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Abstract

ML-style modulesare valuablein the developmentand mainte-
nanceof largesoftwaresystemsunfortunatelynoneof theexisting
languagesupportthemin a fully satisactory manner The offi-
cial SML'97 Definition doesnot allow higherorderfunctors,soa
modulethatrefersto externally definedfunctorscannotaccurately
describeits import interface. MacQueerand Tofte [26] extended
SML'97 with fully transparenhigherorderfunctors,but their sys-
tem doesnot have a type-theoreticsemanticghusfails to support
fully syntacticsignatures.The systemsof manifesttypes[19, 20]
and translucentsums[12] supportfully syntacticsignaturesbut
they may propagatefewer type equalitiesthan fully transparent
functors. This paperpresentsa modulecalculusthatsupportshoth
fully transparenhigherorder functorsand fully syntacticsigna-
tures(andthustrue separateompilation). We give a simpletype-
theoreticsemantic$o our calculusandshav haw to compileit into
anF,-like A\-calculusextendedwith existentialtypes.

1 Introduction

Modular programmingis one of the most commonly usedtech-
niquesin the developmentand maintenancef large softwaresys-
tems. Using modularizationwe candecompose large software
projectinto smallerpieces(modules)andthendevelop andunder
standeachof themin isolation. The key ingredientsin modular
ization are the explicit interfacesusedto modelintermodulede-
pendencies.Goodinterfacesnot only make separatecompilation
type-safebut alsoallow us to think aboutlarge systemswithout
holdingthe whole systemin our headat once.A powerful module
languagemust supportequally expressie interfacespecifications
in orderto achieve the optimalresults.

1.1 Why higher -order functor s?

StandardML [27, 28] provides a powerful modulesystem. The
main innovation of the ML modulelanguagés its supportof pa-
rameterizedmodules,also known asfunctoss. Unlike Modula-3
generics[31] or C++ templates[37], ML functorscan be type-
checled andcompiledindependenthat its definition site; further

*This researclwassponsoredn partby the DefenseAdvancedResearchProjects
Ageng ITO underthetitle “Software Evolution usingHOT LanguageTechnology
DARPA OrderNo. D888,issuedunderContractNo. F30602-96-2-0232andin part
by anNSFCAREERAwardCCR-9501624andNSFGrantCCR-9633390Theviews
andconclusionontainedn this documentarethoseof theauthorsandshouldnotbe
interpretedas representinghe official policies, either expressedor implied, of the
DefenseAdvancedResearchProjectsAgeng or theU.S.Government.

more, differentapplicationsof the samefunctor cansharea single
copy of the implementation(i.e., objectcode),even thougheach
applicationmay producemoduleswith differentinterfaces.

Functorshave proven to be valuablein the modelingand or-
ganizationof extensiblesystemd1, 10, 6, 32]. The Fox projectat
CMU [1] usedML functorsto representhe TCP/IPprotocollayers;
throughfunctorapplicationsdifferentprotocollayerscanbemixed
and matchedto generatenew protocol stackswith application-
specificrequirementsAlso, a standardC++ templatelibrary writ-
ten usingthe ML functorswould not require nastycascadinge-
compilationswvhenthelibrary is updatedsimply becausML func-
torscanbe compiledseparatelypeforeevenbeingapplied.

Unfortunately ary useof functorsandnestednodulesalsoim-
plies that the underlying module languagemust supporthigher
order functors(i.e., functors passedas agumentsor returnedas
resultsby other functors), becauseotherwise,thereis no way to
accuratelyspecify the import signatureof a modulethat refersto
externally definedfunctors. For example, if we decomposehe
following ML programinto two smallerpieces,onefor FOO and
anotherfor BAR:

functor FOO (A: SIQ = ...
structure BAR = struct structure B
structure C

FOQ( B)

end

the fragmentfor BAR musttreatFOO asits import amgument.This
essentialljturnsBAR into a higherorderfunctor sinceit musttake
anotherfunctorasits agument.Without higherorderfunctors,we
cannotfully specifytheinterface$ of arbitraryML programsThe
lack of fully syntactic(i.e., explicit) signaturesalso violatesthe
fundamentaprinciplesof modularizatiorandmakesit impossible
to supportModula-2styletrue separateompilation[19].

1.2 Main challeng es

Supportinghigherorder functors with fully syntacticsignatures
turns out to be a very hard problem. StandardML (SML) [28]
only supportdirst-orderfunctors.MacQueerandTofte[26, 38] ex-
tendedSML with fully transparenhigherorderfunctorsbut their
schemealoesnot provide fully syntacticsignaturesindependently
HarperandLillibridge [12] andLeroy [19] proposedo usetranslu-
centsumsandmanifesttypesto modeltype sharing;their scheme

1We only needto write the signaturedor first-orderfunctorsif we usea special
“compilation unit” constructwith import and export statementsbut reasoningsuch
construcwould likely requiresimilar formalismasreasonindiigherordermodules.



supportsfully syntacticsignaturesout fails to propagateas much
sharingasin the MacQueen-dfte system.Leroy [20] proposedo
useapplicatve semanticso modelfull transpareng but his sig-
naturecalculusis not fully syntacticsinceit only handledimited
formsof functorexpressionsthislimitation waslifted in Courants
recentproposal[7], but only at the expenseof putting arbitrary
module implementationcode into the interfaces, which in turn
compromiseshe very benefitsof modularizatiorandmalesinter-
facecheckingmuchharder

The main challengeis thusto designa modulelanguagethat
satisfiesall of thefollowing properties:

e |t musthave fully syntacticsignatues if we split a program
atanarbitrarypoint, the correspondingnterfacemustbe ex-
pressibleusingthe underlyingsignaturecalculus.

e |t musthave simpletype-theoetical semantics a cleanse-
manticsmakesformal reasoningeasier;it is alsoa prerequi-
sitefor a simplesignaturecalculus.

e |t should supportfully transpaent higherorder functors:
higherorderfunctorsshouldbe a natural extensionof first-
orderones;simple ML functorscan propagateype sharing
from theargumentto the result; higherorderfunctorsshould
propagatesharingin the sameway.

e |t shouldsupportopaquetypesand signatues type abstrac-
tion is the standardmethodof hiding implementatiordetails
from the clientsof a module;the samemechanisnshouldbe
applicableto higherorderfunctorsaswell.

e |t shouldsupportefiicient elabomtion and implementation
a modulesystemwill not be practicalif it cannotbe type-
checled and compiled efficiently; compilation of module
programsshouldalsobe compatiblewith the standardype-
directedcompilationtechniqueg18, 15, 35, 36].

1.3 Our contrib utions

This papempresents higherordermodulecalculusthatsatisfiesall
of the above properties. We shav that fully transparentigher
order functors can also have simple type-theoreticsemanticsso
they can be addedinto ML-lik e languageswhile still support-
ing true separatecompilation. Our key ideais to adaptandin-
corporatethe phase-splittingnterpretationof higherorder mod-
ules[14, 36] into a surfacemodulecalculus—theresultis a new
methodthat propagatesnore sharinginformation (acrossfunctor
application)than the systembasedon translucentsums[12] and
manifesttypes[19]. More specifically givena signatureor a func-
tor signatureS, we extractall the flexible componentsn S into a
singlehigherorder“type-constructorvariableu; here by flexible,
we meanthoseundefinedypeor modulecomponentinsideS. We
call suchu astheflexroot constructoiof signatureS. We useK to
denotethe kind of u andS’ to denotetheinstantiationof S whose
flexible componentareredirectedo the correspondingentriesin
u. An opaqueview of signatureS canbe modeledasan existen-
tial type 3u : K.S’. A transparenview of S canbe obtainedby
substitutingthe flexroot of S with the actualconstructoiinforma-
tion. Full transparengis thenachiezed by propagatingheflexroot
informationthroughfunctorapplication.

Our new phase-splittingnterpretationalso leadsto a simpler
typetheoryfor the systembasedn translucensumsandmanifest
types. Recentwork on phase-splittingransformation14, 36, 8]
hasshavn that ML-lik e module languagesare betterunderstood
by translatingheminto anF,, -like polymorphicA-calculus.These
translations however, do not supportopaqguemodulesvery well
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Figurel: Relationshipamondfive differentcalculi
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becausebstractypesmustbe madeconcreteduring the transla-
tion. The translationof translucentsumsis even more problem-
atic: Crary etal [8] have to extendF,, with singletonanddepen-
dentkinds to capturethe sharinginformationin the surfacelan-
guage. The translationbasedon our new interpretation rightly
turns opaquemodulesand abstracttypesinto simple existential
types. Furthermorejt doesnot needto usesingletonanddepen-
dentkinds. This s significantbecauseypecheckingingletonand
dependenkindsis notoriouslydifficult [8].

In the restof this paper we first usea seriesof examplesto
informally explain the mainideas. We then presentour newv Ex-
tendedModule Calculus(EMC) which supportsboth fully trans-
parenthigherorder functors and fully syntacticsignatures. We
demonstrat¢éhe expressienesf EMC by translatinga versionof
the AbstractModule Calculus(AMC) anda versionof the Trans-
parentModule Calculus(TMC) into the EMC calculus.Finally, to
supporttype-directeccompilation[18, 15, 35, 36], we shav howv
EMC canbetranslatednto a KernelModule Calculus(KMC) and
thento anF, -like TargetCalculus(FTC). Therelationshipamong
thesefive calculiis depictedn Figurel.

