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1 Getting started

1.1 Installation

Get a copy of the Moscow ML systemexecutables(seeSection20 for instructions)andunpackthemin your home
directory(underUnix) or in directoryC:\ (underMS Windows andDOS). This createsa directorymosml. Readthe
file mosml/install.txt. This manual,aswell astheMoscowML Language Overview andtheMoscowML Library
Documentation, arein directorymosml/doc.

1.2 The interactive system

Theinteractive systemis invokedby typing mosml at theshellprompt. It allows you to enterdeclarationsandevaluate
expressions:

$ mosml
Moscow ML version 2.00 (June 2000)
Enter ‘quit();’ to quit.
- fun fac n = if n = 0 then 1 else n * fac (n-1);
> val fac = fn : int -> int
- fac 10;
> val it = 3628800 : int

You can quit the interactive sessionby typing ‘quit();’ or control-D (underUnix) or control-Z followed by new-
line (underMS Windows andDOS). Typehelp "lib"; for an overview of built-in function libraries,ande.g.help
"Array" for helponArray operations.SeeSection3 for furtherinformationonmosml.

1.3 The batch compiler and link er

Thebatchcompilerandlinkeris invokedby typingmosmlc at theshellprompt.It cancompileML sourcefilesseparately
(mosmlc -c) andlink themto obtainexecutables(mosmlc -o), in a mannersimilar to C compilers.SeeSection10 for
furtherinformationonmosmlc.

1.4 The Moscow ML Modules language

The Moscow ML Moduleslanguageis a conservative extensionof the StandardML Moduleslanguage,so that any
StandardML programcanbecompiledwith Moscow ML 2.00,usingtoplevel-modecompilation;seeSection7.

Moreover, theMoscow ML Moduleslanguageis backwardscompatiblewith Moscow ML versions1.44andbefore,
sothatany existing Moscow ML programcanbecompiledwith Moscow ML 2.00,usingstructure-modecompilation;
seeSection6.

1.5 What is new in release2.00
� The Moscow ML Moduleslanguage(designedandimplementedby ClaudioRusso)includesthe full Standard

ML Moduleslanguage(structures,signatures,andfunctors):� TheMoscow ML ModuleslanguageextendstheStandardML Moduleslanguagein threeways:

– higher-orderfunctors:a functormaybedefinedwithin astructure,passedasanargumentto anotherfunctor,
or returnedastheresultof a functor;seeSections11.1,11.2and11.3

– first-classmodules:structuresandfunctorsmaybepackedandthenhandledasCorelanguagevalues,which
maythenbeunpackedasstructuresor functorsagain;seeSection11.4

– recursivemodules:structuresandsignaturesmayberecursively defined;seeSection11.5
� Valuepolymorphismhasbecomefriendlier: non-generalizablefree type variablesareleft free, andbecomein-

stantiated(onceonly) whentheboundvariableis used;seeSection12.� Addedfacilitiesfor creatingandcommunicatingwith subprocesses(structureUnix andSignal from SML Basis
Library).� Addedfacilitiesfor efficientfunctionalgenerationof HTML code(structureMsp); alsosupportsthewriting of ML
ServerPagescripts.� Addedfacilitiessettingandaccessing‘cookies’ in CGI scriptsMosmlcookie, thanksto HansMolin.� TheGdimage structurenow producesPNGimages(usingThomasBoutell’sgd library).
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� Internalchanges:restrictionson datatypeconstructororderinghave beenremoved;theruntimesystemandbyte-
codeformatnow accommodatemuchlargerprograms;therepresentationof exceptionshasbeensimplified;literals
arenow sharedinsidetopdecs;etc.

2 Additional documentation

Moscow ML implementsStandardML (SML) asrevisedin 1997,alsoknown asSML’97 [7, 8], andsomeextensions
to theSML Moduleslanguage.Moscow ML implementsmuchof theStandardML BasisLibrary [3], themostimpor-
tantomissionbeingthe functionalstreaminput-outputoperations.TheStandardML BasisLibrary is a joint effort of
the StandardML of New Jersey, MLWorks, andMoscow ML developers1 to enhancethe portability of StandardML
programs.

The MoscowML Language Overview [9] describesthe Moscow ML sourcesyntax,which is SML’97 with some
extensions,andthemostcommonbuilt-in functions.

TheMoscowML Library Documentation[10] describesin detail all Moscow ML library modulesandhasa com-
prehensive index to exceptions,functions,structures,types,andvalues. The sameinformation is availablealsofrom
mosml’s built-in helpfunction(Section3.1)andashypertext from Moscow ML’shomepageandin thefile
mosml/doc/mosmllib/index.html.

TheMoscowML for the AppleMacintosh[2] is a detaileduserguideto the Apple Macintoshversionof Moscow
ML.

1The BasisLibrary authorsare Andrew Appel (Princeton,USA); EmdenGansner(AT&T Research,USA); JohnReppy, Lal George, Lorenz
Huelsbergen,Dave MacQueen(LucentBell Laboratories,USA); Matthew Arcus,Dave Berry, RichardBrooksby, Nick Barnes,Brian Monahan,Jon
Thackray(HarlequinLtd., Cambridge,England);CarstenMüller (Berlin, Germany); andPeterSestoft(Royal VeterinaryandAgricultural University,
Denmark).
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3 The interactivesystem:mosml

Theinteractivesystemmosml is invokedsimply by typingmosml at thecommandline:

$ mosml
Moscow ML version 2.00 (June 2000)
Enter ‘quit();’ to quit.
-

The interactive systemcanbe terminatedby typing quit(); andnewline, or control-D(underUnix) or control-Zand
newline (underMS WindowsandDOS).Type‘help "";’ for helpon built-in functions.

Invokingtheinteractivesystemwith commandline arguments

mosml file1 ... filen

is equivalentto invokingmosml and,whenMoscow ML hasstarted,entering

(use "file1"; ...; use "filen");

3.1 On-line help

In amosml session,youmaytypehelp "lib"; for anoverview of built-in functionlibraries.To gethelponaparticular
identifier, suchasfromString, type

help "fromstring";

This will producea menuof all library structureswhich containthe identifier fromstring (disregardingthe lower-
case/uppercasedistinction):

--------------------------------
| 1 | val Bool.fromString |
| 2 | val Char.fromString |
| 3 | val Date.fromString |
| 4 | val Int.fromString |
| 5 | val Path.fromString |
| 6 | val Real.fromString |
| 7 | val String.fromString |
| 8 | val Time.fromString |
| 9 | val Word.fromString |
| 10 | val Word8.fromString |
--------------------------------

Choosinga numberfrom this menuwill invoke thehelpbrowseron thedesiredstructure,e.g.Int. Thehelpbrowseris
primitivebut easyto use.It worksbestwith a window sizeof 24 lines.

3.2 Editing and running ML programs

Unix and Emacs You mayrunmosml asa subshellunderEmacs.You shouldusethemosml-versionof theSML mode
for Emacs;seefile mosml/utility/emacs for instructions.In caseof errors,Emacscaninterpretmosml’s error
messagesandjump to theoffendingpieceof sourcecode.This is veryconvenient.

Window systems In a window-orientedsystem,suchasMacOS,MS Windows,or theX window system,you mayrun
mosml in onewindow andedit sourcecodein another. After (re-)editingthe sourcefile, you must issuea use
commandin themosml window.

MS DOS and MS Windows You mayusethesimpleedit script to invoke aneditor from insidea mosml session;see
file mosml\utility\dosedit for instructions.You will not needto quit themosml sessionto edit a sourcefile,
andthescriptwill automaticallyreloadthenewly editedfile.

3.3 Command-line optionsof mosml

-conservative
Setsconservativemodefor compilationof subsequentunits: acceptall extensionsto theSML Moduleslanguage,
but issueawarningfor eachuse;seeSection11. This is thedefault.
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-I directory
Specifiesdirectoriesto be searchedfor interfacefiles, bytecodefiles, andsourcefiles. A call to use, load or
loadOne will first searchthecurrentdirectory, thenall directoriesspecifiedby option‘-I’ in orderof appearance
from left to right, andfinally thestandardlibrary directory. (ThisoptionaffectsthevariableMeta.loadPath; see
Section3.4).

-imptypes
Specifiesthat the type checker shoulddistinguishbetweenimperative andapplicative type variables,generalize
all applicative type variables,andgeneralizeimperative type variablesonly in non-expansive expressions.See
Section12.

-liberal
Setsliberalmodefor compilationof subsequentunits:acceptwithoutwarningsall extensionsto theSML Modules
language;seeSection11.

-orthodox
Setsorthodoxmodefor thecompilationof subsequentunits: rejectall usesof theextensionsto theSML Modules
language.Thatis, acceptonly SML Modulessyntax;seeSection11.

-P unit-set
Determineswhichlibrary unitswill beincludedandopenatcompile-time.Any library unit in theloadpathcanbe
usedby thecompile functionfor typecheckingpurposes.Thusregardlessof the-P option,thecompile function
knowsthetypeof library functionssuchasArray.foldl.

-P default The initial environmentfor the SML BasisLibrary: modulesArray, Char, List, String, and
Vector will beloaded,andChar, List, andString will bepartiallyopened.

-P sml90 This providesan initial environmentwhich is upwardscompatiblewith that of the 1990Definition
of Standard ML and with pre-1.30releasesof Moscow ML. In particular, the functionschr, explode,
implode, andord work on strings,not characters.The new versionsof thesefunctionsarestill available
asChar.chr, Char.ord, String.explode, andString.implode. The math functionsandinput-output
facilities requiredby the1990Definition [7, AppendixC andD] areavailableat top-level. In additionthe
samelibrariesareloadedaswith -P default.

-P nj93 This providesa top-level environmentwhich is mostly compatiblewith that of SML/NJ 0.93. The
functionsapp, ceiling, chr, dec, explode, fold, hd, implode, inc, max, min, nth, nthtail, ord, ordof,
revapp, revfold, substring, tl, andtruncate havethesametypeandmeaningasin SML/NJ0.93.Note
that this is incompatiblewith SML/NJ version110. Themathfunctionsandinput-outputfacilitiesrequired
by the1990Definition [7, AppendixC andD] areavailableat top-level. In additionthesame(new) libraries
areloadedaswith -P default. Thisoptiondoesnot imply -imptypes.

-P full This loadsall thelibrariesmarkedF in thelibrary list (see[9]), andpartiallyopenstheChar, List, and
String units.

-P none No library unitsareloadedor openedinitially.

Additional library unitscanloadedinto theinteractivesystemby usingtheload function;seeSection3.4below.
-quietdec

Turnsoff the interactive system’s prompt and responses,except for warningsanderror messages.Useful for
writing scriptsin SML. SetsMeta.quietdec to true; seeSection3.4.

-stdlib stdlib-directory
Specifythe standardlibrary directoryto be stdlib-directory. The default standardlibrary is usuallymosml/lib
underUnix andc:\mosml\lib underMS WindowsandDOS.

-valuepoly
Specifiesthatthetypecheckershoulduse‘valuepolymorphism’;seeSection12. Default.

