge. Thanksto Don Sannellaat
LFCS,Division of Informatics,University of Edinburghfor fundingunderEPSRCgrantGR/K63795.

e PeterSestoft(sestoft@dina.kvl.dk)Departmenbf MathematicandPhysicsRoyal VeterinaryandAgricul-
tural University, DenmarkandThelT Universityof CopenhagerDenmark.Partof thework wasdonewhile
at the Departmenbf ComputerScienceat the TechnicalUniversity of Denmark,andwhile visiting AT&T
Bell LaboratoriesMurray Hill, New Jersg, USA.

Moscow ML owesmuch to
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e The CamlLight implementatiorby Xavier Leroy and DamienDoligez (INRIA, Rocquencourtf-rance).It
was instrumentalin creatingMosconv ML, which usesits runtime system,essentiallythe samebytecode
generatagrandmary otheraspect®f its design[4, 5].

e TheDefinition of StandardML, unbeatablypreciseandconcise.

e The ML Kit by Lars Birkedal, Martin Elsman,Niels Hallenbeg, Nick Rothwell, Mads Tofte and David
Turner(Universityof Copenhager)enmark.andUniversityof Edinburgh, Scotland)which helpedsolving
problemsof parsing,infix resolution,andtypeinference1].

¢ Inspirationfrom the SML/NJ compilerdevelopedat PrincetonUniversityandAT&T/Lucent Bell Laborato-
ries,New Jersg, USA.

e Feedbackgcontributions,and usefulsuggestionsin particularfrom Ken Friis Larsen,but alsofrom Jonas
Barklund, Mike Gordon,Michael Norrish, Konrad Slind, Jalob Lichtenbeg, HansMolin, and numerous
otherpeople.

How to getMoscow ML

TheMoscov ML homepageis ht t p: / / www. di na. kvl . dk/ ~sest of t/ mosm . ht m

TheLinux executablesrein ftp: //ft p. di na. kvl . dk/ pub/ mosm /| i nux- mos20bi n. tar. gz
TheMS Windows executablesrein ft p: // ft p. di na. kvl . dk/ pub/ mosm / wi n32- ms20bi n. zi p
TheMacintosh/MacO$68k andPPC)executablesrein

ftp://ftp.dina.kvl.dk/ pub/ nosm / mac- mos20bi n. sea. hgx

e TheUnix andMS Windows sourcefilesarein ft p: //ft p. di na. kvl . dk/ pub/ mosm / mos20src. tar. gz

TheMacOSmodifiedsourcefiles (relative to Unix) arein
ftp://ftp.dina. kvl.dk/ pub/nosm /mac- mos20sr c. sea. hgx
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21 Booksand other materials on Standard ML

The 1997 Definition [8] is the authoritatve descriptionof StandardML, revised from the 1990 Definition [7]. The
Commentary[6] explainsmary finer pointsin the 1990Definition.

Textbooksavailable from publishers

e RichardBosworth, A Practical Coursein Functional ProgrammingUsing Standad ML, McGraw-Hill 1995,
ISBN 0-07-707625-7.

e Michael R. Hansenand HansRischel, Introductionto Programmingusing SML, Addison-Wesley 1999, ISBN
0-201-39820-6.

e Greg MichaelsonElementaryStandad ML, UCL Pressl995,ISBN 1-85728-398-8.

e Colin Myers, Chris Clack, and Ellen Poon, Programmingwith Standad ML, PrenticeHall 1993,ISBN 0-13-
722075-8.

e LawrenceC. PaulsonML for theWbrking Programmer Secondedition. CambridgdJniversity Press1996,ISBN

0-521-56543-X.

ChrisReadeElementf FunctionalProgramming Addison-Wesley 1989,ISBN 0-201-12915-9.

RyanStansifer ML Primer, PrenticeHall 1992,ISBN 0-13-561721-9.

Jefrey D. Ullman, Elementf ML Programming PrenticeHall 1994,ISBN 0-13-184854-2.

Ake Wikstrém, FunctionalProgrammingUsing Standad ML, PrenticeHall 1987,ISBN 0-13-331661-0.

Textsavailable on the net

e Andrew Cumming,A GentleIntroductionto ML, NapierUniversity. At
http:// ww. dcs. napi er. ac. uk/ cour se- not es/ sm / manual . ht m

¢ EmdenGansneandJohnRepyy (editors):StandardML BasisLibrary, hypertet version:
http://ww. cs. bel | -1abs. con ~j hr/sm /basi s/ i ndex. ht m
andhtt p: // ww. di na. kvl . dk/ ~sestof t/sm /sl - st d- basi s. ht Ml (mirror site)

e StephenGilmore, Programmingin Standad ML'97, report ECS-LFCS-97-364University of Edinburgh. At
http:// ww. dcs. ed. ac. uk/ | f csreps/ EXPORT/ 97/ ECS- LFCS- 97- 364

e RobertHarper Introductionto Standad ML, reportECS-LFCS-86-14University of Edinburgh, November1986
(revised1989).At ftp://ftp.cs.crmu. edu/af s/ cs/ project/fox/ msaic/intro-notes. ps

e RobertHarper Programmingin Standad ML, Carneyie Mellon University At htt p: // ww. cs. cmu. edu/ ~r wh/
introsm

e Mads Tofte, Tutorial on Standad ML, TechnicalReport91/18, DIKU, University of CopenhagenDecember
1991.At ftp://ftp.diku.dk/ pub/diku/ users/tofte/ FPCA- Tutori al
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