2 Informal Development

2.1 Fully transparent higher -order functor s

We first usea seriesof examplesto shawv how the MacQueen-dfte
system[26] supportsfully transparenhigherorder functors. We
startby defininga signatureSlI GandafunctorsignatureFSl G

signature SIG=sig typet wval x : t end
funsig FSIG = fsig (X SIG: SIG

MacQueerandTofte usestrongsumX to expresshe moduletype,
so signatureS| G is equivalentto a dependensumtype SIG =
t.t and signatureFSI G is sameas the dependenproducttype
11X : SIG.SIG. We alsodefinea structureS with signatureS| G,
andtwo functorsF1 andF2, bothwith signature=SI G

structure S = struct type t=int val x=1 end

functor F1 (X SIG =

struct type t=Xt val x=X x end
functor F2 (X2 SIG =

struct type t=int val x=1 end

Although SI G doesnot definethe actualtype for t , functor ap-
plicationssuchasF1( S) will alwaysre-elaboratéhe bodyof F1
with X boundto S, sothetypeidentity of X. t (whichisi nt)is
faithfully propagatednto the resultF1( S) . Now supposeve de-
fine the following higherorderfunctor which takesa functor F as
amgumentandappliesit to the previously definedstructuresS:

functor APPS (F: FSIG = F(S)

We canthenapply APPS to functorsF1 andF2:



structure R =
struct structure RL = APPS(F1)
structure R2 = APPS(F2)
val res = (RlL.x = R2.x)

end

In the MacQueen-dfte systemboth APPS( F1) andAPPS( F2)
will re-elaboratéhe body of APPS whichin turnre-elaboratethe
functorbodyin F1 andF2; it successfullyinfersthatR1. x and
R2. x all have typei nt, sothe equalitytest( RL. x = R2. x)
will typecheck.

MacQueenrand Tofte [26] call functorssuchas APPS asfully
transpaent modulessincethey faithfully propagateall sharingin-
formationin the actualargument(e.g.,F1 andF2) into theresult
(e.g.,R1 andR2). Unfortunately their schemedoesnot support
fully syntacticsignaturesIf we wantto turn moduleR into a sep-
aratecompilationunit, we have no way to completelyspecifyits
importinterface.More specifically we cannotwrite a signatureor
APPS sothatall sharinginformationin theargumentis propagated
into theresult. Theclosestve getis to assignAPPS with signature:

funsi g BADSI G =
fsig (F: FSIQ: sig type t=int val x : t end
But thiswould notwork if R alsocontainsthefollowing code:

functor F3(X SIG =
struct type t=real val x=3.0 end
structure R3 = APPS(F3)

SignatureBADSI G clearly doesnot capturethe sharinginforma-
tion propagatediuring the applicationof APPS( F3) . Theactual
implementationof the MacQueen-ofte system[36] memoizesa
“skeleton”for eachfunctorbodyto supportre-elaborationbut this
is clearlytoo comple to beusedin a surfacesignaturecalculus.

2.2 Translucent sums and manif est types

A more severe problemof the MacQueen-dfte systemis thatit
lacksa cleantype-theoretisemanticsits typecheckr mustusean
operationaktampgeneratoto modelabstractypes;this makesit
impossibleto expressthe typing propertyin the surfacesignature
calculus.In 1994,HarperandLillibridge [12] andLeroy [19] pro-
posed(independently}o usetranslucensumsand manifesttypes
to modelML modules;the resultingframevork—whichwe call it
the abstiact approadr+—hasa cleantype-theoreticequationakhe-
ory ontypes;furthermorepothsystemsupportfully syntacticsig-
naturesLeroy [21] andHarper[16] have alsoshavn thattheir sys-
temsare sufiiciently expressie thatit cantype the entire module
languagen the official SML'97 Definition[28].

Unfortunatelyin thecaseof higherorderfunctors,theabstract
approachdoesnot propagateas much sharingas one would nor
mally expectin the MacQueen-dfte system. For example, the
previous equalitytest( R1. x = R2. x) would not typecheckin
HarperandLeroy's systemg12, 19]. In fact,theabstracepproach
treatsthe signatureS| G as an existential type SIG = 3t.t and
the signatureFSI G asa dependenproductIIX : SIG.SIG. The
functor APPS is assignedvith thefollowing signaturetype:

IF: (11X : 5IG.SIG).SIG

Applying APPS to F1 or F2 alwaysyieldsa new existentialpack-
agedt.t soRl.t andR2. t aretwo distinctabstractypes.

The abstractapproachrelies on signaturesubsumptionand
strengthenind12, 19] to propagatesharinginformationfrom the
functor agumentto the result. But the subsumptiorrulesare not
powerful enoughto supportully transparentigherorderfunctors.
Neverthelesstheabstracapproactdoeshavefully syntacticsigna-
tures;andhaving afunctorparametereturninganabstractesultis
sometimesuseful. Take the functor APPS as an example,some-
timeswe indeedwantthe parametef to be a functorthatalways
generataew typesat eachapplication.

2.3 Transparent modules with syntactic signatures

We would like to extend the abstractapproachto supportfully

transparenhigherorder functors. Our key ideais to adaptand
incorporatethe phase-splittingnterpretationof higherordermod-
ules[14, 36] into a surface module calculus;the resultis a new

methodthat propagatesnore sharinginformation (acrossfunctor
application)thanthe systembasedon translucensumsandmani-
festtypes. Given a signatureor a functor signatureS, we extract
all the flexible componentsn S into a single higherorder “type-

constructor'variableu; here by flexible, we meanthoseundefined
typeor modulecomponentinsideS. We call suchu astheflexroot

constructorf signatureS. We useK to denotethe kind of « and
S’ to denotethe instantiationof S with all of its flexible compo-
nentsreferringto the correspondingentriesin u. An opaqueview

of signatureS canbe modeledas an existential type Ju : K.S’;

atransparenview of S canbe obtainedby substitutingall occur

rencesof u in S’ by an actualflexroot constructar For example,
theprevious signaturedeclaration:

signature SIG=sig typet wval x : t end

canbeviewedasatemplateof form:

SIG = Mu:Kgrg.(sig type t = #t(u) val x : t end)
wherekind Ks;¢ is equalto {t : Q}. We use#t (u) to denotethe
t componenfrom a constructorecordu—this is to emphasizéts
differencefrom themoduleaccespathsin ML (e.g.,X. t).

Instantiatingthe flexroot of SIG with constructor{t =i nt }
yieldsa signatureof form:

sigtypet =int val x : t end

Meanwhile,thefollowing SML code:

structure X :> SIG =
struct type t=int val x=1 end

createsan opaqueview of SI G so module X has type Ju :
Ks1.(SIG[u]), or expandedo:
Ju:Kgrg.(sig type t = #t(u) val x : t end).

In the restof this paper we follow the abstractapproacho treat
sighaturematchingasopaqueby default. Givenamoduleidentifier
X andasignatureS, we saythat X hassignatureS if X hastype
Ju : Ks.(S[u]). The abstractflexroot constructorin X canbe
retrieved using dot notationon existentials[5]—such notationis
usuallywritten as X .typ, but in this paperwe usea moreconcise

notation; we will usethe overlinedidentifier X to representhe
flexroot of X.

It is informative to compareflexroot with the notion of access
pathsin the abstractapproach[12, 19]. A type path X.¢ in the



systembasedon translucensumsand manifesttypesmay denote
an abstracttype (asin dot notation). Underthe flexroot notation,
X.t alwaysrefersto an actualtype definition—thet component
of module X—which in turn is definedastype #t(X); in other
words, all the flexible componentsn X arenow redirectedo the
abstracflexroot constructorX .

Combining all the flexible componentsinto a single flex-
root constructoralesit easierto propagatesharinginformation
throughfunctorapplication.For example theearlierML code:

functor F1(X SIG =
struct type t=X.t val x=X x end

createsa functorwith type?

IIX: (Fu.SIG[u]).(sig type t = X.t val x : t end)
or written assignature:
fsig (X SIQ: sigtypet =Xt val x : t end

Here,thetypepathX. t in theresultsignaturereally refersto type
#t (X). During functor application,we createa transparentiew
of theactualagumentfollowing signatureSI G, we instantiatehe
flexroot X into anactualconstructorandthenpropagatehis infor-
mationinto theresultsignature.

The idea getsmore interestingin the higherorder case. Be-
causeall functorsareabstracunderthe abstractpproachyve first
needto find a way to introducetransparenhigherorderfunctors.
SML'97 usesthe “: " and*“: >” notationto distinguishbetween
transparenaind opaquesignaturematching; we borrav the same
notationanduseit to specifythe abstractindtransparentunctors.
In thefollowing example,

funsig NFSI G
funsig TFSI G

fsig (X SIG:> SIG
fsig (X SIQ: SIG

SignatureNFSI Grepresentanabstracfunctorthatalwayscreates
freshnew typesateachapplication.SignatureTFSI Grepresenta
fully transparenfunctorthatalways propagateshe sharinginfor-
mationfrom theactualargument(i.e., X) into theresult.

Thedefinitionof NFSI Gintroducesatemplateof form:
NFSIG = Aui: Knpsig-IIX: (Jua.SIG[u2]).(3us.SIG[ug])
wherekind K yrsiq is just Ks;¢ — {}. Notice NFSI G doesnot
propagatery sharingnformation(u. ) into theresultsignaturejn-
stead eachfunctor applicationalwaysreturnsan existential pack-
age.For example theabstracwersionof functor APPS:

functor APPS (F. NFSIG = F(9S)
is assignedvith thefollowing interfacetype:
IIF: (Ju1.NFSIG[u1]).(Fua.SIG us))

or written assignature:

fsig (F: NFSIG:> SIG

On the otherhand,the definition of TFSI G introducesa tem-
plateof form:

2we omittedthe kind annotatiorfor u to simplify the presentationye will do the
samen therestof thepaperif thekind is clearfrom the context.