3.4 Non-standardprimiti vesin the interactivesystem

The following non-standardprimitivesaredefinedin unit Meta, loaded(andopenby default) only in the interactive
system.Hencetheseprimitivescannotbeusedfrom sourcefileswhicharecompiledseparately. Thefunctionscompile,
compileStructure, compileToplevel andload dealwith Moscow ML compilationunits;seeSection5.

compile : string -> unit
Evaluatingcompile "U.sig" will compileandelaboratethespecificationsin file U.sigin structuremode,produc-
ing acompiledsignatureU in file U.ui. This functionis backwardscompatiblewith Moscow ML 1.44andearlier.
Equivalentto compileStructure [] "U.sig".
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Evaluatingcompile "U.sml" will elaborateandcompilethedeclarationsin 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 inferredsignaturewill be producedin
file U.ui. No evaluationtakesplace. This function is backwardscompatiblewith Moscow ML 1.44andearlier.
Equivalentto compileStructure [] "U.sml".
Thedeclaredidentifierswill bereportedif verbose is true (seebelow); otherwisecompilationwill besilent. In
any case,compilationwarningsarereported,andcompilationerrorsabortthecompilationandraisetheexception
Fail with a stringargument.

compileStructure : string list -> string -> unit
EvaluatingcompileStructure opnunits "U.sig" will elaborateandcompilethespecificationsin file U.sig in
structuremode,producinga compiledsignatureU in file U.ui. The units listed in opnunits are addedto the
compilationcontext in which thespecificationsin U.sigarecompiled.
EvaluatingcompileStructure opnunits "U.sml" will elaborateandcompilethe declarationsin file U.sig in
structuremode,producinga compiledstructureU in bytecodefile U.uo. The contentsof the units listed in
opnunits areaddedto the compilationcontext in which the declarationsin U.sml arecompiled. If thereis an
explicit signatureU.sig,thenfile U.ui mustexist, andthestructuremustmatchthesignature.If thereis no U.sig,
thenaninferredsignaturewill beproducedin file U.ui. No evaluationtakesplace.

compileToplevel : string list -> string -> unit
EvaluatingcompileToplevel opnunits "U.sig" will elaborateandcompilethe specificationsin file U.sig in
toplevel mode,producinga compiledinterfacefile U.ui. Theunitslistedin opnunitsareaddedto thecompilation
context in which thespecificationsin U.sigarecompiled.
EvaluatingcompileStructure opnunits "U.sml" will elaborateandcompilethe declarationsin file U.sig in
toplevel mode,producinga bytecodefile U.uo. The contentsof the units listed in opnunits are addedto the
compilationcontext in which thedeclarationsin U.sml arecompiled.If thereis anexplicit signatureU.sig, then
file U.ui mustexist, anddeclarationsmustmatchtheinterface.If thereis no U.sig,thenaninferredsignaturewill
beproducedin file U.ui. No evaluationtakesplace.

conservative : unit -> unit
Evaluatingconservative () setsconservative modefor thecompilationfunctions:acceptall extensionsto the
SML Moduleslanguage,but issueawarningfor eachuse;seeSection11. Theconservativemodemaybesetalso
by themosml option-conservative. Conservativemodeis thedefault.

installPP : (ppstream -> ’a -> unit) -> unit
EvaluatinginstallPP pp installs the prettyprinterpp at type ty, provided pp hastype ppstream -> ty ->
unit. The typety mustbe a nullary (parameter-less)type constructor, eitherbuilt-in (suchasint or bool) or
user-defined.Wheneveravalueof typety is aboutto beprintedby theinteractivesystem,andwhenever function
printVal is invokedon anargumentof typety, theprettyprinterpp will beinvokedto print it. Seetheexample
in mosml/examples/pretty.

liberal : unit -> unit
Evaluatingliberal () setsliberalmodefor thecompilationfunctions:accept(without warnings)all extensions
to theSML Moduleslanguage;seeSection11. Theliberalmodemaybesetalsoby themosml option-liberal.

load : string -> unit
Evaluatingload "U" will load and evaluatethe compiledunit implementationfrom file U.uo. The resulting
valuesarenot reported,but exceptionsarereported,andcauseevaluationandloading to stop. If U is already
loaded,thenload "U" hasnoeffect. If any otherunit is mentionedby U but notyet loaded,thenit will beloaded
automaticallybeforeU. Theloadedunit(s)mustbein thecurrentdirectoryor in a directoryon theloadPath list
(seebelow).
After loadinga unit, it canbeopenedwith open U. Openingit at top-level will list theidentifiersdeclaredin the
unit.
WhenloadingU, it is checked that the interfacesof units mentionedby U agreewith the interfacesusedwhen
compilingU, andit is checkedthat theinterfaceof U hasnot beenmodifiedsinceU wascompiled;thesechecks
arenecessaryfor typesafety. TheexceptionFail is raisedif the interfacechecksfail, or if thefile containingU
or aunit mentionedby U is not found.

loaded : unit -> string list
Evaluatingloaded () will returna list of thenamesof loadedunits in someorder(not including thepreloaded
unitsMeta andGeneral).

loadOne : string -> unit
EvaluatingloadOne "U" is similar to load "U", but raisesexceptionFail if U is alreadyloadedor if someunit
mentionedby U is not yet loaded.That is, it doesnot automaticallyloadany unitsmentionedby U. It performs
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thesameinterfacechecksasload.
loadPath : string list ref

This variabledeterminesthe loadpath: which directorieswill besearchedfor interfacefiles (.ui files), bytecode
files (.uo files), andsourcefiles (.sml files). This variableaffectsthe load, loadOne, anduse functions. The
currentdirectory is alwayssearchedfirst, followed by the directoriesin loadPath, in order. By default, only
the standardlibrary directoryis in the list, but if additionaldirectoriesarespecifiedusingoption-I, thenthese
directoriesareprependedto Meta.loadPath.

orthodox : unit -> unit
Evaluatingorthodox () setsorthodoxmodefor thecompilationfunctions:rejectall usesof theextensionsto the
SML Moduleslanguage;seeSection11. That is, acceptonly SML Modulessyntax.Theorthodoxmodemaybe
setalsoby themosml option-orthodox.

printVal : ’a -> ’a
This is apolymorphicfunctionprovidedasaquickdebuggingaid. It is anidentity function,whichasaside-effect
prints its argumentto standardoutputexactly asit would beprintedat top-level. Outputis flushedimmediately.
For printing strings,thefunctionprint is moreusefulthanprintVal.

printDepth : int ref
This variabledeterminesthe depth(in termsof nestedconstructors,records,tuples,lists, andvectors)to which
valuesareprintedby thetop-level valueprinterandthefunctionprintVal. Thecomponentsof thevaluewhose
depthis greaterthanprintDepth areprintedas‘#’. Theinitial valueof printDepth is 20.

printLength : int ref
This variabledeterminesthedepthto which list valuesareprintedby thetop-level valueprinterandthefunction
printVal. Only thefirst printLength elementsof a list areprinted,andtheremainingelementsareprintedas
‘. . . ’. Theinitial valueof printLength is 200.

quietdec : bool ref
This variable,whentrue, turnsoff the interactive system’s prompt and responses,except warningsanderror
messages.Usefulfor writing scriptsin SML. Thedefaultvalueis false; it canbesetto true with the-quietdec
commandline option;seeSection3.3.

quit : unit -> unit
Evaluatingquit() quitsMoscow ML immediately.

quotation : bool ref
Determineswhetherquotationsandantiquotationsarepermittedin declarationsenteredat top-level andin files
compiledwith compile; seeSection16. Whenquotation is false (the default), the backquotecharacteris
an ordinarysymbolwhich canbe usedin ML symbolic identifiers. Whenquotation is true, the backquote
characteris illegal in symbolicidentifiers,andaquotation‘a b c‘ will beevaluatedto anobjectof type’a frag
list.

system : string -> int
Evaluatingsystem "com" causesthecommandcomto beexecutedby theoperatingsystem.If anon-zerointeger
is returned,this mustindicatethat theoperatingsystemhasfailedto executethecommand.UnderMS DOS,the
integerreturnedalwaysequals0.

use : string -> unit
Evaluatinguse " f" causesML declarationsto bereadfrom file f asif they wereenteredfrom theconsole.The
file mustbe in the currentdirectoryor in a directoryon the loadPath list. A file loadedby use may, in turn,
evaluatecallsto use. For bestresults,useuse only at top level, or at top level within ause’d file.

valuepoly : bool ref
Determineswhetherthe type checker shoulduse‘valuepolymorphism’;seeSection12. Command-lineoption
-valuepoly setsvaluepoly to true (the default), whereasoption -imptypes setsvaluepoly to false; see
Sections3.3and10.2.

verbose : bool ref
Determineswhetherthesignatureinferredby a call to compile will beprinted.Theprintedsignaturefollows the
syntaxof Moscow ML signatures,so the outputof compile "U.sml" canbe editedto subsequentlycreatefile
U.sig. Thedefaultvalueis false.
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4 Understanding inferr ed typesand signatures

Whenyouenteradeclarationin theinteractivetoplevel,mosml respondswith atypeor signature.Theresponseprovides
muchinformationaboutthedeclaration.It is worth learninghow to interpretthis information.

In thetypereportedfor a valuebinding,thegeneralizedtypevariablesarelistedbetweentheval keyword andthe
identifierboundby thedeclaration:

- val f = length;
> val ’a f = fn : ’a list -> int — polymorphicfunction;’a hasbeengeneralized

Whenvaluepolymorphism(seeSection12) preventsthegeneralizationof a typevariable,it remainsfreeandungener-
alized.Hence’a will appearin thetype’a list -> int, but will not belistedbetweenval andf.

For a datatype declaration,which is generative, the responsedescribesthe new internaltypenames(hereu), the
datatype’s typestructure(consistingof theinternaltypenameandtheconstructors),andtheconstructors:

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

The notation=u meansthat the internal type nameu admitsequality. Sincethe datatype declarationis generative,
repeateddeclarationof datatypeu will producedistinct new internal type namesu/1, u/2, etc. If the datatypeis
polymorphic,theinternaltypenamewill bea typefunction,takingasparametera typevariable’a:

- datatype ’a u = A of ’a;
> New type names: =u
datatype ’a u = (’a u,{con ’a A : ’a -> ’a u})
con ’a A = fn : ’a -> ’a u

For asignaturespecifyinganunknown type,theresponseis a typefunction/\t.{...} mappingany internaltypename
t to a record{...}, which is theinternalrepresentationof thesignature:

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

For a structuredeclaration,the responsedescribesany new internaltypenames,andthenthe internalsignatureof the
structure.Hereit hasthreecomponents(datatypet, constructorA, 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 a functor, theresponsedescribesasignaturefunction{...}->{...}, mappingthesignatureof thefunctorargument
to thesignatureof thefunctorbody:

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

Whenthefunctorargumentsignaturespecifiesanunknown type,thesignaturefunctionwill have theform
!t.{...}->{...} in which theinternaltypenamet hasbeengeneralized:

- functor F(X : sig type t; val x : t end) = struct val y = X.x end;
> functor F : !t.{type t = t, val x : t}->{val y : t}

Whenthebodyof a (standard)generative functorG containsa datatype declaration,theresponsedescribeswhatnew
internaltypenameswill begeneratedat every applicationof thefunctor. Thenotation{}->... meansthat thefunctor
argumentsignatureis empty, andthenotation?=t.{...} saysthatthereissomeinternaltypenamet, admittingequality,
suchthatthefunctorbodyhasthesignature{...}:

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

Whenthefunctoris applicative(seeSection11.2)thenno new internaltypenamesaregeneratedat functorapplication.
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5 Compilation units

Moscow ML programscanbesplit into severalsourcefiles,so-calledcompilationunits,or unitsfor short.A compilation
unit consistsof animplementationfile unitid.sml andanoptionalinterfacefile unitid.sig. A unit mustbecompiled
in oneof two modes:

� Structur e mode: File A.sml declaresa singleSML structureA, andfile A.sig, if present,declaresan explicit
SML signatureA thatis usedasanopaqueconstraintfor structureA.
Structure-modeunits are backwardscompatiblewith the simple structuresusedin Moscow ML version1.20
through1.44.Henceold Moscow ML programscanbecompiled(in structuremode)with nochanges.
To compilea unit in structuremode,usethefunctioncompileStructure (seeSection3.4),or invoke thebatch
compilermosmlc, precedingtheunit file namewith option-structure (seeSection10.2).� Toplevel mode: File A.sml containsaMoscow ML declaration(whichmayitself beasequenceof declarations),
andfile A.sig, if present,mustbeaMoscow ML specification(whichmayitself beasequenceof specifications).
Toplevel-modeunitscancontainarbitraryMoscow ML code,andhencearbitraryStandardML code.
To compilea unit in toplevel mode,usethe function compileToplevel (seeSection3.4), or invoke the batch
compilermosmlc, precedingtheunit file namewith option-toplevel (seeSection10.2).

Theimplementationfile andtheinterfacefile (if any) of a unit mustbecompiledin thesamemode.Theprecisesyntax
of structure-modeunitsandtoplevel-modeunitsis givenin theMoscowML LanguageOverview [9].

A programmingprojectmay consistof a mixtureof structure-modeandtoplevel-modecompilationunits. Seethe
examplein Section8.

5.1 Compiling, linking and loading units

Compiling a unit interfaceA.sig producesa compiledunit interfacein file A.ui. Compiling a unit implementation
A.sml producesacompiledunit implementationin file A.uo, containingbytecode.In addition,if thereis nocorrespond
interfaceA.sig, thena file A.ui, containinganinferredunit interface,is produced.

Only thecompiledunit interfaceA.ui is neededwhencompilingotherunitsthatdependonA.sml.
Thusthefollowing file nameextensionshavea specialmeaning:

Extension Contents
.sig unit interface
.sml unit implementation
.ui compiled(or inferred)unit interface
.uo compiledunit implementation(bytecode)

Compiledunit implementationscan be linked togetherusingmosmlc -o mosmlout A.uo ... to producea linked
executablebytecodefile mosmlout. Thelinkerwill automaticallylink in any requiredbytecodefiles into mosmlout. See
Section10.2for moreoptions.

Compiledunits canbe loadedinto the interactive systemmosml usingthe primitivesload andloadOne; seeSec-
tion 3.4. Loadinga unit makestheentitiesdeclaredby theunit accessibleto subsequentdeclarationsin the interactive
system.

5.2 Compiling existingSML programsthat involve .sigfiles

Thespecialmeaningof .sigfilesmaycauseconflictswhencompilingexistingSML programs(written for othercompil-
ers),in which .sig files areoftenusedratherinformally to containsignaturedeclarations.For instance,file A.sig may
declarethesignaturesof structuresdeclaredin file A.sml (but might containotherarbitrarySML declarationsbesides).

By contrast,in Moscow ML, .sigfilesplayaformalrole. Moreprecisely, Moscow ML expectsfile A.sig to containa
unit interface.Thusit maybenecessaryto renameA.sig to A-sig.sml, compileit beforeA.sml, andmakeits contents
availableto A.sml (seealsoSection7):

mosmlc -c -toplevel A-sig.sml
mosmlc -c -toplevel A-sig.ui A.sml
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5.3 Unit namesand MS DOS/Windows/OS2file names

In MS DOS,Windows,andOS/2,thefile systemmaychangethecaseof unit file names,andeventruncatethem(in MS
DOS). UnderMS Windows, file namesarenot truly casesensitive. Sincefile namesareusedasunit names,this may
causeproblems.We attemptto circumventtheseproblemsasfollows:

� Unit namesusedinsideML programsunderMS DOS andMS Windows are‘normalized’: the first characteris
madeuppercase(if it is a letter), all othercharactersaremadelower case,and(underMS DOS only) the unit
nameis truncatedto eightcharacters.Hencea unit which residesin file commands.sml canbereferredto asunit
Commands insideanML program.� Thefollowing namesareexceptionsto this rule: BasicIO, BinIO, CharArray, CharVector,
CommandLine, FileSys, ListPair, OS, StringCvt, Substring, TextIO, Word8Array, Word8Vector; they are
normalizedpreciselyasshown abovefor compatibilitywith theSML BasisLibrary.� UnderMS DOS (only), a unit namegiven as argumentto e.g.load or compile, or to the batchcompiler, is
truncatedandmadelowercase,soevaluatingload "VeryLongName" will loadbytecodefile verylong.uo.
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6 Structure-modecompilation units

This sectiondescribestheuseof structure-modecompilationunits,which arebackwardscompatiblewith Moscow ML
versions1.20through1.44.

6.1 Basicconcepts

A structure-modecompilationunit consistsof aunit implementation, in file unitid.sml, andanoptionalunit interface,
in file unitid.sig.

The file unitid.sml mustcontaina declarationof a singleMoscow ML structureunitid, andfile unitid.sig,
if present,mustcontaina declarationof a singleMoscow ML signatureunitid. Whentheunit interfaceis present,it
is calledthe explicit signature to distinguishit from the signatureinferredwhenelaboratingthe unit implementation.
Whenpresent,theexplicit signaturemustbematchedby theimplementation,andonly thoseidentifiersspecifiedin the
signaturearevisibleoutsidetheunit.

For a structure-modeunit it is immaterialwhethera compilationunit’s interfaceandimplementationarecompiled
anddirectlyexecutedin theinteractive toplevel system:

mosml
> use "unitid.sig";
> use "unitid.sml";

or whetherthey arefirst compiledin structure-mode,andthenloadedinto theinteractive toplevel system:

mosmlc -c -structure unitid.sig unitid.sml
mosml
> load "unitid";

whereunitid.sig, if present,mustbecompiledbeforeunitid.sml.
Moregenerally, whenacompilationunit dependsonanumberof othercompilationunits"unitid1",. . . ,"unitidn",

thencompilationinsidetheinteractivesystem:

mosml
> app load ["unitid1",...,"unitidn"];
> use "unitid.sig";
> use "unitid.sml";

is equivalentto structure-modecompilationfollowedby loadinginto theinteractivesystem:

mosmlc -c -structure unitid1.ui ... unitidn.ui unitid.sig unitid.sml
mosml
> app load ["unitid1",...,"unitidn"];
> load "unitid";

6.2 Structure-modeunits without explicit signature

A unit U without anexplicit signatureconsistsof a file U.smlcontaining

structure U = modexp

This is thesameasa simpleSML structuredeclaration.Theremustbenocorrespondingexplicit signaturefile U.sig.

6.3 Structure-modeunits with explicit signature

A unit U with anexplicit signatureconsistsof a signaturefile U.sigcontaining

signature U = sigexp

andafile U.sml,containing

structure U :> U = modexp

This is similar to anSML structuredeclarationwith anopaquesignatureconstraint.Note that thefile name,signature
name,andstructurenamemustbe the same. The notation‘U :> U’ is an opaquesignatureconstraint,meaningthat
otherunitshaveno accessto theinternalsof U.sml,only to thesignatureU.sig.
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7 Toplevel-modecompilation units

A toplevel-modecompilationunit maycontainarbitraryMoscow ML toplevel declarations,andconsequently, arbitrary
StandardML toplevel declarations(includingfunctor, signatureandfixity declarations).

7.1 Basicconcepts

A toplevel-modecompilationunit consistsof a unit implementation, in file unitid.sml, andanoptionalunit interface,
in a file calledunitid.sig.

Thefile unitid.sml maycontainarbitraryMoscow ML declarations,andfile unitid.sig, if present,maycontain
arbitraryMoscow ML specifications.Whenthe unit interfaceis present,theunit implementationmustimplementev-
erythingspecifiedin theunit interface,andonly thoseidentifiersspecifiedin the interfacearevisible outsidethe unit.
It is considereda mistake for the implementationto declaremoreidentifiersthanspecifiedin the interfaceor for the
implementationto declarean identifier asa constructoror exception,but the interfaceto specify that identifier asan
ordinaryvalue:awarningis issuedin thesecases.

Providedthe interfaceandimplementationagreeon which identifiersaredeclared,thenit is immaterialwhethera
compilationunit is compiledanddirectlyexecutedin theinteractive toplevel system:

mosml
> use "unitid.sml";

or whetherit is first compiledin toplevel-mode,andthenloadedinto theinteractivesystem:

mosmlc -c -toplevel unitid.sig unitid.sml
mosml
> load "unitid";

In contrastto a structure-modeunit, theunit interfaceunitid.sig shouldnot beloadedin theinteractive system,asit
declaresnothing.If thereis nounitid.sig, thenleave it out in themosmlc commandabove.

More generally, whena toplevel compilationunit dependson a numberof othercompilationunits"unitid1", . . . ,
"unitidn" (compiledin structuremodeor toplevel mode),thencompilationinsidetheinteractivesystem:

mosml
> app load ["unitid1",...,"unitidn"];
> use "unitid.sml";

is equivalentto toplevel-modecompilationfollowedby loadinginto theinteractivesystem:

mosmlc -c -toplevel unitid1.ui ... unitidn.ui unitid.sig unitid.sml
mosml
> app load ["unitid1",...,"unitidn"];
> load "unitid";

Again, if thereis nounitid.sig, thenleave it out in themosmlc commandabove.
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8 An exampleprogram consistingof four mixed-modeunits

To illustrateunits, we presenta tiny programworking with arithmeticexpressions.It consistsof two structure-mode
units,Expr andReduce andtwo toplevel-modeunits,Evaluate andTest. Thisexampleis in mosml/examples/units.

File Expr.sml below is a structure-modeunit implementationthatcontainsstructureExpr which definesadatatype
expr for representingexpressionsanda function show to display them. It hasno signatureconstraintand therefore
exportsboththedatatypeandthefunction:

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

fun show (Cst n) = makestring n
| show (Neg e) = "(-" ^ show e ^ ")"
| show (Plus (e1, e2)) = "(" ^ show e1 ^ "+" ^ show e2 ^ ")"

end

File Reduce.sig below is astructure-modeunit interfacethatcontainsthesignatureReduce:

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

end

File Reduce.sml below is a structure-modeunit implementationthat declaresthe structureReduce, with the explicit
signatureshown above,andthereforeexportsonly thefunctionreduce specifiedin thatsignature:

structure Reduce :> Reduce = struct
local open Expr
in

fun negate (Neg e) = e
| negate e = Neg e

fun reduce (Neg (Neg e)) = e
| reduce (Neg e) = negate (reduce e)
| reduce (Plus (Cst 0, e2)) = reduce e2
| reduce (Plus (e1, Cst 0)) = reduce e1
| reduce (Plus (e1, e2)) = Plus (reduce e1, reduce e2)
| reduce e = e

end
end

File Evaluate.sig below is a toplevel-modeunit interfacethat containsthe specificationof a functor Eval, which
mapsany structureR matchingthesignatureReduce to a structurewith a functioneval for evaluatingexpressions,and
a functiontest for testingR:

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

val test: Expr.expr -> bool
end

File Evaluate.sml below is atoplevel-modeunit implementationthatcontainstheactualfunctorEval, whichmentions
theunit Expr aswell aswell astheunit interfaceReduce:

functor Eval(R:Reduce) =
struct
local open Expr in
fun eval (Cst n) = n
| eval (Neg e) = ~ (eval e)
| eval (Plus (e1, e2)) = eval e1 + eval e2;

fun test e = (eval e = eval (R.reduce e))
end

end

File Test.sml is a toplevel-modeunit implementationwhich mentionstheunit Expr, theunit Reduce, andthefunctor
Eval definedin theunit Evaluate, appliesthefunctorto Reduce andcarriesout two 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)))

Thesimplestway to compilethis exampleis to enter:

mosmlc -c -structure Expr.sml Reduce.sig Reduce.sml -toplevel Evaluate.sig Evaluate.sml
Test.sml

which is equivalentto issuingthefollowing individual commands:

mosmlc -c -structure Expr.sml
mosmlc -c -structure Expr.ui Reduce.sig
mosmlc -c -structure Expr.ui Reduce.sml
mosmlc -c -toplevel Expr.ui Reduce.ui Evaluate.sig
mosmlc -c -toplevel Expr.ui Reduce.ui Evaluate.sml
mosmlc -c -toplevel Expr.ui Reduce.ui Evaluate.ui Test.sml

Theabove command(re)compilesall files unconditionally. However, whenmodifying a programconsistingof several
units,it sufficesto recompilejust thoseunitsthathavechanged,andthoseunitsthatdependon unitsthathavechanged.
Moreover, compilationusesonly the interfacesof otherunits,soit sufficesto recompilejust thoseunitsthatdependon
unit interfacesthathavechanged.