TFSIG = \uy : K rpgic-IIX: (Juz.SIGu2]).(SIG[u1[X]])

wherekind K rrgr¢ is equalto Ks;¢ — Kgie (thealgorithmcal-
culating suchkind is given laterin Section3.2). The flexroot of
TFSI G hasa differentkind from thatof NFSI G becausdunctors
with signatureTFSI G propagatemore sharinginformation (e.g.,
constructorof kind Krrsre) thanthosewith signatureNFSI G,
Notice how functor applicationpropagatesharinginto the return
result:theflexroot of theresultis u1 [X] whereu, is theflexroot of
thefunctoritself andX is the flexroot of the actualargument.

We cannow write thefully transparentersionof APPS as:
functor APPS (F: TFSIQ = F(S)
andwe canassignt with thefollowing interfacetype:
IIF: (3u : K ppsiq. TFSIG[u1]).(SIG[F[{t =S. t }]])
or if we write it in anextendedsignaturecalculus:

fsig (F: TFSIGQ: sig type t= # (F[{t=S.t}])
val x: t
end

With propersyntactichacks this signaturecanevenbewritten as:

fsig (F: TFSIQ: sig typet = # (F(S))
val x : t
end

aslong as we assumethat all moduleidentifiers(e.g., F and S)
referredinside the constructorcontext #t (-) arealwaysreferring
to their constructorcounterparts.

Getting backto the earlierexamplein Section2.1 wherewe
apply APPS to functorsF1 andF2, we seewhy bothR1. t and
R2. t arenow equialentto i nt . To apply APPS to F1 (or F2),
we matchF1 (or F2) againstTFSI G andcalculatethe flexroot F
of the actualargument;F is equalto Au.{t = #¢(u)} for F1 or
Au.{t =i nt } for F2; in bothcasesthet componenbf theresult
is #t(F[{t =i nt }]) whichendsupasi nt .

2.4 Relationship with Leroy’s applicative functor s

Our syntacticsignaturdookssimilarto Leroy’s applicatve-functor
approachH20] wherehe canalsoassignAPPS with a signature:

fsig (F: FSIQ: sig type t=F(S).t
val x: t
end

This similarity, however, staysonly at the surface;the underlying
interpretationof the two are completelydifferent. Underthe ap-
plicative approachafunctorwith signature=Sl Gwill alwaysgen-
eratethe sameabstractypeif appliedto the sameargument.Un-
derourschemeanabstracfunctor(with signatureNFSI G) always
generates new type at eachapplicationwhile a transparenfunc-
tor (with signatureTFSI G) doesnot. We cansimulateapplicative
functorsby opaquelymatchingafunctoragainsttransparenfunc-
tor signature For example,

functor F3 :> TFSIG = F1
FunctorF3 would have type:

Juq :KTpgjg.HX: (EIU,Q.SIG[uz]).(SIG[u1[Y]])



Module expressionand declaration:

path p == z;|pz

mep m = p|strd,...,d,end
|  fct(zi:S)m|pi(p2)
| @>S)|letdinm

mdec d = ri=m|ti=7|vi=e

Module signature and specification:

sig S u= sigH,...,H,end
|  fsig(z:8):>9
spec H u= z:S|ti|ti=7|vi:T

Corelanguage:

tilp.tl...
vi |[pul...

ctyp T
cexp e

Elaboration context:
cxt I u= e|I}H

Figure2: Syntaxof theabstracmodulecalculusAMC

Becausé-3 is abstractedver its flexrootinformation,applyingF3
to equivalentconstructorsill still resultin equivalenttypes(e.qg.,
#t (F3[{t =int}]).

Oneproblemof the applicatve approachs thatit solelyrelies
on accesgathsto propagatesharing.Becauseaccespathsarenot
allowed to containarbitrary moduleexpressiongdoing otherwise
may break abstraction) the applicatve approachcannotgive an
accuratesignatureo thefollowing functor:

functor PAPP (F : FSIG (X: SIG =
let structure Y =
struct typet = Xt * Xt
val x = X.x * X x
end

in FCY)

Leroy [20] did proposeto type PAPP by “lambda-lifting” module
Y out of PAPP, but this dramaticallyaltersthe programstructure,
makingthe modulelanguagempracticalto programwith.

Our approachusesthe flexroot constructorto propagateshar
ing. We caneasilygive PAPP anaccuratesignature:

fsig (F: TFSIG (X : SIQ

sig type t = #t (F({t= #(X) * #(X}))
val x @t
end

Noticewe useTFSI GratherthanNFSI Gto emphasizehatF is a
transparentunctor.

3 Formalization

In this sectionwe presentan ExtendedModule Calculus(EMC)
thatsupportshothfully transparenhigherorderfunctorsandfully
syntacticsignatures.EMC is an extensionof Leroy andHarpers
abstractmodule calculus[19, 21, 12] but with supportfor fully
transparentunctors.To make the presentatioreasierto follow, we

ctxtformation F T ok
ctypformation r+r
cexp formation T'kFe:r
specformation '+H
sig formation r+Ss
mepformation I'F m:S
mdecformation T - d:H

ctypequivalence T +
specsubsumption T' - H < H’
sigsubsumption T F

Figure3: Staticsemanticgor AMC: asummary

Hj/p = Hj
(sigHi,...,H,end)/p= (sigHi,..

forj=1,...,n

., H;, end)
(fsig(xi:S):>S")/p= (fsig(zi:5):>9")

S/p.x = S
(zi:9)/p = (x::5")

(vi:t)/p = (vi:T)

(ti=7)/p= (ti=7) (ti)/p= (ti=p.t)

Figure4: Signaturestrengtheningn AMC

first defineanabstracmodulecalculusthatreviews the mainideas
behindtranslucensumsand manifesttypes. We then presentour
new EMC calculusandshav how it propagatesnoresharingthan
theabstracepproach.

3.1 The abstract module calculus AMC

We usethe AbstractModule Calculus(AMC) [19] asarepresen-
tative of the systembasedon translucensums[12] and manifest
types[19, 21]. Thesyntaxof AMC is givenin Figure2. Thestatic
semanticgor AMC is summarizedn Figure3. The completetyp-

ing rulesaregivenin Figures4 to 6 andin AppendixA.

AMC is a typical ML-style module calculuscontainingcon-
structssuch as module expressiongmexp), module declarations
(mdeg, moduleaccesgaths(path), signaturegsig, specifications
(speg, core-languagéypes(ctyp andexpressiongcexp). Follow-
ing Leroy [21], we usex;, t;, andwv; to denotemodule,type, and
valueidentifiers,andz, ¢, andv for module type,andvaluelabels.
We assumethat eachdeclarationor specificationin AMC simul-
taneouslydefinesan internal name(e.qg., ) andan externallabel
(e.g.,z, t, v). Givenastructurestr du,...,d, end or asigna-
turesi g Hy,..., H, end, declarationandspecificationglefined
later canrefer to thosedefinedearlier using the internal names.
However, to accesshe modulecomponentérom outside we must
usethe accesgpathssuchasp.z, p.v, andp.t wherep is another
pathandz, v, andt areexternallabels.

Signaturesreusedto type moduleexpressionsAn AMC sig-
naturecanbe eithera functor signatureor a regular signaturethat
containsanorderedist of module type,andvaluespecificationsA
functorsignaturds writtenasf si g(z;:S):> S’ whereS denotes
theargumentsignatureand .S’ theresultsignature We borrow the
SML'97 notation“: ” and“: >" for signaturematchinganduseit to
specifythe abstractandtransparenfunctors. BecauseAMC only



FT ok z;:Sel

I'Fp:sigH.. . Hgxi:S,...end p={ti— pt,x;—~ px | t;,x; € Dom(Hi...Hy)}

bk xS/

T;zi:S Fm:S

T+ pa' :p(S)

T+ fct(zi:S)m:fsig(x::S):>9

F T ok

INHyy...;He1 B di - Hy

T+ pr:fsig(x;:S):>8 IFopy:S” r-s8"<s
T F pi(p2) : {zi = p2}(5)
k=1,...,n Tp:8 TEHSLS

'+ str end:sig end

'S T'Hd:H T;HFm:S

I+ strdi,...,d,end:sigH,...,H, end

I'Fm:S

Pk (p:>S95):8S

'+ I'kFe:r

I''Fletdinm:S

I'F (zi=m): (z::5)

DF (ti=7):(ti=7) IF (vi=e): (vitT)

Figure5: Selectedypingrulesfor AMC: I' F m:S andI' + d: H

Rulesfor reflexivity andtransitivity are omitted:

X =H,,...,H, and X'=H},... H,
'-H<H] T;H; FsigXend<sigX'end

'+ sigHi,Xend<sigH;, X end

X=H,...,H, and X' =H],...,H,,
T;Hy F sigXend<sigX'end

'+ sigHo,Xend<sigX'end

'S <8 T;zi:8 F S <8)
T F (fsig(zi:S1):>82) < (fsig(wi:S1):>S53)

r-s<g
T+ (2::8) < (x::8")

rrr=7
Tk (ti=7)< (ti=T7)

TFr=7
T+ (viir) < (v5:7")

Ik (tl‘:T) Sti

Figure6: Signaturesubsumptionn AMC

supportsabstracfunctors,afunctorsignaturén AMC alwaysuses
: > to specifyits result. Laterin Section3.2, we'll extend AMC
with transparenfunctorsignaturesn theformof f si g(z;:5):5".

AMC allows two kinds of type specifications: flexible type
specification(t;) andmanifesttype specificationt; = 7). Figure6
lists the standardsignaturesubsumptiorrules. Manifesttypescan
bemadeopaguevhenmatchedagainsftlexible specificationsSub-
sumptionon functor signaturess contra-arianton the agument
but covariantontheresult.

Figure5 lists theformationrulesfor the AMC moduleexpres-
sionsanddeclarationsAMC supportdheusualsetof modulecon-
structssuchas moduleaccesgath (p), structuredefinition (st r
di,...,d, end), functordefinition (f ct (z; : S)m), functor ap-
plication (p1(p2)), signaturematching(p :> S), andthel et ex-
pression. Most of the typing rulesfor AMC are straightforvard:
signaturematchingin AMC is doneopaquely;to typeal et ex-
pression,the result signaturemust not containary referenceso
locally definedmodulevariables(i.e., S is well formedin context
T butnotT'; H; seeFigureb).

Typesharingin AMC is propagatedhroughsignaturestrength-
ening and functor application. Signaturestrengtheningwhich is
definedin Figure 4, is a variation of dot notation[4]; a module

All in AMC (Figure2) plus:

sig S u= ...|fsig(z;i:9):9
ctyp 7 = ... |#tO)
ctxt r == ...|u:K

Module constructor and kind

mcon C == T;|u| u:K.C|Ci[C:]
| By, Fa} | #2(C)

mcfd F == t=1|2z=C

mknd K = {Ql,---,Qn}lKl_)KZ

mkfd @ == t:Q|z:K

Figure7: Syntaxof the extendedmodulecalculusEMC

identifierz; of signatureS is strengthenetb have signatureS/z;.
Functor application(e.qg., p1(p2)) can propagatethe sharingin-
formationin the agument(p:) into the result signature—thiss
achieved by substitutingthe formal parameterr; with the actual
argumentp, (seeFigureb).

Unfortunately this strengtheningrocedurénasno effectonits
functor componentsin the higherordercase functor application
in AMC doesnotpropagat@smuchsharingasonewould normally
expectin the MacQueen-dfte system.In the following, we shav
how to extend AMC to supportfully transparenfunctors.

3.2 The extended module calculus EMC

TheextendedmodulecalculusEMC containghe samesetof mod-
ule expressiongnddeclarationasthosein AMC. However, EMC
usesa differentmethodto propagatesharinginformation; this al-
lows EMC to supportfully transparentigherorderfunctors.EMC
alsohasa moreexpressie signaturecalculussothatall functorsin
EMC have fully syntacticsignatures.

The syntaxof EMC is givenin Figure7. The staticsemantics
for EMC is summarizedn Figure 8. The completetyping rules
aregivenin Figures9 to 15 andin AppendixB. Our typing rules
canbe directly turnedinto a type-checkingalgorithmbecausehe
signaturesubsumptiorrules are only usedat functor application
andopaguesignaturamnatching(the sameis truefor AMC).



Similar formsasthosefor AMC (Figure 3) plus:

mconformation r+-C:K
mcfdformation ' F:Q
mconequivalence T' - C=C': K
mcfdequivalence T - F=F':Q
mkndsubsumption + K < K’
mkfdsubsumption + Q < Q’

Figure8: Staticsemanticgor EMC: asummary

FT ok u:Kel FT ok z;:Sel’

TFu:K I' + 77 : knd(S)
PFF;:Q; j=1,...,n
Tk A{F,....,F,}: {Q1,...,Qn}
r-C:K' K={.,5:K,...}
'k #2(C): K

T;u:K - C: K’
'k M:KC:K— K

Pf—CliK—>K' FF—CQZK
Fl_Cl[CQ]:K’

N
DE (t=71):(t:Q)

r-cC:K
Ik (z=0C):(z:K)

Figure9: EMC constructofformation

The EMC signaturecalculuscontainstwo new featureghatare
not presentin AMC: oneis the new functor signaturef si g(z; :
S) : §' usedto specifytranspaent higherorderfunctors;another
is a simpleconstructorcalculusthat captureshe sharinginforma-
tion (usingconstructorC andkind K) anda new type expression
#t(C) thatselectghetypefield ¢ from constructoiC'.

Transparenfunctorscanpropagatenoresharingthanabstract
functors.For example,supposes isdefinedassi g t; , x;:t; end,
afunctorwith signaturef si g(z; : S) :> S correspondso anab-
stract functorwhoseapplicationalwaysproducesa modulewith a
new abstractype component. On the otherhand,a functorwith
signaturef si g(x;:S):S correspondso afully transpaentfunc-
tor whoseapplicationalwayspropagateshetypeinformationfrom
its agumentinto its result.

Theconstructorcalculusitself (seeFigure7) is similar to those
usedin theF,, -like polymorphicA-calculi. In thispaperweassume
all typesin thecorelanguagéhave kind ©2; we useu to denotecon-
structorvariables;andwe usetherecordkind {Q1,...,Q@»} and
function kind K1 — K> to type moduleconstructors.A record
constructorconsistsof a sequencef core-languagéypes(marked
by labelt) and moduleconstructordmarked by label z). Given
a record constructorC, the selectionform #z(C) is a module
constructorequivalentto the z field of C' while #t(C) is a core-
languagetype expressionequivalentto the ¢ field of C. Figure9
givestheformationrulesfor the constructorcalculus;othertyping
rulessummarizedn Figure8 aregivenin AppendixB.

The constructorcalculusis designedo faithfully capturethe
sharing information inside all EMC module constructs. More

knd(si g H; ... H, end) = { knd(H,) ... knd(H,) }

knd(S) = K
knd(f si g(z;:S):>S") = K — {}

knd(S) = K knd(S') = K'
knd(fsi g(z;:5):5") = K - K’

knd(t;) = t:Q knd(t;=7) => ¢

knd(z;:S) = z:knd(S) knd(v;: 1) => ¢

Figure10: EMC kind calculationknd(.S)

S/C is a shorthand of S/(C : knd(S))
H;j/(C:K)=H; j=1,...,n

(sigH:i...H,end)/(C: K)=sigH;j...H,end

(fsig(zi:S):>98")/(C: K)=fsig(z;:S):>9

K=K —-K' §/(Cz]:K")=S5"
(fsig(z;:9):8)/(C: K)=fsig(z;:5):>S5"

S/ (#x(C): K)= 8’
(xi:9)/(C:{...,z:K,...}) = (%::5")

)/ (C:{...,t:9,...}) = (t;=+#t(C))
(ti=7)/(C: K)= (ti=T1)

(vi:7)/(C: K) = (v;:7)

Figurell: Signaturestrengtheningn EMC

specifically givenasignaturgor afunctorsignature)S, we extract

all the flexible componentsn S into a single constructovariable
u; we call suchu asthe flexroot constructorof signatureS. We

useK to denotethekind of v andS’ to denotetheinstantiationof

S whoseflexible componentsre redirectedto the corresponding
entriesin u. An opaqueview of signatureS canbe modeledas

anexistentialtype 3u : K.S'. A transparentiew of S canbe ob-

tainedby substitutingthe flexroot of S with the actualconstructor
information. Full transparengis thenachiered by propagatinghe

flexrootinformationthroughfunctorapplication.

Both K andS’ canbecalculateceasily Figure10shavshow to
deduceknd(.S)— thekind of theflexroot constructoiof amodule
with signatureS. Here,knd(S) = K meansthat the flexible
constructompartof signatureS is of kind K andknd(H) = Q*
meansthat the flexible partin specificationH is of kind field Q™
(which denoteseither @ or emptyfield ). Notice in additionto
the flexible type specificationgt;), functor specificationsarealso
consideredastheflexible componentsA transpaentfunctorwith
signaturef si g(z;: S): S’ is treatedasa higherorderconstructor
of kind K — K’ whereK andK' arethekindsfor S andS’. An
abstract functor with signaturef si g(z; : S) : §’ is treatedasa
dummyconstructothatreturnsanemptyrecordkind.

SignatureS’ is calculatedusinga proceduresimilar to theidea
of signaturestrengtheningbut signaturestrengtheningn EMC is
very differentfrom thatin AMC: insteadof relying on the access
pathp to propagatesharing, EMC usesthe flexroot constructorto



Only two of theserules—modulédentifierandfunctor application—ae differentfromthosefor AMC (Figure 5):

FT ok z;:Sel

I'Fp:sigHi...Hx;:S,...end p={t;— pt,x;— px | t;,z; € Dom(Hi...Hy)}

'tk z:S/zs

yzi:SFm:S

Tk op:fsig@i:S):>8 Tk py:S”

T+ px' :p(S)

'S"<S Tk S§"|knd(S)=C

Tk fet(zi:S)m:fsig(xi:S):>8

F T ok I's Hyj ..

.y Hiy—1 F dy : Hg

T+ pi(p2) : {Zi = C,z; = p2}(S")

k=1,...,n T'kp:8 TFSLKS

' str end:sig end

r~-S T"rHd:H T;HFm:S

I' v strdi,...,d,end:sigH,...,H, end

I'Fm:S

'k (p:>98):S

'+ r 'kte:r

I''Fletdinm:S

LF (zi=m): (x;:5)

Tk (ti=7):(ti=7) I'F (vi=e): (vi:T)

Figure12: SelectedypingrulesforEMC: T + m:S andT + d: H

All subsumptiomulesin AMC (Figure 6) plus:

TS <81 Tyzi:S1 F S52<8)
I+ (fsig(zi:S1):52) < (fsig(z;:51):5%)

I F (fsig(zi:S1):52) < (fsig(zi:S1):>8S2)

S» is an instantiated signature

I (fsig(zi:S1):>82) < (fsig(xi:S1):52)

Figure13: Signaturesubsumptiorin EMC

strengthera signature. Given a signatureS anda constructorC'
of kind knd(S), signaturestrengtheningS/C returnsthe result
of substitutingthe flexroot constructorin S with C. We usethe
auxiliary procedureggiven in Figure 11 to deduceS/C. Here,
S/(C : K) = S’ meansthatinstantiatingS by constructorC
of kind K yieldssignatureS’, and H/(C : K) = H' meanghat
strengtheningspecificationH by constructorC' of kind K yields
specificationd’. The additionalkind parameteis usedto identify
theflexible componentén asignature.