Thusif Expr.sml butnotExpr.sig changes,it sufficesto recompilejustExpr.sml, nottheunitsReduce, Evaluate,
or Test. Similarly, if Reduce.sml but notReduce.sig changes,it sufficesto recompilejustReduce.sml, not theunits
Evaluate or Test.

Thenext sectionexplainsrecompilationmanagementusingmosmldep andmake.
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9 Recompilationmanagementusing mosmldepand make

Recompilationmanagementhelpstheprogrammerrecompileonly whatis necessaryafterachangeto aunit interfaceor
unit implementation.

Considertheexampleprogramin Section8 consistingof thefour unitsExpr, Reduce, Evaluate andTest. Assume
theirsourcefiles*.sig and*.sml residein aparticulardirectory(youmaycopy themfrom mosml/examples/units).
Copy theMakefilestubfrom mosml/tools/Makefile.stub to thatdirectory, andchangeto thatdirectory.

1. Edit theMakefile sothatthenamesof theunitsExpr, Reduce, Evaluate, andTest appearon theline beginning
with ‘UNITS=’, with eachunit precededby theoption-structure (thedefault)or -toplevel to indicateits mode
(seetheexamplemakefile in mosml/examples/units/Makefile):

UNITS= -structure Expr Reduce -toplevel Evaluate Test

2. Edit theMakefilesothatthenamesof thecompiledunit implementationfilesExpr.uo, Evaluate.uo, Reduce.uo
andTest.uo appearon theline beginningwith ‘all:’:

all: Expr.uo Reduce.uo Evaluate.uo Test.uo

3. Computethedependenciesamongthefilesby executing:

make depend

4. Recompileall thosefileswhich havenot yetbeencompiled,or whichhavebeenmodifiedbut notyet recompiled,
or whichdependonmodifiedfiles,by executing:

make

Step(4) mustbe repeatedwhenever you have modifieda componentof the programsystem. Step(3) needonly be
repeatedif theinter-dependenciesof somecomponentschange,or if you addor removeanexplicit signaturefile. Steps
(2 and1) needonly berepeatedwhenyouadd,deleteor changethemodeof anentireunit in theprogramsystem.

Thecompiled*.ui and*.uo filescanberemovedby executing:

make clean

Theunit dependenciesarecomputedby theML programmosmldep, calledwith

mosmldep $(UNITS)

Whenyouexplicitly list theunits(togetherwith theindicationof their compilationmode):

UNITS= -structure Expr Reduce -toplevel Evaluate Test

thenmosmldep merelyconstructsa dependency file on theassumptionthata unit maydependon all precedingunits(to
theleft), takinginto accountthepresenceof explicit interfaces(.sig files). Unfortunately, thismeansthatmosmldepwill
generallycreateaninefficient Makefile,containingmoredependenciesthanareactuallyin your sourcefiles. However,
it still savessomerecompilation(which is cheapin Moscow ML anyway) andis moreconvenientthanhand-crafting
the Makefile. We hopeto improve on this situationin the future, but computingdependenciesfor full StandardML
programsis known to bedifficult.

If youomit step(1) andleave$(UNITS) undefined:

UNITS=

thenmosmldep will accuratelyinfer the dependenciesbetweenall the.sig and.sml sourcefiles in the directoryby
inspectingtheircontentsandlookingfor occurrencesof unit names.Unfortunately, thisprocessonly worksfor programs
containingjust structure-modeunits,thatthemselvescontainonly flat structures,but no functorsor sub-structures.This
is thebehaviour of mosmldep in releasesof Moscow ML prior to 2.00,andis providedfor backwardscompatibility.
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10 The batch compiler and link er: mosmlc

Moscow ML includesabatchcompilerandlinkermosmlc in additionto theinteractivesystemmosml. It compilesunits
andlinks programs,andcanturn theminto standaloneexecutablebytecodefiles. The batchcompilercanbe invoked
from a Makefile (seeSection9), whichsimplifiesthe(re)compilationof largeprogramsconsiderably.

10.1 Overview

The mosmlc commandhasa command-lineinterfacesimilar to that of mostC compilers. It acceptsseveral typesof
arguments:sourcefiles for unit interfaces,sourcefiles for unit implementations,compiledunit interfaces(which are
addedto thecompilationcontext), andcompiledunit implementations(whichareaddedto thelinkedexecutable).

� An argumentendingin .sig is takento bethenameof a sourcefile containinga unit interface.Givena file U.sig,
thecompilerproducesa compiledinterfacein thefile U.ui.� An argumentendingin .sml is takento bethenameof asourcefile containingaunit implementation.Givenafile
U.sml,thecompilerproducescompiledobjectcodein thefile U.uo. It alsoproducesaninferredinterfacefile U.ui
if thereis no explicit interfaceU.sig.� An argumentendingin .ui is takento bethenameof acompilationunit interface.Thecontentsof thatcompilation
unit areaddedto thecompilationcontext of theremainingsourcefiles.� An argumentendingin .uo is taken to be the nameof a compiledunit implementation.Suchfiles are linked
together, alongwith the compiledunit implementationsobtainedby compiling .sml arguments(if any), andthe
necessaryMoscow ML library files, to producea standaloneexecutableprogram.
The linker automaticallyincludesany additionalbytecodefiles requiredby the files specifiedon the command
line; option-i makesit reportall thefiles thatwerelinked.Thelinker issuesa warningif afile B is requiredby a
file A thatprecedesB in thecommandline. At run-time,thetop-level declarationsof thefiles areevaluatedin the
orderin which thefileswerelinked;in theabsenceof any warning,this is theorderof the.uoand.smlfilesonthe
commandline.
The linker (andthe load function in the interactive toplevel) ensureprobabilisticallytype-safelinking, so it is
virtually impossibleto causethesystemto createa type-unsafeprogram.

Theoutputof thelinking phaseis afile containingcompiledcodethatcanbeexecutedby theruntimesystemcamlrunm.
If mosmlout is thenameof thefile producedby thelinking phase(with option-o mosmlout), thecommand

mosmlout arg1 arg2 ... argn

executesthecompiledcodecontainedin mosmlout. Executingthecodemeansexecutingthetoplevel declarationsof all
thebytecodefiles involved,in theorderin which they werelinked.Thelist of command-lineargumentsarg1 ... argn

canbeobtainedin a programby CommandLine.arguments ().
Thereis no distinguishedfunctionwhich is automaticallyinvokedwhentheprogramis executed,but it is common

to defineamain functionandinvoke it usingthetoplevel declarationval _ = main(), like this:

fun main () =
case CommandLine.arguments () of

[arg] => print ("The argument is " ^ arg ^ "\n")
| _ => print "Usage: mosmlout arg\n\n"

val _ = main ();

MS Windowsand DOS: If theoutputfile producedby thelinking phasehasextension.exe, andoption-noheader is
notused,thenthefile is directlyexecutable.Hence,anoutputfile namedmosmlout.exe canbeexecutedwith the
command

mosmlout arg1 arg2 ... argn

Theoutputfile mosmlout.exe consistsof atiny executablefile prependedto alinkedbytecodefile. Theexecutable
invokes the camlrunm runtime systemto interpret the bytecode. As a consequence,this is not a standalone
executable:it still requirescamlrt.dll to bepresentin directoryC:\mosml\bin.

Unix: The outputfile producedby the linking phaseis directly executable(unlessthe-noheader option is used). It
automaticallyinvokesthecamlrunm runtimesystem,eitherusinga tiny executableprependedto thelinkedbyte-
codefile, or usingtheUnix incantation#!/usr/local/bin/camlrunm or similar. In theformercase,camlrunm
mustbe in oneof the directoriesin the path; in the latter caseit mustbe in /usr/local/bin. To createa true
stand-aloneexecutable,usemosmlc option-standalone.
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10.2 Command-lineoptionsof mosmlc

Thefollowing command-lineoptionsarerecognizedby mosmlc.

-c
Compileonly. Suppressesthe linking phaseof thecompilation.Sourcecodefiles areturnedinto compiledfiles
(.ui and.uo),but no executablefile is produced.Thisoptionis usefulfor compilingseparateunits.

-conservative
Setsconservativemodefor compilationof subsequentunits: acceptall extensionsto theSML Moduleslanguage,
but issueawarningfor eachuse;seeSection11. This is thedefault.

-files response-file
Passthe namesof files listed in file response-fileto the linking phasejust as if thesenamesappearedon the
commandline. File namesin response-fileareseparatedby blanks(spaces,tabs,newlines)andmustendeitherin
.smlor .uo. A nameU.smlappearingin theresponsefile is equivalentto U.uo. Usethis optionto overcomesilly
limitationson thelengthof thecommandline (asin MS DOS).

-g
This optioncausessomeinformationaboutexceptionnamesto bewritten at theendof theexecutablebytecode
file.

-i
Causesthecompilerto print the inferredinterface(s)of theunit implementation(s)beingcompiled.Also causes
the linker to list all objectfiles linked. A U.sig file correspondingto a given U.sml file canbe producedsemi-
automaticallyby piping theoutputof thecompilerto afile U.out,andsubsequentlyeditingthisfile to obtainafile
U.sig.

-I directory
Add thegivendirectoryto thelist of directoriessearchedfor compiledinterfacefiles(.ui) andcompiledimplemen-
tationfiles (.uo). By default, thecurrentdirectoryis searchedfirst, thenthestandardlibrary directory. Directories
addedwith -I aresearchedafter the currentdirectory, but beforethe standardlibrary directory. Whenseveral
directoriesareaddedwith several -I optionson the commandline, thesedirectoriesaresearchedfrom left to
right.

-imptypes
Specifythat thetypecheckershoulddistinguishimperativeandapplicative typevariables,generalizeall applica-
tive typevariables,andgeneralizeimperativetypevariablesonly in non-expansiveexpressions.SeeSection12.

-liberal
Setsliberalmodefor compilationof subsequentunits:acceptwithoutwarningsall extensionsto theSML Modules
language;seeSection11.

-msgstyle style
By specifying-msgstyle msdev, onecanmake the compilergenerateerror messagesunderstandableby Mi-
crosoftDeveloperStudio.Thedefaultbehaviour is to generateerrormessagesunderstandabletheEmacseditorin
SML mode.

-noautolink
The linker automaticallylinks in any additionalobjectfiles requiredby thefiles explicitly specifiedon thecom-
mandline. With option-noautolink all requiredobjectfilesmustbeexplicitly specifiedin theappropriateorder.

-noheader
Causestheoutputfile producedby thelinkerto containonly thebytecode,notprecededby any executablecode.A
file mosmlout thusobtainedcanbeexecutedonly by explicitly invokingtheruntimesystemasfollows: camlrunm
mosmlout.

-o exec-file
Specifythenameof theoutputfile producedby the linker. In theabsenceof this option,a default nameis used.
In MS WindowsandDOS,thedefault nameis mosmlout.exe; in Unix it is a.out.

-orthodox
Setsorthodoxmodefor thecompilationof subsequentunits: rejectall usesof theextensionsto theSML Modules
language.Thatis, acceptonly SML Modulessyntax;seeSection11.

-P unit-set
Determineswhich library unitswill beopenat compile-time.Any library unit in theloadpathcanbeusedby the
compiler for type checkingpurposes.Thusregardlessof the-P option, the compilerknows the type of library
functionssuchasArray.foldl.

-P default The units Char, List, andString will be partially opened. This is the default, permitting e.g.
String.concat to bereferredto justasconcat.
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-P sml90 Providesaninitial environmentwhich is upwardscompatiblewith thatof the1990Definitionof Stan-
dard ML andwith pre-1.30releasesof Moscow ML. In particular, the functionschr, explode, implode,
andord work onstrings,not characters.Themathfunctionsandinput-outputfacilitiesrequiredby the1990
Definition [7, AppendixC andD] areavailableat top-level. In additionthesame(new) librariesareopened
aswith -P default.

-P nj93 Providesa top-level environmentwhich is mostlycompatiblewith thatof SML/NJ 0.93.Thefunctions
app, ceiling, chr, dec, explode, fold, hd, implode, inc, max, min, nth, nthtail, ord, ordof, revapp,
revfold, substring, tl, andtruncate have the sametype andmeaningasin SML/NJ 0.93. The math
functionsandinput-outputfacilitiesrequiredby the1990Definition [7, AppendixC andD] areavailableat
top-level. In additionthesame(new) librariesareopenedaswith -P default. This optiondoesnot imply
-imptypes.

-P full Sameas-P default.
-P none No library unitsareinitially opened.

Additionaldirectoriesto besearchedfor library unitscanbespecifiedwith the-I directoryoption.
-q

Enablesthequotation/antiquotationmechanism;seeSection16.
-standalone

Unix: Specifiesthat the runtimesystemshouldbeprependedto the linkedbytecode,thuscreatinga stand-alone
executable.This adds75–100KB to thesizeof thelinkedfile. MS Windows: This optioncannotbeused.Under
MS Windows,all mosmlc-generatedexecutablesrequirethedynamicallylinkedlibrary camlrt.dll to bepresent
in thedirectoryC:\mosml\bin.

-stdlib stdlib-directory
Specifiesthestandardlibrary directory, which will besearchedby thecompilerandlinker for the.ui and.uofiles
correspondingto unitsmentionedin thefiles beinglinked. Thedefault standardlibrary is setwhenthesystemis
created,andis usually${HOME}/mosml/lib underUnix andc:\mosml\lib underMS WindowsandDOS.

-structure
Specifiesthatsubsequent.smland.sigsourcefilesmustbecompiledin structuremode;seeSection6. Default.

-toplevel
Specifiesthatsubsequent.smland.sigsourcefilesmustbecompiledin toplevel mode;seeSection7.

-v
Printstheversionnumberof thevariouspassesof thecompiler.

-valuepoly
Specifythatthetypecheckershoulduse‘valuepolymorphism’;seeSection12. Default.
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11 Extensionsto the Standard ML Modules language

TheMoscow ML ModuleslanguageextendstheStandardML Moduleslanguagein severalways:

� higher-orderfunctors:a functormaybedefinedwithin a structure,passedasanargumentto anotherfunctor, or
returnedastheresultof a functor;seeSection11.1� applicativeaswell as(theusual)generative functors;seeSection11.2� transparentaswell asopaquefunctorsignatures;seeSection11.3� first-classmodules:structuresandfunctorsmaybepackedandthenhandledasCorelanguagevalues,which may
thenbeunpackedasstructuresor functorsagain;seeSection11.4� recursivemodules:structuresandsignaturesmayberecursively defined;seeSection11.5� relaxationof miscellaneousStandardML restrictions;seeSection11.6.

TheMoscowML LanguageOverview definestheprecisesyntaxof theextensions.For someadditionalexamplesof their
use,seethedirectorymosml/examples/modules andits README file.

By default, Moscow ML acceptsall non-StandardML extensions,but issuesa warningat every use. This is the
behaviour of Moscow ML’s conservativecompilationmode. Two othercompilationmodesareavailable: liberal, in
which all extensionsaresilentlyaccepted,andorthodox, in which all extensionsarerejectedaserrors.

The compilationmodecanbe setby the command-lineoptions-conservative, -liberal, and-orthodox; see
Sections3.3and10.2. In theinteractivesystemmosml, thecompilationmodeaffectsML codeenteredinteractively, as
well asthefunctionscompile, compileStructure, compileToplevel, anduse. Thecompilationmodecanbesetby
thefunctionsconservative, liberal, andorthodox.

Theextensionsdescribedherearebasedin parton[11, 12]; aformaldefinitionof theextensions,derivedfrom [7, 8],
is availableon request.

11.1 Higher-order modules

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

functor F1(S : sig type t; val x : t end) = struct
functor G(T : sig type u; val y : u end) = struct val pair = (S.x, T.y) end

end
structure R11 = F1(struct type t=int val x=177 end)
structure R12 = R11.G(struct type u=string val y="abc" end)
val (a, b) = R12.pair

A functorthatreturnsa functorcanbecurried,avoiding theintermediatestructure:

functor F2(S : sig type t; val x : t end) (T : sig type u; val y : u end) =
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 functormaybedeclaredto take anotherfunctorasanargument,whosetypeis specifiedusinga functorsignature:

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

(* R3 is the result of F3 applied to an anonymous functor *)
structure R3 = F3(functor(X:sig type t=int val x:t end)=>

struct type u = X.t * X.t val y= (X.x,X.x) end)

In thedefinitionof R3, theargumentto F3 happensto beananonymousfunctor.
Wherevera functorof a certaintypeis expected,onemaysupplyinsteada functorthathasmorea generaltype,thatis,
onewhich is morepolymorphic,expectsa lessgeneralargument,or producesa moregeneralresult:

(* F3 is applied to a more general functor than it specifically requires *)
structure R4 = F3(functor(X:sig type t end)=>

struct type u = X.t val y = 1 val z = [] end)
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As in StandardML, functorsandstructuresresidein separatenamespaces,so it is perfectly legal to re-usethe same
namefor bothastructureanda functor, withoutonehiding theother:

structure M = struct end
functor M() = struct end
structure N1 = M (* structure N1 bound to structure M *)
functor N2 = M (* functor N1 bound to functor M *)
structure N3 = M(M) (* functor M applied to structure M *)

However, whenanotherfunctor, sayP, simply returnstheidentifierM, asin:

functor P () = M

it is not clearwhetherM refersto thestructureM or thefunctorM. In thisambiguouscase,Moscow ML alwaysinterprets
M, on its own, asa structure,but youcanwrite op M to referto thefunctorM instead:

functor P () = M (* P returns the structure M *)
functor Q () = op M (* Q returns the functor M *)

Thefilesmosml/examples/modules/{poly.sml,bootstrap.sml} containexamplesthatusehigher-orderfunctors.

11.2 Applicative functors

In the StandardML Moduleslanguage,all functorsare generative. If the body of generative functor FG declaresa
datatypeor opaquetypet, thentwo applicationsof FG will createtwo structuresSG1 andSG2 with distincttypesSG1.t
andSG2.t:

functor FG (S : sig end) = struct datatype t = C end (* generative *)
structure SG1 = FG() and SG2 = FG()
val res = if true then SG1.C else SG2.C; (* ill-typed *)

Recall that a conditionalexpressionrequiresboth branchesto have equivalenttypes,so the last declarationabove is
well-typedonly if thetypeSG1.t is equivalentto SG2.t.

If functorshadanapplicative, not generative,semantics,thetwo typeswould beequivalent.Moscow ML Modules
allows the declarationof applicative functors2 aswell asgenerative functors. An applicative versionFA of the above
functoris declaredthesameway, exceptthattheformal functorargumentS : sig end is notenclosedin parentheses:

functor FA S : sig end = struct datatype t = C end (* applicative *)
structure SA1 = FA() and SA2 = FA()
val res = if true then SA1.C else SA2.C; (* well-typed *)

More generally, if a typein anapplicative functor’sbodydependson a datatypeor opaquetypeof thefunctor’s formal
argument,thenthe typesreturnedby separateapplicationsof the applicative functor will be equivalent,provided the
functoris appliedto equivalenttypearguments:

functor GA S : sig type t end = struct datatype u = C of S.t end (* applicative, *)
(* but u depends on S.t *)

structure TA1 = GA(type t = int) and TA2 = GA(type t = bool) and TA3 = GA(type t = int)
val res = if true then TA1.C 1 else TA3.C 1; (* well-typed *)
val res = if true then TA1.C 1 else TA2.C true; (* ill-typed *)

Moscow ML supportstype projectionsX.u (the dot notationfor types)with local structurebindings. This makesit
possibleto referdirectly to a typereturnedby anapplicative functorwithin anothertypeexpression,which is usefulfor
expressingsharingconstraints:

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

end

The local binding hasno run-timeeffect and is only elaboratedat compile-timefor its type information. For more
examplesof applicative functors,seethefilesmosml/examples/modules/{collect.sml,bootstrap.sml}.

2Similar to Objective Caml.

21



11.3 Opaqueand transparent functor signatures

Thetypesof functorsarespecifiedusingfunctorsignatures.Similar to thedistinctionbetweengenerative andapplica-
tive functor expressions,functor signaturesmay be opaqueor transparent. Whethera functor signatureis opaqueor
transparentaffectstheinterpretationof any datatypeor opaquetypespecificationsin 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 actualargumentmatchingthe argumentsignaturesig
type t val x:t end, return a result matchingthe body signaturesig type u val y:u end, for someunknown
implementationof thetypeu (possiblydependingonX.t).

A transparent versionGT of the above functor signatureis written the sameway, except that the formal functor
argumentX:sig type t val x:t end is not enclosedin parentheses:

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

This functorsignaturespecifiesthefamilyof functortypesthat,for agivenimplementationof theresulttypeu (possibly
dependingonX.t), mapstructuresmatchingtheargumentsignaturesig type t val x:t end to structuresmatching
thebodysignaturesig type u val y:u end.

In practice,when writing a functor H that takes a functor F as an argument,the choicebetweenspecifyingthat
argumentusinganopaqueor transparentsignaturewill affecttheamountof typeinformationthatispropagatedwhenever
H is appliedto anactualfunctor. For instance,considerthefour functors:

functor F1 (X:sig type t val x:t end) = struct type u = X.t 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:GO) = F(struct type t = string val x = "abc" end)
functor HT(F:GT) = F(struct type t = string val x = "abc" end)

FunctorF1 returnsa renamedversionof its argument,andfunctor F2 just ignoresits argumentandreturnsthe same
structureregardless.Thetwo higher-orderfunctorsHO andHT applythesuppliedF to thesameargument(in which x is
a string),but assume,respectively, anopaqueanda transparentsignaturefor F.

SincefunctorHO usestheopaquesignatureGO, its formal argumentF is assumedto returnsomenew unknown type
u whenever it is applied,sothatthetwo applicationsof HO returnnew abstracttypesRO1.u andRO2.u:

structure RO1 = HO(F1) and RO2 = HO(F2)
val resO1 = if true then RO1.y else "def"; (* ill-typed *)
val resO2 = if true then RO2.y else 1; (* ill-typed *)

FunctorHT, ontheotherhand,usesthetransparentsignatureGT. Thisensuresthat,nomatterwhattheactualdependency
of resulttypeu on argumenttypet, HT maybeappliedto any functorF whoseargumentsignatureandresultsignature
matchGT, with theactualdefinitionof u reflectedin theresult. In particular, thetwo applicationsof HT returnthesame
definitionsfor typeu aswould thesubstitutionof F1 andF2 directly into thebodyof HT. That is, thetypesRT1.u and
RT2.u areequivalentto string andint:

structure RT1 = HT(F1) and RT2 = HT(F2)
val resT1 = if true then RT1.y else "def"; (* well-typed *)
val resT2 = if true then RT2.y else 1; (* well-typed *)

Anotherway to look at this is thatHO’s formal argumenthasa generative specification,so that its applicationin HO’s
bodyreturnsanew type,while HT’s formalargumenthasanapplicativespecification,sothatits applicationin HT’s body
returnsthesametypeasHT’s actualargument.

11.4 First-classmodules

In theMoscow ML Moduleslanguage,astructureor functorcanbewrappedupasapackage, which is afirst-classCore
languagevaluejust likeany othervalue,andthensubsequentlyunpackedto re-createthestructureor 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 = (* unlimited range but slow *)
struct datatype nat = Z | S of nat fun plus Z m = m | plus (S n) m = S (plus n m) end

structure FastNat = (* limited range but fast *)
struct type nat = int val Z = 0 fun S n = n + 1 fun plus n m = n + m end

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 mod 7 = 5) then safeNat else fastNat
val natlist = [safeNat,fastNat] : [ NAT ] list;

A functormaybepackedusingthesimilarCoreexpression [ functor modexp as sigexp ] andunpackedusingthe
functorbinding functor funid as sigexp = exp.