Signaturestrengtheningproducesa specialform of signature
whosetype componentarefully definedandwhosefunctor com-
ponentshave abstractresultsignatures.This specialform, which
we call it instantiatedsignatue, canbe accuratelydefinedusing
thefollowing grammar:

8! u= sigH{,...,Hlend
| fsig(zi:S):>S
HY = xS ti=7|v:T

Notice underthis specialform, the agumentof a functorsignature
could still be an arbitrary EMC signature but the resultmustal-
waysbeabstractThefollowing lemmacanbeprovedby structural
inductiononthe EMC signatures:

Lemma 3.1 Givenan EMC contet I, a signatue S, a kind K,
andaconstructorC,if ' F SandI' F C: K and+ K <
knd(S) then S/C isaninstantiatedsignatue and I" + S/C.

Figure 12 givesthe typing rulesfor the EMC moduleexpres-
sionsanddeclarationslntuitively, we saya moduleexpressionm
hassignatureS if m hastypeequalto Ju : knd(S).(S/u). Given

T'FH|K=F j=1,...,n
' - (sigH:...H,end)|K = {F{...F;}

F K<knd(S) T;z;:S+ S|K =C
C= u:K{z;~u}(C') TrHC:K—>K

T+ (fsig@i:S)>S) (K> K)=C

'+ S|K=C
Lk (zi:8){...,z:K,...} = (z=C)

-~
DE (ti=m)d{...,t:Q,..} = (t=7)

For all othercases, ' HK=¢

Figurel4: Narrowing instantiatecsignaturesn EMC

amodulez; of signatureS, we usethe overlinedidentifier z; to
referto theflexroot constructothiddeninsidez;. Thisis aform of
dotnotation[5] wherez; representtheabstractypedefinedby the
existentialpackager;. In AMC, signaturestrengthenings applied
to the accessdentifier (z;) itself andhiddentype componentare
representedsingaccesgaths(p). EMC generalizeshisideasoit
canpropagatesnoresharingthanAMC does.

Figure 13 givesthe additionalsignaturesubsumptiorrulesfor
the EMC signatures. Subsumptioron transparenfunctor signa-
turesis alsocontra-ariantontheargumentandcovariantonthere-
sult. More interestingly atransparensignaturef si g(z;:S1):S2
is a subtypeof its abstractounterpart si g(x;: S1):> S»; thisis
becauseve canalwayscoerceatransparenfunctorinto anabstract
oneby blocking all of its sharinginformation. Finally, anabstract
signaturef si g(z;:S1):> S, is asubtypeof its transparentoun-
terpartif theresultS, is aninstantiatedsignaturethis corresponds
to the specialcasewherethe abstractversiononly hidesa dummy
constructosoit shouldbe equivalentto thetransparentersion.

More specifically a kind K is a dummykind if it is {}, or
K; — K> whereK, isadummykind, or {Q1, ..., @, } whereall
fields Q; have dummykinds. Givena context T" anda constructor
C, wesayC isadummyconstructoif I' + C : K andK isa
dummykind. A dummyconstructoiconveys no usefulinformation
thusit canbe safelyeliminated. It is easyto shav thatif S is an
instantiatedsignaturehenknd(S) is adummykind.



TFSIS=C:K

rr=1

rFr=7

Tk (2::9)!(z::8) = (z=C) : (z:K)
Lk (ti=7)lti=> (t=71): (£:Q)

T+ H |H, = F:Q;

'k (ti=n)lti=7")=>¢e:¢

T;H, + (sigH,...H,end)|(sig H;...H,, end) = {Fs}: {Qs}

Tk (virt)d(virt’)=>e:e
Il (sig end))(sig end)= {}:{}
'+ {Fs}:{Qs}

T'F (sigH:...H,end)}(sigH...H, end) = {F}, Fs}: {Q}, Qs}

T;Ho - (SigH:1...H,end)|(sigH]...H,,end)=C:K

'C:K

'+ (sigHo...Hyend))(sigH]...H,end)=C: K

- 81<58; Tyz:81 F Sy < S

C = Mu:knd(S1).{}

K =knd(S}) - {}

T F (fsig(zs:S1) op S2)l(fsig(zi:S1):>83) = C: K where op is either :

kS <S5 Dyzi: 81 F S2lSh=Cs: Ky

C = Mu:knd(S}).{z; = u}(C>)

or >

K=knd(S}) 2K, T FC:K

T F (fsig(z;:S1) op S2) L (fsig(xi:S1):5) = C: K where op is either :

or :>

Figurel5: Narraving instantiatecsignaturesn EMC (alternatve version)

Only two of the typing rulesin Figure 12 are differentfrom
thosefor AMC (in Figure5): onefor moduleidentifierandanother
for functor application. To accessa moduleidentifier z;, we al-
waysstrengthernit with its flexroot constructotz;. To type functor
applicationp: (p2), we first noticethatthe typing rulesfor access
paths(in Figure12) satisfieghefollowing property:if " + p: S,
then S is aninstantiatedsignature.This obseration canbe easily
establishedria Lemma3.1. Sowe canassumep: hassignature
f si g(x;:S):> 8" andp, hassignatureS”; furthermore,S” is an
instantiatedsignature Typing p: (p=) theninvolvescheckingif S”
subsumesS, extractingthe actualflexrootinformationin ps (let's
callit C), andsubstitutingall instance®f z; in S” with construc-
tor C andall instance®f z; (notcountingz;) with accespathps.
Here,the substitutionon z; is the key on why canpropagatemore
sharingandsupportfully transparenhigherorderfunctors.

ConstructorC' canbe extractedfrom the actualargumentsig-
natureS” of p, usingthe signature-narnging proceduredefined
in Figure14. This proceduras initially invoked uponinstantiated
signatureonly. Givenacontet I', thedeductionT' + S| K =
C extractsthe type componentgrom an instantiatedsignatureS
and producesa constructorC' of kind K; the specificationcoun-
terpart ' + H | K = F* extractsthe type componentsn
H and produceseither F' or empty field e. The side condition
I + C : K ensureghatC only containsidentifiersdefinedin
T'. We canprove thefollowing lemmausingstructuralinductionon
the EMC signatures:

Lemma 3.2 Givenan EMC contet T', a signatue S, and an in-
stantiatedsignatue S”, let K = knd(S),if T + §" < S
andT + §"|K = C,thenT  C : K.

Figure 15 gives an alternatve signaturenarraving procedure.
This procedures definedover arbitrarysignaturesbutit is initially
invoked upona instantiatedsignhatureonly. Givena context I, the
deductioT + §| S’ = C : K extractsthetypecomponentfrom
aninstantiatedsignatureS andproducesa flexroot constructorC'
of kind K (for signatureS’); thespecificatiorcounterpart” - H |
H' = F* : Q* extractsthe type componentsn H andproduces
eitherF" of kind @Q or emptyfield e. We useF's and Qs to denotea
sequencef constructofields andkind fields. The sideconditions
' W C:K and T + {Fs}: {Qs} ensureghatC andFs
only containidentifiersdefinedin T'. It is easyto shov that two
sighaturenarraving procedureproduceequivalentresults.

Thisalternatve signaturenarraving procedureanalsobeused
to verify the signaturesubsumptiorrelationdefinedin Figure13.
To checkif afunctorsignatureS is a subtypeof anothersignature
S’, wefirst compareheir correspondingugumentsignaturesthen
comparetheir result signaturesandfinally in the casethat S is
abstractand S’ is transparentye invoke the signaturenarraving
proceduren Figurel5. If thisalgorithmdoesnotgetstuck,thenS
is asub-signaturef S’

Lemma 3.3 Givenan EMC contet T, a signatue S, and an in-
stantiatedsignatue $”, if T + S” | S = C : K then
F K=knd(S) andT + C: K.

Lemma 3.4 Givenan EMC contet T, a sighatue S, andan con-
structorC, if ' + C : knd(S) thenT + S/C < S.

Lemma 3.5 Givenan EMC contet I, two signatue S and S,
andaninstantiatedsignatue $”,if ©' - §' < §” andT 8"
S=C:K thenl - S8|S=C:K

Lemma 3.6 Givenan EMC contet I, a signatue S, and an in-
stantiatedsignatue S”, then T’ - S§” < § istrueif andonlyif
I+ 8"]S8= C: K succeeds.

Proof: For the“if” part: assumingl’ - S”" | S = C : K,
we usestructuralinductionon $”; alongthe processwe createa
bridging signatureS'=S/ C andandalsoshov T' + §” < §’;
thisbridgeandthefact T' + §’ < § (viaLemma3.4)areusedto
connecta transparenfunctor signatureto its abstractcounterpart.
Forthe“only if” part: we usestructuralinductionon thesizeof the
instantiatedsignatureS” andshaw thatif T' - S” < § istruethen
'+ §"|S = C: K will notgetstuck.Theonly nontrivial case
is whenS” is anabstracfunctor signaturef si g(z; : S1) :> S%
while S’ is a transparensignaturef si g(z; : S1) : S2; because
I + 8" < 8, theremustexist aninstantiatedoridging signature
Sh suchthat T';z;: 81 F Sy < S, andT;z;: 81 + S5 < S%;
becausé?y isinstantiatedwehave T' - S5 15> = C2 : K2 from
theinductionhypothesisand T' + S | S2 = C» : K> from
Lemma3.5. m|

Givenan EMC context T', we saytwo signaturesS and S’ are
equivalent,denotedasT” - S = &', if andonlyif bothT' - § < §’
andT’ - §’ < S aretrue. Thefollowing propositionsshav why
thetyping rulesfor EMC canhold together:



Lemma 3.7 Givenan EMC contet T', a signatue S, and an in-
stantiatedsignatue S”’, assumel’ - §” < S and T + p,: S”
and T' + S§” |knd(S) = C,andlet p = {z; — C,z; — p2},
then(1) giventwotypeexpressiong; andrs, if I'; z;: S + m1 and
Dyzi:SEmandTz;:S F =7 thenT F p(r1) = p(12);
(2) giventwo instantiatedsignatues S; and S5, if T;z;: S F
St and Tyz; : S + S, and Tyz; : S + S; = S5 then
T+ p(S1) = p(S2).

Theorem 3.8 (unique typing) Givenan EMC contet T, two sig-
natures S and $’, anda moduleexpressionm, if T' - m : S and
T'Fm:8 thenT + S=9".

Proof: Expandthistheorento cover moduledeclarationandcore
languageexpressionsthe generalized/ersionof this theoremcan
be provedby structuralinductiononthederiationtree. |

3.3 Discussions and extensions

The EMC calculusgivensofar only allows abstracor fully trans-
parentresultsignatures We could extendthe EMC signaturecal-
culusfurtherto supportpartially transpaentfunctors:

sig S .| fsig(zi:S): pv (S, K)

Here,pv is amodifierthatindicatesheresultsignaturas partially

transparentandthekind K is usedto fine tunetheamountof shar

ing being propagatedhroughfunctor application;a well-formed
signaturemusthave + knd(S’) < K sothatthekind annotation

actuallymale sense.
More aggressiely, we couldinsteadextend EMC with anab-
stractmodulespecificatiorof form:

spec H

= ... ]z>S

This seemso be lessadhocthanthe pv keyword but it makesit
harderto reusdarge signaturesvith smallchange®f transparenc
notations.

EMC canalsobeextendedo supportotherformsof moduleex-
pressionsn SML'97. Forexample,in SML'97, thel et expression
(atthe modulelevel) allows its body type to referto the new type
stampggeneratedn thel et declarationsAlso, SML'97 supports
transparensignaturematchingsuchas:

structure A: sig type t val f t end =
struct abstype s = ...

typet =s ->s
fun f (x : s) =x
end

Here,typet is equialentto s — s, but the new type s is not
exported.Both of thesefeaturesnvolve exportingvaluesandtypes
that make useof hiddenabstracttypes. While it is doubtful that
suchextensionis really usefulin practice,we cansupportit easily
by extendingthe EMC signaturecalculuswith the following new
form of type specifications:

spec H ... | t; hi dden

We canthenwrite down theinterfaceS 4 for A as:

sig type s is hidden
typet = s ->s
val f @t

end
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whichin turnis equivalentto:

Ju:Ku.(sig type t = #s(u) - #s(u) val f: t end)
wherekind K 4 is just {s : Q}. In otherwords,if we write each
signatureS asatemplateof Au: K.S’, the hiddentype specifica-
tionswill bepresentn thekind K but notin thebodysignatures’.
Notice beforethis extension, K is alwaysequialentto knd(S),
soall componentén K arealwayspresentn S’.

4 Expressiveness

In this section,we shav that both the translucent-sum-basexhl-
culusandthe strong-sum-basechlculuscanbe embeddednto our
EMC calculus. We alsocompareEMC with the stamp-basede-
manticsof the MacQueen-dfte system[26, 36].

4.1 The abstract module calculus AMC

We usethe AMC calculuspresentedn Section3.1 asarepresen-
tative for the systembasedon translucensums [12] andmanifest
types[19]. BecausAMC is a subsebf EMC, thetranslationfrom
AMC to EMC (denotedas| - |,) is justanidentity function,We can
shaw thatthis translation| - |, mapsall well typedAMC programs
into well-typedEMC programs.

Theorem4.1 Givenan AMC contet T", wehave

e if H T" ok isavalid AMCdeductionthen - |T']|, ok is
valid in EMC; similarly,

e if ' F 7 then |[T']s F |7]a;

e if 'k e:7 then || F |ela: [Tla;

o if T - S then |TJu F [Sla;

e if ' m:S then ||, F |m|q:|S]a;

o if ' - d:H then |T'], F |d]o: | H]a;

e if ' Fr=17"then|T|, F |70 = |7 ]a-
e if TH S<S then T, F |S]a <5 ]a-

Proof: By structuralinductiononthederwvationtree. Themaindif-
ferencebetweerEMC andAMC is theway how moduleidentifiers
andfunctor applicationsare typed. For the caseof moduleiden-
tifiers, we usethe following lemma(Lemma4.2); for the caseof
functorapplication,noticetheresultof ary AMC functorsignature
doesnot containary referenceo the flexroot constructorr; sothe
typing rulesfor AMC andEMC have the samebehaior. a

Lemma4.2 Givenan AMC contet I, supposeS is an AMC sig-
natueand z;: S € I, then [T'|s + |S/zi|le = |S]a/T7 iSa
valid deductionin EMC.

Proof: Notice S/z; refersto thestrengtheningperationfor AMC
(asin Figure4) while | S|, /Z; refersto thestrengtheningperation
for EMC (asin Figure11). To prove this lemma,we needto shav
thefollowing: givenanEMC typepathp.t, let z; betherootiden-
tifier in p, and F'(p) denoteshe EMC constructofz; if p = z;, and
#z' (F(p')) if p = p'.2’, thenthejudgement I p.t = #t(F(p))
is valid in EMC. m|



path  p == z|m(p)]|m(p)
mep m  i= plu(e) | i) | (=mi,ma)
| Az:Sm|pi(p2) |l et z=miinm,
sig S = V(u)|TYP|Xz:51.S | z:51.52
ctsp u = m)]|...
cexp e = m()|...
mtyp M == V(r)|EQr)|Xz:M.M;|z:L.M
L = V(r)|TYP|Xz:Ly.Ly |IIz:L1.Ly
ctyp T = m(m')]...
ctme m' u= x|ew(e) | ()| Az L.m’
| mi(mb) |l et z=m]inmh
;| ($(=77'1,m'2)|7fl(m') | 2 (m)
ctce e = mu(m
ctxt r e|Tz:M |z L

Figure16: Syntaxof thetranspareniodulecalculusTMC

ctxtformation F T ok
mtypformation ' MandT + L
ctypformation rk+r
ctmeformation r-m:M
ctceformation F-eée:r

cexp formation Fke:r

mexp formation 'Fm: M

sig formation 'S
ctspformation 'k p
ctypequivalence T F 71 =7
mtypequivalence T' - My =MsorT + Ly = Ly
mtypsubsumption T' - M <L

mtypstrengthening L/m/’ =M

Figurel?: Staticsemanticgor TMC: asummary

4.2 The transparent module calculus TMC

We usetheTransparenilodule Calculug TMC) asarepresentatie
of the strong-sum-baseapproachThe syntaxof TMC is givenin
Figure 16; the static semanticds summarizedn Figure 17; the
completetyping rulesaregivenin AppendixC.

Following otherstrong-sum-basedodulesystemg26, 28, 36],
we distinguishmodulesignaturegS) from moduletypes(M and
L): modulesignaturesresource-lgel specificationsvhile module
typesaresemantimbjectsusedfor typechecking.

A modulesignaturecan either containa single value specifi-
cation (V(u)), a single type specification(TYP), or a pair of two
other modulecomponent{Xz : S1.S2); it canalsobe a functor
signature(Ilx : S1.52). Only simpleaccesgaths(r:(p)) areal-
lowedin a specificatior? An L-shapednoduletypeis like amod-
ule signaturesxceptthatin its valuespecificationV(r), coretyper
cancontainarbitrarymoduleexpressiongm’). M-shapednodule
typesareslightly differentfrom L-shapedones:they allow man-
ifest types(or type abbreviations) of form EQ(r) but no flexible
type specificatiorof form TYP. The moduleexpressionm’ inside
the coretype 7 helpsachieve the fully transparenpropagatiorof
the sharinginformationin TMC.

3TheStandardVIL signaturecalculus]28, 27] enforcesa similar restriction.
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ctxt-to-ctxttranslation

[T]n T

ctsp-to-ctypranslation ] =7
sig-to-sigtranslation [S|n— S
cexp-to-ceptranslation  |e|, — e
path-to-pathtranslation  |[p|n, — p
mexp-to-meptranslation |m], — m
ctyp-to-ctyptranslation T F 7~s 7'
mtyp-to-sigranslation 'M~S
mtyp-to-sigiranslation 'L~ S
mtyp-to-kindrranslation |M|. — K
mtyp-to-kindranslation  |L]|. — K
mtyp-to-mconranslation T' - M ~ C

ctme-to-mcotranslation I' - m' : M ~ C

Figure18: Translationfrom TMC to EMC: asummary

A moduleexpressiorin TMC caneitherbeanaccespath(p), a
single-alue-componentnodule(t, (e)), a single-type-component
module (¢;(e)), a strongsum of two module componentg{z =
m1, ma)), afunctor (Az : S.m), afunctorapplication(pi(p2)), or
al et expression.

To simplify thepresentationywerestrictthe TMC functorappli-
cationto work on simpleaccesgathsonly (i.e.,p1(p2)). Arbitrary
functorapplicationge.g.,m1(m2)) canjust be A-normalizedinto
therestrictedform usingl et expressionsWe alsodo not support
type abbreiationsin signaturesWe insistthat M be a subtypeof
L if they have samenumberof componentgseethe subtypingrules
T' v M < Lin AppendixC). Theserestrictionsdo not affectthe
mainresultbecausét is easy(but tedious)to extend TMC andthe
TMC-to-EMC translationto supportthe additionalfeatures.