Packagetypeequivalenceis determinedby structure,not name,sothefollowing packagetypesareequivalent:

[sig type t val x: t type u = t val y: u end]
[sig type u val x: u type t = u val y: t end]

becausethesignaturesareequivalent(everystructurethatmatchesonealsomatchestheother).
For typesoundnessreasons,a packagemaynot beunpackedin thebodyof a functor(althoughit maybeunpacked

within a Coreexpressionoccurringin 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 *)

Thefilesmosml/examples/modules/{sieve.sml,array.sml,choice.sml,matrix.sml} containmoreexamples.

11.5 Recursivestructuresand signatures

The StandardML Moduleslanguagedoesnot permit recursively definedmodules.For instance,two structuresEven
andOdd maynot dependoneachother. In theMoscow ML Moduleslanguage,a structuremaybedefinedrecursively:

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.Odd.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 structure’s body that allows Even.test to refer to X.Odd.test beforeit has
beendefined.Thebodyof a recursivestructuremustmatchthesignatureof theforwarddeclaration;any opaquetypeor
datatypespecifiedin thesignaturemustbeimplementedin thebodyby copyingit usinga forwardreference:

structure Ok = (* well-typed *)
rec (X:sig datatype t = C type u type v = int end)
struct datatype t = datatype X.t type u = X.u type v = int end

structure Fail = (* ill-typed *)
rec (X:sig datatype t = C type u type v = int end)
struct datatype t = C type u = int type v = int end

At run-time,attemptingto evaluatethe forward referenceof a recursive structurebeforeits body hasbeenbeenfully
evaluatedraisestheexceptionBind:

structure Fail = rec (X:sig end) X; (* raises Bind *)
structure Fail = rec (X:sig val x: int end)

struct val x = X.x end; (* raises Bind *)
structure Ok = rec (X:sig val f: int -> int end)

struct fun f n = X.f n end; (* ok *)
val res = Ok.f n (* infinite loop *)
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On their own, recursivestructurescannotbeusedto declaremutuallyrecursivedatatypesthatspanmoduleboundaries.
For this purpose,Moscow ML alsosupportsrecursivesignatures:

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 forwarddeclarationof a structureimplementingthe body of the signaturethatallows the specificationof
Even.t to referto thetypeX.Odd.t beforeit hasbeenfully specified.In arecursivesignature,thebodyof thesignature
mustmatchthe forwarddeclarationandspecifyan implementationfor any opaquetypesor datatypesdeclaredwithin
theforwardspecification.

Oncearecursivesignaturehasbeendefined,it canbeusedto implementtherecursivestructureT with datatypesthat
spanmoduleboundaries:

structure T = rec(X:REC)
struct structure Even = struct datatype t = datatype X.Even.t

fun succ Zero = X.Odd.One
| succ E = X.Odd.Succ E

end
structure Odd = struct datatype t = datatype X.Odd.t

fun succ O = Even.Succ O
end

end

The files mosml/examples/modules/{recursion.sml,bootstrap.sml} containexamplesof usingrecursive struc-
turesandsignatures.

11.6 Miscellaneousrelaxationsof Standard ML restrictions

In StandardML, functorsandsignaturesmayonly bedeclaredat top-level, andstructuresmayonly bedeclaredat top-
level andwithin structures.Noneof thesemay be declaredwithin Corelet expressions.Moscow ML removesthese
restrictionsso that functors,signaturesandstructuresmay be declaredanywhere,which is particularly useful when
programmingwith first-classmodules.

In StandardML, every parameterisedtypedefinition,andevery typeschemeoccurringwithin a signature,mustbe
closedandmustnotmentionany typevariablesthatarenotexplicitly listedasparameters.Moscow ML doesnot impose
this restriction,andallowsfreetypevariables,providedthey areboundin anenclosingscope.Again,this is usefulwhen
programmingwith first-classmodules.

type t = ’a -> ’a (* illegal, since ’a not in scope *)

fun f (x:’a) = let type t = ’a * ’a (* legal Mosml, illegal SML *)
in (x,x):t
end;

type ’a stackpack = (* legal Mosml *)
[ sig

type stack = ’a list; (* ’a occurs free in this type binding *)
val push : ’a -> stack -> stack (* ’a occurs free in this type scheme *)

end ]
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12 Value polymorphism

The1997revisionof StandardML [8] adoptsvaluepolymorphism,discardingthedistinctionbetweenimperative(’_a)
andapplicative (’a) typevariables,andgeneralizingtypevariablesonly in non-expansiveexpressions.In Moscow ML
2.00,non-generalizedtypevariablesareleft free,to beinstantiatedlater. Consideraval-binding

val x = e;

With valuepolymorphism, the free typevariablesin the typeof x aregeneralizedonly if the right-handsidee is non-
expansive. This is a purely syntacticcriterion: an expressionis non-expansiveif it hasthe form nexp, definedby the
grammarbelow:

nexp ::= scon specialconstant
longvid (possiblyqualified)valueidentifier
{

�
nexprow� } recordof non-expansiveexpressions

( nexp) parenthesizednon-expansiveexpression
connexp constructorapplication,wherecon is notref
exconnexp exceptionconstructorapplication
nexp: ty typednon-expansiveexpression
fn match functionabstraction
[ structure nmodexp as sigexp ] structurepackage
[ functor nmodexp as sigexp ] functorpackage

nmodexp ::=
�
op � longmodid moduleidentifier
( nmodexp )
nmodexp :(:>) sigexp transparent(opaque)constraint
functor arg => modexp functor
rec ( strid : sigexp ) nmodexp recursivestructure

nexprow ::= lab = nexp
�
, nexprow�

Roughly, a non-expansiveexpressionis just a value,that is, anexpressionin normalform. For example,theright-hand
sidelength below is an identifier, andso is non-expansive. Hencethe free type variable’a in the type’a list ->
int of x becomesgeneralized,asshown by theoccurrenceof ’a betweenval andx:

- val x = length;
> val ’a x = fn : ’a list -> int

On theotherhand,theright-handside(fn f => f) length below, althoughit evaluatesto thesamevalueasthepre-
viousone,is expansive: it is not derivablefrom theabovegrammar. Hencethetypevariable’a will not begeneralized,
andawarningwill beissued:

- val x = (fn f => f) length;
! Warning: Value polymorphism:
! Free type variable(s) at top level in value identifier x
> val x = fn : ’a list -> int

Notethatthetypevariable’a hasnotbeengeneralized.Thustypevariable’a is freeandmaybecomeinstantiatedwhen
x is used.If so,thetypeof x becomesmorespecific:

- x ["abc", "def"];
! Warning: the free type variable ’a has been instantiated to string
> val it = 2 : int
- x;
> val it = fn : string list -> int

To make surethata typevariablegetsgeneralized,onemayeta-expandthe right-handsideexpression.Eta-expansion
replacesanexpressionewith fn y => (e y) thusmakingit non-expansive:

- val x1 = fn y => (fn f => f) length y;
> val ’b x1 = fn : ’b list -> int

Compatibility: All programscompiledwith Moscow ML 1.44will compilealsowith Moscow ML 2.00.To compileold
programsthatuseimperativetypevariablesasin the1990Definition,youmayinvokemosml or mosmlc with theoption
-imptypes.
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13 Weakpointers

Moscow ML supportsweakpointersandarraysof weakpointers,using library structureWeak. A weakpointer is a
pointerthatcannotitself keepanobjectalive. Hencetheobjectpointedto by a weakpointermaybedeallocatedby the
garbagecollectorif theobjectis reachableonly by weakpointers.

The interfaceto arraysof weakpointersis the sameasthatof standardarrays(structureArray), but the subscript
functionsub may raiseexceptionFail if the accessedobjectis dead. On the otherhand,if sub returnsa value,it is
guaranteednot to dieunexpectedly:it will bekeptaliveby thereturnedpointer. Also, theweakarrayiterationfunctions
iterateonly over theliveelementsof thearrays.

Oneapplicationof weakpointersis to implementhashconsingwithout spaceleaks.Theideain hashconsingis to
re-usepairs: whenever a new pair (a, b) is to be built, an auxiliary tableis checked to seewhethersucha pair exists
already. If so,theold pair is reused.In someapplications,this mayconservemuchspaceandtime. However, thereis a
dangerof runningout of memorybecauseof a spaceleak: thepair (a, b) cannotbedeallocatedby thegarbagecollector
becauseit remainsforever reachablefrom theauxiliary table. To circumventthis problem,onecreatesa weakpointer
from theauxiliary tableto thepair, sothattheauxiliary tablein itself cannotkeepthepair alive.

For an example,seemosml/examples/weak. Seealsothe descriptionof Weak in the MoscowML Library Docu-
mentation, or try ‘help "Weak";’.

14 Dynamic linking of foreign functions

Moscow ML supportsdynamiclinking of foreign(C) functions,usinglibrary structureDynlib3. A library of functions
may be written in C andcompiledinto a dynamicallyloadablelibrary, usingappropriatecompileroptions. With the
Dynlib structureonecanloadthis library andcall theC functionsfrom Moscow ML, without recompilingtheruntime
system.

It is theresponsibilityof theC functionsto accessandconstructSML valuesproperly, usingthemacroesdefinedin
mosml/include/mlvalues.h. For this reason,theforeignfunctioninterfaceis includedonly with thesourcedistribu-
tion. As usual,typeor storagemistakesin C programsmaycrashyourprograms.

TheML garbagecollectormay run at any time anML memoryallocationis made.This maycauseML valuesto
bemoved(from theyounggenerationto theold one). To make surethatML heappointersneededby your C function
are adjustedcorrectly by the garbagecollector, register them using the Push_roots andPop_roots macroesfrom
mosml/include/memory.h.

To modify avaluein theML heap,youmustusetheModify macrofrom mosml/include/memory.h; otherwiseyou
mayconfusetheincrementalgarbagecollectorandcrashyourprogram.

Whenloadingthecompiledlibrary onemustspecifytheabsolutepathunlessit hasbeeninstalledasasystemlibrary.
Thismayrequireputtingit in aparticulardirectory, suchas/lib or/usr/lib, orediting/etc/ld.so.conf andrunning
ldconfig.

To compileMoscow ML4 with supportfor dynamiclinking, edit file mosml/src/Makefile.inc asindicatedthere.
For moreinformation,seetheexamplesin directorymosml/src/dynlibs, in particular

mosml/src/dynlibs/interface. SeealsotheDynlib sectionin theMoscowML Library Documentation[10]; or try
‘help "Dynlib";’.

3Thanksto KenLarsen.
4SupportedunderLinux, FreeBSD,NetBSD,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

Moscow ML providesan interfaceto GNU gdbm persistenthashtables,via structuresGdbm andPolygdbm; seethe
appropriatesectionsin [10]. GNU gdbmprovidesfastaccesseven to very large hashtablesstoredon disk, ensuring
mutualexclusion,andarehandyfor creatingsimpledatabasesfor useby CGI scriptsetc.

UsingGdbm orPolygdbm requiresDynlib (seeSection14above): GNU gdbm(not includedwith Moscow ML) must
be installed,andthe interfaceto GNU gdbmdefinedin mosml/src/dynlibs/mgdbm mustbe compiledandinstalled.
For instructions,seetheREADME file there.

15.2 Using POSIX regular expressions

Moscow ML providesaninterfaceto theGNU regex implementationof POSIX1003.2regularexpressions,with addi-
tional supportfor replacingmatchingsubstringsetc.,via structureRegex; seetheappropriatesectionin [10].

UsingRegex requiresDynlib (seeSection14above): TheGNU regex library (which is includedwith Moscow ML)
and the interfacedefinedin mosml/src/dynlibs/mregex mustbe compiledand installed. For instructions,seethe
README file there.

15.3 Using the PostgreSQL relational databaseserver

Moscow ML providesaninterfaceto thePostgreSQLrelationaldatabaseserver, via structurePostgres; seetheappro-
priatesectionin [10].

UsingPostgres requiresDynlib (seeSection14 above): thePostgreSQLdatabaseserver (not included)mustbe
installed,andthe interfaceto PostgreSQLdefinedin mosml/src/dynlibs/mpq mustbe compiledandinstalled. For
instructions,seetheREADME file there.

15.4 Using the MySQL relational databaseserver

Moscow ML providesan interface5 to theMySQL relationaldatabaseserver, via structureMysql; seetheappropriate
sectionin [10].

UsingMysql requiresDynlib (seeSection14 above): theMySQL databaseserver (not included)mustbeinstalled,
andthe interfaceto Mysql definedin mosml/src/dynlibs/mmysql mustbecompiledandinstalled. For instructions,
seetheREADME file there.

15.5 Using the PNG imagelibrary

Moscow ML providesan interfaceto ThomasBoutell’s gd graphicspackagefor creatingPNG images,via structure
Gdimage; seetheappropriatesectionin [10].

UsingGdimage requiresDynlib (seeSection14above): thegd imagepackage(not included)mustbeinstalled,and
theinterfacedefinedin mosml/src/dynlibs/mgd mustbecompiledandinstalled.For instructions,seetheREADME file
there.

15.6 Using the Socket interface

Moscow ML providesaninterface6 to Internetandfile sockets,via structureSocket, whichadheresfairly closelyto the
SML BasisLibrary structureof thesamename;seetheappropriatesectionin [10].

UsingstructureSocket requiresDynlib (seeSection14 above): thesocketsinterfacedefinedin
mosml/src/dynlibs/msocket mustbecompiledandinstalled.For instructions,seetheREADME file there.

5Thanksto ThomasS. Iversen.
6Thanksto KenLarsen;initial developmentfinancedby thePROSPERproject.
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16 Quotations and antiquotations

Moscow ML implementsquotations, a non-standardlanguagefeatureusefulfor embeddingobjectlanguagephrasesin
ML programs.Quotationsaredisabledby default. This featureoriginatesin theStandardML of New Jersey implemen-
tation. To enablequotationsin theinteractivesystem(mosml), executequotation := true. This allows quotationsto
appearin declarationsenteredat top-level andin files compiledby theprimitivecompile. To enablequotationsin files
compiledwith thebatchcompilermosmlc, invoke it with option-q asin mosmlc -q.

A quotationis a particularkind of expressionandconsistsof a non-emptysequenceof (possiblyempty)fragments
surroundedby backquotes:

exp ::= ‘frags‘ quotation

frags ::= charseq charactersequence
charseq^id frags antiquotationvariable
charseq^(exp) frags antiquotationexpression

Thecharseqis apossiblyemptysequenceof printablecharactersor spacesor tabsor newlines.A quotationevaluatesto
avalueof typety frag list wherety is thetypeof theantiquotationvariablesandantiquotationexpressions,andthe
type’a frag is definedasfollows:

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

A charseqfragmentevaluatesto QUOTE "charseq". An antiquotationfragment̂ id or ^(exp) evaluatesto ANTIQUOTE
valuewherevalueis thevalueof thevariableid resp.theexpressionexp. All antiquotationsin aquotationmusthavethe
sametypety.

An antiquotationfragmentis alwayssurroundedby (possiblyempty)quotationfragments;andno two quotation
fragmentscanbeadjacent.Theentirequotationis parsedbeforeany antiquotationinsideit is evaluated.Hencechanging
the value of Meta.quotation in an antiquotationinside a quotationhasno effect on the parsingof the containing
quotation.

For anexample,saywe havewrittenanML programto analyseC programphrases,andthatwe wantto entertheC
declarationchar s[6] = "abcde". We couldsimply defineit asastring:

val phrase = "char s[6] = \"abcde\"";

but thenwe needto escapethequotes(") in theC declaration,which is tiresome.If insteadwe usea quotation,these
escapesarenot needed:

val phrase = ‘char s[6] = "abcde"‘;

It evaluatesto [QUOTE "char s[6] = \"abcde\""] : ’a frag list. Moreover, supposewe wantto generatesuch
declarationsfor otherstringsthanjust"abcde", andthatwe haveanabstractsyntaxfor C phrases:

datatype cprog =
IntCst of int

| StrCst of string
| ...

Thenwemayreplacethestring"abcde" by anantiquotation̂ (StrCst str), andthearraydimension6 by anantiquo-
tation^(IntCst (size str + 1)), andmake thestringstr a functionparameter:

fun mkphrase str = ‘char s[^(IntCst (size str + 1))] = ^(StrCst str)‘;

Evaluatingmkphrase "longer" producesthefollowing representationof a C phrase:

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

This sectiondescribesmosmllex, a lexergeneratorwhich is closelybasedoncamllex from theCamlLight implemen-
tationby Xavier Leroy. This documentationis basedon thatof camllex also.

17.1 Overview

Givena setof regularexpressionswith attachedsemanticactions,mosmllex producesa lexical analyserin thestyleof
lex. If file lexer.lex containsaspecificationof a lexical analyser, thenexecuting

mosmllex lexer.lex

producesa file lexer.sml containingMoscow ML codefor the lexical analyser. This file definesonelexing function
perentrypoint in the lexer definition. Thesefunctionshave thesamenamesastheentrypoints. Lexing functionstake
asargumenta lexerbuffer, andreturnthesemanticattributeof thecorrespondingentrypoint.

Lexerbuffersareanabstractdatatypeimplementedin thelibrary unit Lexing. Thefunctions
createLexerString andcreateLexer from unit Lexing createlexer buffersthatreadfrom a characterstring,or any
readingfunction,respectively.

Whenusedin conjunctionwith a parsergeneratedby mosmlyac (seeSection18), the semanticactionscomputea
valuebelongingto thedatatypetoken definedby thegeneratedparsingunit.

Exampleusesof mosmllex canbefoundin directoriescalc andlexyacc undermosml/examples.

17.2 Hints on usingmosmllex

A lexerdefinitionmusthavearule to recognizethespecialsymboleof, meaningend-of-file.In general,a lexermustbe
ableto handleall charactersthatcanappearin the input. This is usuallyachievedby puttingthewildcardcase_ at the
veryendof thelexerdefinition. If thelexer is to beusedwith e.g.MS Windows,MS DOSor MacOSfiles,rememberto
providea rule for thecarriage-returnsymbol\r. Mostoften\r will betreatedthesameas\n, e.g.aswhitespace.

Do not usestringconstantsto definemany keywords;this mayproducelargelexer programs.It is betterto let the
lexerscankeywordsthesameway asidentifiersandthenuseanauxiliary functionto distinguishbetweenthem.For an
example,seethekeyword functionin mosml/examples/lexyacc/Lexer.lex.

17.3 Syntaxof lexer definitions

Theformatof a lexerdefinitionis asfollows:

{ header}
let abbrev = regexp
...
let abbrev = regexp
rule entrypoint =
parse regexp { action }

| ...
| regexp { action }

and entrypoint =
parse ...

and ...
;

Commentsaredelimitedby (* and*), asin SML. An abbreviation (abbrev) for a regularexpressionmayreferonly to
abbreviationsthatstrictly precedeit in thelist of abbreviations;in particular, abbreviationscannotberecursive.

17.3.1 Headersectionand entry points

Theheadersectionis arbitraryMoscow ML text enclosedin curly braces{ and}. It canbeomitted.If it is present,the
enclosedtext is copiedasis at the beginningof the outputfile lexer.sml. Typically, the headersectioncontainsthe
open directivesrequiredby theactions,andpossiblysomeauxiliary functionsusedin theactions.

Thenamesof theentrypointsmustbevalid ML identifiers.
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17.3.2 Regular expressions

Theregular expressionsregexp arein thestyleof lex, but with a moreML-lik esyntax.

‘char‘
A characterconstant,with a syntaxsimilar to thatof Moscow ML characterconstants;seeSection17.3.4.Match
thedenotedcharacter.

_
Matchany character.

eof
Matchtheendof thelexer input.

"string"
A string constant,with a syntaxsimilar to that of Moscow ML string constants;seeSection17.3.4. Match the
denotedstring.

[ character-set ]
Matchany singlecharacterbelongingto thegivencharacterset.Valid charactersetsare:singlecharacterconstants
‘c‘; rangesof characters‘c1‘ - ‘c2‘ (all charactersbetweenc1 andc2, inclusive);andtheunionof two or more
charactersets,denotedby concatenation.

[ ^ character-set ]
Matchany singlecharacternot belongingto thegivencharacterset.

regexp *
Matchtheconcatenationof zeroor morestringsthatmatchregexp. (Repetition).

regexp +
Matchtheconcatenationof oneor morestringsthatmatchregexp. (Positive repetition).

regexp ?
Matcheithertheemptystring,or a stringmatchingregexp. (Option).

regexp1 | regexp2

Matchany stringthatmatcheseitherregexp1 or regexp2. (Alternative).
regexp1 regexp2

Matchtheconcatenationof two strings,thefirst matchingregexp1, thesecondmatchingregexp2. (Concatenation).
abbrev

Matchthesamestringsastheregexp in themostrecentlet-bindingof abbrev.
( regexp )

Matchthesamestringsasregexp.

Theoperators* and+ havehighestprecedence,followedby ?, thenconcatenation,then| (alternative).
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17.3.3 Actions

An action is an arbitraryMoscow ML expression.An actionis evaluatedin a context wherethe identifierlexbuf is
boundto the currentlexer buffer. Sometypical usesof lexbuf in conjunctionwith the operationson lexer buffers
(providedby theLexing library unit) arelistedbelow.

Lexing.getLexeme lexbuf
Returnthematchedstring.

Lexing.getLexemeChar lexbuf n
Returnthen’ th characterin thematchedstring.Thefirst characterhasnumber0.

Lexing.getLexemeStart lexbuf
Returntheabsolutepositionin theinput text of thebeginningof thematchedstring.Thefirst characterreadfrom
theinput text hasposition0.

Lexing.getLexemeEnd lexbuf
Returnthe absolutepositionin the input text of theendof the matchedstring. Thefirst characterreadfrom the
input text hasposition0.

entrypoint lexbuf
Hereentrypoint is thenameof anotherentrypoint in thesamelexerdefinition.Recursively call thelexeron the
givenentrypoint. Usefulfor lexing nestedcomments,for example.

17.3.4 Character constantsand string constants

A characterconstantin thelexerdefinitionis delimitedby ‘ (backquote)characters.Thetwo backquotesencloseeither
a spaceor aprintablecharacterc, differentfrom ‘ and\, or anescapesequence:

Sequence Characterdenoted
‘c‘ thecharacterc
‘\\‘ backslash(\)
‘\‘‘ backquote(‘)
‘\n‘ newline (LF)
‘\r‘ return(CR)
‘\t‘ horizontaltabulation(TAB)
‘\b‘ backspace(BS)
‘\^c‘ theASCII charactercontrol-c
‘\ddd‘ thecharacterwith ASCII codeddd in decimal

A stringconstantis a (possiblyempty)sequenceof charactersdelimitedby " (doublequote)characters.

string-literal ::= "strcharseq" non-emptystring
"" emptystring

strcharseq ::= strchar
�
strcharseq� charactersequence

A stringcharacterstrchar is a space,or a printablecharacterc (except" and\), or anescapesequence:

Sequence Characterdenoted
c thecharacterc
\\ backslash(\)
\" doublequote(")
\n newline (LF)
\r return(CR)
\t horizontaltabulation(TAB)
\b backspace(BS)
\^c theASCII charactercontrol-c
\ddd thecharacterwith ASCII codeddd in decimal
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18 A parser generator: mosmlyac

This sectiondescribesmosmlyac, a simpleparsergeneratorwhich is closelybasedon camlyacc from theCamlLight
implementationby Xavier Leroy; camlyacc in turn is basedon Bob Corbett’s public domainBerkeley yacc. This
documentationis basedon thatin theCamlLight referencemanual.