Figure 18 summarizeshe translationfrom TMC to EMC; the
actualdefinition is given in AppendixD. Here, |-|, mapsTMC
contets, coretypes(in signatures)signaturesgcore expressions,
accespaths,andmoduleexpressionsnto their EMC counterparts;
|-]c mapsTMC moduletypesinto EMC kinds. The translation
from TMC typesto EMC typesis basednthetypeformationrules,
sothejudgementT’ - 7 ~» 7' mapsthe TMC coretyper into an
EMC coretyper’; thejudgementsT' = M ~» S and T + L ~»
S mapthe TMC moduletypesM or L into anEMC signatureS.
WealsousejudgementsI’ - M ~» C andT - m' : M~ C to
map TMC moduletypesand expressiongdembeddednside core
types)into EMC constructors. We can prove the following type
preserationtheorenmfor the TMC-to-EMC translation:

Theorem4.3 Givena TMC contetI', wehave:

e if - I ok isavaliddeductionn TMC,thent+ |T'|,, ok is
valid in EMC; similarly,

if ' F pthen ||, F |pln;

if ' - S then ||, F |S]n;

fCFe:7andT F 7~ 7' then T, F |e]n:7;

if ' Fp:MandT - M~ S then [T'],, F [p].:S;

f’'Fm:Mand' - M~ S then |T'|, - |[m]n: S;

if I -7~ 7 then |T|, F 7';

fI'H M~ SorT' - L~ S then |T|, F S;

f°'F M~ S andT F L~ Sy andT" F M <L

and [T'|, + S1}|L]c= C then ||, F S1 < S»/C;

[ ifPFM1EM2 andI‘I—lewCl andFl—Mszz,
then |_M1JCE |_M2_]C and LPJn = Cl ECQ : |_M1JC.

oif ' Fm': M~ Cy andT + M~ Cy then |T], +

Ci=Cy: | M|..



Proof: By structuralinduction on the derivation tree; along the
processwe needto usethefollowing two lemmas. O

Lemma 4.4 Givena TMC contetT', supposel’ + m : M, let
p = {x — m}}, then

o if Tyz:M; + My thenT;z: My F p(Ms) = Mo.

o if x: My F Ly thenT;z: M1 + p(L2) = Lo.

o if Ijz:M; + 7 thenT;z: My + p(r)=7.

o if yz: My - m': My thenTz: My = p(m') : M.

Lemma4.5 Givena TMC contt I', a TMC moduletype M, an
EMC constructorC, andanEMCkind K, if |T;z: M|, F C:
K isvalidin EMC,then |I'|,, + C : K isvalidin EMCaswell.

4.3 Comparison with the stamp-based semantics

Compilersfor the strong-sum-basedalculus[26, 36] usestamps
to supporttype generatiity and abstracttypes(TMC did not in-

cludethesefeatures) Therearestill higherordermoduleprograms
that are supportedby the stamp-basedemanticsbut not by our

type-theoreticsemantics. Take the higherorder functor APPS in

Section2.1asanexampleandconsidemapplyingit to thefollowing

functors:

functor GL(X SIGQ
functor @(X SIQ

X

struct abstype t = A
with val x = A
end

end

Both applicationsarelegal underthe stamp-basedemantics:ap-
plying APPS to Gl resultsin a modulewhoset componentis

equalto i nt while applyingAPPS to G createsa modulewhose
t components anew abstractype. Underour schemethe trans-
parentversionof APPS cannotbe appliedto G2; the abstractver-

sionworksfor bothbut it doesnot propagatesharingwhenapplied
to GL. We believe this lack of expressienesss not a problemin

practice.

5 Implementation

A modulesystemwill notbepracticalif it cannotbetype-checkd
and compiledefficiently. Our EMC calculuscan be checled ef-
ficiently following the typing rulesgivenin Section3.2; the only
nontrivial aspecbof the elaboratioris on how to efficiently testthe
equivalencebetweertwo arbitraryEMC types;we planto usethe
realization-basedpproachusedin the SML/NJ compiler[36] to
propagataype definitions.

EMC is alsocompatiblewith the standardype-directeccom-
pilation techniqueg[18, 15, 35, 36]. Most of thesetechniques
are developedin the contet of F,-like polymorphiclambdacal-
culi [11, 33]. In this sectionwe definea KernelModule Calculus
(KMC) andshav how to translateEMC into KMC andthentrans-
lateKMC into anF,, -like TargetCalculus(FTC).

5.1 The kernel module calculus KMC

Unlike EMC which is basedon the ML syntax,the KernelMod-
ule Calculus(KMC) usesonly well-known typing constructsuch
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Module expressionand declaration:

path p == z;|pz|nv(p)

mep m  u= pl{di,...,dn} | Azi: Mom | m(p)
|  Au:Km|m[C]|{(u:K=C,m: M)
| letdinm

mdec d = zi=m|ti=T7|vi=e

Module type and constructor:

myp M == {Di,...,Dn}|Mz;: M.M'
|  Vu:K.M|3u:K.M

mtfd D = zi:M|ti=7|vi:T

mcon C == w7t (p)|{F,...,Fn}|#z(C)
| Au:K.C | Cl CQ

mcfd F o= t=7|z=C

mknd K = {Ql,...,Qn}|K1—>K2

mkfd @ == t:Q|z:K

Corelanguage:

cyp 7 u= ti|pt] #t(C) |

cexp e u= w|pul...

Elaboration context:

ctxt ' u=¢|ID|Tu:K

Figure19: Syntaxof the kernelmodulecalculusKMC

as universal quantification(V), existential quantification(3), de-
pendenproduct(Il), andtransparentecord({-}) to modelhigher
order modules. The syntaxof KMC is givenin Figure19. The
staticsemanticfor KMC is summarizedn Figure20. The com-
pletetyping rulesaregivenin Figure21 andin AppendixE. The
EMC-to-KMC translationis summarizedn Figure22 andits com-
pletedefinitionis givenin AppendixF.

LikeothermodulecalculiKMC supportsaform of simplemod-
ule that consistsof an orderedlist of type, module, and value
declarations—irKMC we usea recordsyntax({-}) ratherthan
str...end to representsuch simple module. Following AMC
and EMC, we assumethat eachdeclarationin KMC simultane-
ously definesan internal name(e.g., 7) and external label (e.g.,
z, t, v). Givena modulerecordm = {di,...,d,} (or type
M = {Dx,...,D,}, declarationgor specificationsyefinedlater
canreferto thosedefinedearlierusingtheinternalnames.

The type structureof KMC resemblesa typical predicatve
polymorphicA-calculus. The constructorcalculusof KMC is al-
mostidenticalto thatof EMC. Module kind (mkng K character
izesmoduleconstructor(mcon C; moduletype (mtyp M mod-
els module expressiongdmexp) m. An elaborationcontext T' for
KMC containsbindingsfor corevariables(v), coretype variables
(t), modulevariables(z), andmoduletype variables(u).

Opaquemodulesare modeledwith existentialtypes[30] and
dot notation[5, 4]. Givena modulepathp of type3u: K.M, we
usert (p) to denotep’s constructocomponen{which shouldhave
kind K), andmy (p) to denotehemodulecomponen{whichshould
have type [t (p)/u]M). To constructan opaquemodule,we use
themoduleexpressiorof form (u: K =C, m: M) whereconstruc-
tor C mustbeof kind K, modulem musthave type[C/u]M, and
theresultingmodulehastype3u: K. M.



FT ok z;:MeT

Tk p:{Di..Dg,zi:M,...} p={ti—pt,xzi—pzx |tz € Dom(D:...Dy)}

'kaz;: M

'kp:3u:K.M

Dizg:M - m: M

T+ pa’ :p(M)

'+ m:Ix;: M.M’ F'Fp: M

L F av(p): {u— m (p)H(M)

Tiu:K+Fm: M

'+ ey Mom : z;: MM’

L+ m(p): {x; = p}(M')

'Fm:Yu:KM T FC:K p={u—C}

' Au:Kom :Vu: K.M

' F m[C]: p(M)

F T ok I5D1;...;D 1 Fdp: Dy k=1,...,n r-C:K p={u—C} T'F m:p(M)
re={}:{} '+ {di,...,dn}:{D1,...,D,} P+ (u:K=C,m:M):3u:K.M
'-M T'+d:D T’DFm:M 'Fm: M r+r ''Fe:t

''kFletdinm: M

Figure21: Selectedyping rulesfor KMC:

T'F (zi=m): (xi: M)

DF (ti=7): (ti=T1) I'F (vi=e): (vi:T)

'tm:MandT + d: D

ctxtformation
ctypformation
cexp formation
mconformation
mcfdformation
mtypformation
mtfdformation
mexp formation
mdecformation

HHEHEAEAAAEAET

TTTTTTTTH

F3Iogmat i
R
o=

o

ctypequivalence
mconequivalence
mcfdequivalence
mtypequivalence
mtfdequivalence

s Bas las Maw Bas|
TTTTT
|
Il
g

Figure20: Staticsemanticgor KMC: asummary

KMC supportstwo forms of parameterizednodules: one ab-
stractedover module values (of type M); anotherover module
constructorgof kind K). A modulefunction Az; : M.m hasthe
dependenproducttypeIlz; : M.M’. Dependenproductis neces-
sarybecausave usedot notationto acces®paquemodulessothe
returntypeof afunctionmightreferto theactualagument.Dot no-
tation[4] alsorequireghatfunctionsin KMC beappliedto module
accesgathsonly, asin m(p). Thisis not a problembecauseve
canalwaysusel et tointroducelocal declarations.