18.1 Overview

Givena context-freegrammarspecificationwith attachedsemanticactions,mosmlyac producesa parser, in thestyleof
yacc. If file grammar.grm containsagrammarspecification,thenexecuting

mosmlyac grammar.grm

producesa file grammar.sml containinga Moscow ML unit with codefor a parseranda file grammar.sig containing
its interface.

The generatedunit definesa parsingfunction S for eachstart symbol S declaredin the grammar. Eachparsing
function takesasargumentsa lexical analyser(a function from lexer buffers to tokens)anda lexer buffer, andreturns
the semanticattributeof the correspondingentrypoint. Lexical analyserfunctionsareusuallygeneratedfrom a lexer
specificationby themosmllex program.Lexerbuffersareanabstractdatatypeimplementedin thelibrary unit Lexing.
Tokensarevaluesfrom thedatatypetoken, definedin thesignaturefile grammar.sig producedby runningmosmlyac.

Exampleusesof mosmlyac canbefoundin directoriescalc andlexyacc undermosml/examples.

18.2 The format of grammar definitions

%{
header

%}
declarations

%%
rules

%%
trailer

Commentsin thedeclarationsandrulessectionsareenclosedin C commentdelimiters/* and*/, whereascommentsin
theheaderandtrailer sectionsareenclosedin ML commentdelimiters(* and*).

18.2.1 Headerand trailer

Any SML codein the headeris copiedto the beginningof file grammar.sml, after thetoken datatypedeclaration;it
usuallycontainsopen declarationsrequiredby thesemanticactionsof therules.Any SML codein thetrailer is copied
to theendof file grammar.sml. Bothsectionsareoptional.

18.2.2 Declarations

Declarationsaregivenoneperline. They all startwith a% sign.

%token symbol. . . symbol
Declarethegivensymbolsastokens(terminalsymbols).Thesesymbolsbecomeconstructors(withoutarguments)
in thetoken datatype.

%token < type > symbol. . . symbol
Declarethe given symbolsastokenswith an attachedattribute of the given type. Thesesymbolsbecomecon-
structors(with argumentsof the given type) in the token datatype.The type part is an arbitraryMoscow ML
typeexpression,but all typeconstructornamesmustbe fully qualified(e.g.Unitname.typename) for all types
exceptstandardbuilt-in types,evenif theproperopen declarations(e.g.open Unitname) weregivenin theheader
section.

%start symbol
Declarethegivensymbolasentrypoint for thegrammar. For eachentrypoint, a parsingfunctionwith thesame
nameis definedin theoutputfile grammar.sml. Non-terminalsthatarenot declaredasentrypointshaveno such
parsingfunction.
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%type < type > symbol. . . symbol
Specifythetypeof thesemanticattributesfor thegivensymbols.Every non-terminalsymbol,includingthestart
symbols,musthave thetypeof its semanticattributedeclaredthis way. This ensuresthat thegeneratedparseris
type-safe.The typepartmaybe an arbitraryMoscow ML typeexpression,but all typeconstructornamesmust
befully qualified(e.g.Unitname.typename) for all typesexceptstandardbuilt-in types,evenif theproperopen
declaration(e.g.open Unitname) weregivenin theheadersection.

%left symbol. . . symbol
%right symbol. . . symbol
%nonassoc symbol. . . symbol

Declaretheprecedenceandassociativity of thegivensymbols.All symbolson thesameline aregiventhesame
precedence.They havehigherprecedencethansymbolsdeclaredin previous%left, %right or %nonassoc lines.
They have lower precedencethansymbolsdeclaredin subsequent%left, %right or %nonassoc lines. Thesym-
bolsaredeclaredto associateto theleft (%left), to theright (%right), or to benon-associative(%nonassoc). The
symbolsareusuallytokens,but canalsobedummynonterminals,for usewith the%prec directiveinsidetherules.

18.2.3 The format of grammar rules

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

| ...
| symbol. . . symbol { semantic-action}

;

Eachright-handsideconsistsof a (possiblyempty)sequenceof symbols,followedby a semanticaction.
Thedirective‘%prec symbol’mayoccuramongthesymbolsin arule right-handside,to specifythattherulehasthe

sameprecedenceandassociativity asthegivensymbol.
SemanticactionsarearbitraryMoscow ML expressions,which areevaluatedto producethe semanticattribute at-

tachedto thedefinednonterminal.Thesemanticactionscanaccessthesemanticattributesof thesymbolsin theright-
handsideof therulewith the$ notation:$1 is theattributeof thefirst (leftmost)symbol,$2 is theattributeof thesecond
symbol,etc.An emptysemanticactionevaluatesto () : unit.

Actionsoccurringin themiddleof rulesarenotsupported.Error recovery is not implemented.

18.3 Command-lineoptionsof mosmlyac

-v
Generatea descriptionof theparsingtablesanda reporton conflictsresultingfrom ambiguitiesin thegrammar.
Thedescriptionis put in file grammar.output.

-bprefix
Nametheoutputfiles prefix.sml, prefix.sig, prefix.output, insteadof usingthe default namingconven-
tion.

18.4 Reporting lexer and parser errors

Lexical errors(e.g.illegalsymbols)andsyntaxerrorscanbereportedin anintelligible wayby usingtheLocation mod-
ulefrom theMoscow ML library. It providesfunctionsto print out fragmentsof asourcetext, usinglocationinformation
from thelexerandparser. Try help "Location" for moreinformation.Seefile mosml/examples/lexyacc/Main.sml
for anexample.
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19 Copyright and credits

Copyright notice Moscow ML - alightweightimplementationof StandardML. Copyright (C) 1994,1995,1996,1997,
1998,1999,2000.SergeiRomanenko, Moscow, RussiaandPeterSestoft,Copenhagen,Denmark.
Thisprogramis freesoftware;youcanredistributeit and/ormodify it underthetermsof theGNU GeneralPublic
Licenseaspublishedby the FreeSoftwareFoundation;eitherversion2 of the License,or (at your option) any
laterversion.This programis distributedin thehopethat it will beuseful,but WITHOUT ANY WARRANTY;
without even the implied warrantyof MERCHANTABILITY or FITNESSFOR A PARTICULAR PURPOSE.
SeetheGNU GeneralPublicLicense(in file mosml/copyrght/gpl2)for moredetails.
Note that a numberof sourcefiles are derived from the Caml Light distribution, copyright (C) 1993 INRIA,
Rocquencourt,France.Thuscharging money for redistributing Moscow ML mayrequireprior permissionfrom
INRIA; seetheINRIA copyright noticein file copyrght/copyrght.cl.

Main Moscow ML contributors
� DougCurrie(e@flavors.com),FlavorsTechnology, USA.� Sergei Romanenko (roman@keldysh.ru),KeldyshInstituteof Applied Mathematics,RussianAcademyof

Sciences,Russia.� Claudio V. Russo(Claudio.Russo@cl.cam.ac.uk),University of Cambridge. Thanksto Don Sannellaat
LFCS,Division of Informatics,Universityof Edinburghfor fundingunderEPSRCgrantGR/K63795.� PeterSestoft(sestoft@dina.kvl.dk),Departmentof MathematicsandPhysics,Royal VeterinaryandAgricul-
turalUniversity, DenmarkandTheIT Universityof Copenhagen,Denmark.Partof thework wasdonewhile
at theDepartmentof ComputerScienceat theTechnicalUniversityof Denmark,andwhile visiting AT&T
Bell Laboratories,MurrayHill, New Jersey, USA.

Moscow ML owesmuch to
� TheCamlLight implementationby Xavier Leroy andDamienDoligez(INRIA, Rocquencourt,France).It

was instrumentalin creatingMoscow ML, which usesits runtimesystem,essentiallythe samebytecode
generator, andmany otheraspectsof its design[4, 5].� TheDefinition of StandardML, unbeatablypreciseandconcise.� The ML Kit by Lars Birkedal,Martin Elsman,Niels Hallenberg, Nick Rothwell, MadsTofte andDavid
Turner(Universityof Copenhagen,Denmark,andUniversityof Edinburgh,Scotland),whichhelpedsolving
problemsof parsing,infix resolution,andtypeinference[1].� Inspirationfrom theSML/NJ compilerdevelopedat PrincetonUniversityandAT&T/Lucent Bell Laborato-
ries,New Jersey, USA.� Feedback,contributions,andusefulsuggestions,in particularfrom Ken Friis Larsen,but alsofrom Jonas
Barklund,Mike Gordon,Michael Norrish, KonradSlind, Jakob Lichtenberg, HansMolin, andnumerous
otherpeople.

20 How to get Moscow ML
� TheMoscow ML homepageis http://www.dina.kvl.dk/~sestoft/mosml.html� TheLinux executablesarein ftp://ftp.dina.kvl.dk/pub/mosml/linux-mos20bin.tar.gz� TheMS Windowsexecutablesarein ftp://ftp.dina.kvl.dk/pub/mosml/win32-mos20bin.zip� TheMacintosh/MacOS(68kandPPC)executablesarein
ftp://ftp.dina.kvl.dk/pub/mosml/mac-mos20bin.sea.hqx� TheUnix andMS Windowssourcefilesarein ftp://ftp.dina.kvl.dk/pub/mosml/mos20src.tar.gz� TheMacOSmodifiedsourcefiles (relative to Unix) arein
ftp://ftp.dina.kvl.dk/pub/mosml/mac-mos20src.sea.hqx
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21 Booksand other materials on Standard ML

The 1997 Definition [8] is the authoritative descriptionof StandardML, revised from the 1990 Definition [7]. The
Commentary[6] explainsmany finerpointsin the1990Definition.

Textbooksavailable fr om publishers
� RichardBosworth, A Practical Course in Functional ProgrammingUsing Standard ML, McGraw-Hill 1995,

ISBN 0-07-707625-7.� Michael R. HansenandHansRischel,Introductionto ProgrammingusingSML, Addison-Wesley 1999, ISBN
0-201-39820-6.� Greg Michaelson,ElementaryStandard ML, UCL Press1995,ISBN 1-85728-398-8.� Colin Myers, Chris Clack, andEllen Poon,Programmingwith Standard ML, PrenticeHall 1993, ISBN 0-13-
722075-8.� LawrenceC. Paulson,ML for theWorkingProgrammer, Secondedition.CambridgeUniversityPress1996,ISBN
0-521-56543-X.� ChrisReade,Elementsof FunctionalProgramming, Addison-Wesley 1989,ISBN 0-201-12915-9.� RyanStansifer, ML Primer, PrenticeHall 1992,ISBN 0-13-561721-9.� Jeffrey D. Ullman,Elementsof ML Programming, PrenticeHall 1994,ISBN 0-13-184854-2.� ÅkeWikström,FunctionalProgrammingUsingStandard ML, PrenticeHall 1987,ISBN 0-13-331661-0.

Textsavailable on the net
� Andrew Cumming,A GentleIntroductionto ML, NapierUniversity. At
http://www.dcs.napier.ac.uk/course-notes/sml/manual.html� EmdenGansnerandJohnReppy (editors):StandardML BasisLibrary, hypertext version:
http://www.cs.bell-labs.com/~jhr/sml/basis/index.html
andhttp://www.dina.kvl.dk/~sestoft/sml/sml-std-basis.html (mirror site)� StephenGilmore, Programmingin Standard ML’97, report ECS-LFCS-97-364,University of Edinburgh. At
http://www.dcs.ed.ac.uk/lfcsreps/EXPORT/97/ECS-LFCS-97-364� RobertHarper, Introductionto Standard ML, reportECS-LFCS-86-14,Universityof Edinburgh,November1986
(revised1989).At ftp://ftp.cs.cmu.edu/afs/cs/project/fox/mosaic/intro-notes.ps� RobertHarper, Programmingin Standard ML, CarnegieMellon University. At http://www.cs.cmu.edu/~rwh/
introsml� Mads Tofte, Tutorial on Standard ML, TechnicalReport91/18, DIKU, University of Copenhagen,December
1991.At ftp://ftp.diku.dk/pub/diku/users/tofte/FPCA-Tutorial
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