Polymorphicmodulesin KMC areparameterizedver module
constructors.A moduleexpressionAw : K.m hasthe quantified
typeVu: K. M. It canbeappliedto constructotC if C haskind K,
theresulthastype [C/u]M.

Typing moduleidentifierandfunctor applicationin KMC (see
Figure 21) is much simplerthanthosein AMC and EMC. First,
thereis noimplicit “strengtheningwhenwe accesamoduleiden-
tifier. SecondKMC doesnot have ary form of subtyping:to type
afunctorapplicationwe mustmake surethatthetypeof theactual
amgumentis exactly sameasthatof the functor’s formal agument.

Theorem 5.1 (unique typing) Givena KMC contetI' supposen
is a KMC moduleexpression,M and M’ are KMC moduletypes,
fT'Fm:MandT - m: M thenT - M = M.
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ctxt-to-ctxttranslation [T']s =T
ctyp-to-ctyptranslation [7]s =T
cexp-to-cexptranslation  |e|s — e
mcfd-to-mcfdranslation |F|; — F
mcon-to-mcorranslation |C|s — C
path-to-pathtranslation  |p|s +— p
sig-to-mtyptranslation LS| — M
isig-to-mtyptranslation [S]s — M

mexp-to-meptranslation T F m: S~ m’
mexp coeciontranslation T + S| S :p~m/

Figure22: Translationfrom EMC to KMC: asummary

Proof: Expandthistheorento cover moduledeclarationsandcore
languageexpressionsthe generalized/ersionof this theoremcan
be proved by structuralinductiononthe derivationtree. a

Thetranslationfrom EMC to KMC is quite simple. Figure 22
summarizeshemaintranslatiorrules;theactualdefinitionis given
in AppendixF. Here,|-|s mapsEMC contets, coretypes,core
expressionsmodule constructorsmodule constructorfields, and
accesgathsinto their KMC counterparts} S|, translatesanEMC
signatureS intoaKMC moduletype M; | S|, translatesninstan-
tiatedsignatureS in EMC into a KMC moduletype M ; thejudge-
mentT F m: S~ m' translatemnEMC moduleexpressionn
of signatureS into a KMC expressionn’. We alsousethe judge-
mentT - S| 8 :p~ m' tocoerceaKMC pathp with type
| S]s into aKMC expressionm’ with type | S’ | s, assumingS and
S’ arebothinstantiatedsignaturesn EMC. We prove thefollowing
typepreserationtheoremfor the EMC-to-KMC translation:

Theorem5.2 Givenan EMC contet T", we have

o if - I' ok isavalid EMCdeductionthen + |T'|,, ok is
valid in KMC aswell; similarly,

if ' + 7 then ||, + |7]s;

if ' Fe:7 then|T|s F |els:|7]s;

if T - C:K then|T]s F |Cls: |K]s;
if T - F:Q then [T]s F [Fls:|Q]s;
o if ' - H' then ||, + |H']s;

o if T ST then |T|s F [S%]s;



kind K = QlKl—)K2|{l1:K1,...,ln:Kn}
con C == Ju| M K.C| C1]Cq]

| {llCl,,lnCn}|#l(C)|7Tt (p)
type M == T(C)|{li:M,...,ln: M}

| Hz:M.M'|Vu:K.M|Ju:K.M
path p == z|pl|mv(p)
exp m == ... p|{h=m,....lh=mn}

|  Az:M.m|m(p)| Au: K.m | m[C]

| (w:K=Cym:M)|let z=miinms
ctxt I o= e|le:M|DuK

Figure23: Syntaxof theF, -basedargetcalculusFTC

contet formation F T ok
constructorformation 'k C::
typeformation TFM

exp formation I'Fm:
constructorequivalence T' + C = C” t K
typeequivalence Tr-M=M

Figure24: Staticsemanticgor FTC: asummary

o if ' - S then [T|s F |S]s;

e if ' F p:S then |T'|s F |pls: [S]s;

o if I - m:S~m then |T]s - m': [S]s;

o if T Fr=17"then|T|s F |7]s = |7']s;

eif I FC=C":K then ||, + |C|]s=|C']s: K;
oeif T F=F:Q then|T|; - |Fls = |F']s:Q;

Proof: By structuralinduction on the derivation tree; along the
processwe needto usethefollowing lemma. O

Lemma 5.3 Givenan EMC contet T', supposeS and S’ are two
instantiatedEMC signatuesandp is a KMC accesath,if T" +
S < 8§ isvalidin EMC,and |T'|s F p: [S]s isvalidin
KMC,and T + S| 8 :p~ m' coecesfromp intom’, then
IT]s F m':|S]s isvalidin KMC.

5.2 The F,-like target calculus FTC

KMC canthenbeeasilytranslatednto anF,,-like polymorphicA-

calculusby simply droppingall the type componentsn the KMC

transparentecords(after we inline all type definitionsof course)
andby memging the moduleconstructorandthe coretype expres-
sions. Theresultis anF,,-basedTarget Calculus(FTC) asdefined
in Figure23. FTCis essentiallythe standardoredicatve variantof

theF,, calculusextendedwith dotnotation(i.e., 7t (p) andzv (p)),

existentialtypes(3), and dependenproducts(IT). Figure24 and
Appendix G givesthe typing rulesfor FTC. The translationfrom

KMC to FTCis omittedsinceit is rathertrivial.

The factthatall the modulelanguagegivenin this papercan
be compiledinto an F,,-basedcalculusis importantbecausem-
mediatelyall importanttype-based¢ompilationtechnique$18, 35,
15, 29, 39] becomeapplicableto thesemodulelanguagesaswell.
In a previous paper[36], we presentedh type-preservingransla-
tion from the MacQueen-dfte higherorder modules[25] into an
F.-basedcalculushowvever, thatalgorithmturnsall abstractypes
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into concreteones;this makesit hardto reasorabouttype-directed
operationson valueswith abstractypes. The translationgivenin
this paperrightly mapsall opaguemodulesinto abstractypes,so
two differenttypesin the sourcecalculuswould not be considered
asequialentin thetargetcalculus.

6 Related Work

Module systemshave beenan active researchareain the past
decade. The ML module systemwas first proposedby Mac-

Queen[24] andlaterincorporatednto StandardviL [27]. Harper
and Mitchell [13] shov that the SML'90 module languagecan
be translatedinto a typed lambdacalculus (XML) with depen-
denttypes. Togetherwith Moggi, they later shaw that even in

the presencef dependentypes,type-checkingdf XML is still de-
cidable[14], thanksto the phase-distinctiopropertyof ML-style

modules. The SML'90 modulelanguage however, containsser-

eral major problems;for example, type abbreviations are not al-

lowed in signaturesppaquesignaturematchingis not supported,
and modulesare first-orderonly. Theseproblemswere heavily

researched12, 19, 20, 23, 38, 26, 17] and mostly resoled in

SML'97 [28]. Themainremainingissueis to designa higherorder
modulecalculusthatsatisfiesall of the propertieamentionedn the
beginning of this paper(seeSectionl.2).

Supportinghigherorderfunctorswith fully syntacticsignatures
turnsout to be a very hard problem. In additionto the work dis-
cussedht the beginning of Sectionl.2, Biswas[2] givesa seman-
tics for the MacQueen-dfte modulesbasedon simple polymor
phictypes.His formulationdiffersfrom the phase-splittingeeman-
tics [14, 36] in thathe doesnot treatfunctorsashigherordertype
constructorsAs aresult,his schemeequiresencodingcertaintype
component®f kind Q usinghigherordertypes—thissignificantly
complicateghetype-checkinglgorithm.Russd34] srecentwork
is anextensionof Biswas’s semantico supportopaguemodules;
he usesthe existentialsto model type generatity, but his type-
checkingalgorithmstill reliesonthe useof higherordermatching
asin Biswas|2].

Our kernel module calculus(KMC) is partly inspired by the
work on parameterizegdignaturesf Mark Joneq17]. Both of our
approachessehigherordertypeconstructorso propagatesharing
information. However, our notion of signaturediffer from his in
thatwe allow type componentsnside the modulerecord. In fact,
our modulerecordis a transparensumandit cancontainan or-
deredlist of type, value,and moduledeclarationsparameterized
signaturesn Joneq17] only allow valuecomponents.

7 Conclusions

A long-standingopenproblemon ML-style modulesystemds to
designa calculusthat supportsboth fully transparenhigherorder
functorsand fully syntacticsignatures. In his Ph.D. thesis[23,
page310] Mark Lillibridge madethefollowing assessmertn the
difficulty of this problem:

In principleit shouldbe possibleto build a systemwith
arich enoughtype systemso that both separateompi-
lation andfull transparenccanbeachiezedatthesame
time. Becauseseparateompilationrequiresthatall in-
formationneededor typecheckingtheusesof afunctor
be expressiblein that functor’s interface,this goal will
requirefunctorinterfacesto (optionally) containanide-
alizedcopy of the codefor the functorwhosebehaior



they specify | expectsucha systemto be highly com-
plicatedandhardto reasorabout.

This papershaws that fully transparenhigherorderfunctorscan
alsohave simpletype-theoreticemanticssothey canbe addedto
ML-lik e languagesvhile still supportingrue separateompilation.
Oursolutiononly involvesaconserative extensionoverthesystem
basedon translucentsumsand manifesttypes: modulesthat do
not usetransparenhigher order functorscanstill have the same
sighatureasbefore.

The new insight on full transpareng also improves our un-
derstandingboutothermoduleconstructs.Harperet al [14] and
Shao[36] have given a type-preservingranslationfrom ML-lik e
module languagedo polymorphic A-calculusF,,. Their phase-
splitting translations,however, do not handle opaquemodules
well—abstractypesmustbe madeconcreteduringthetranslation.
Our new translation rightly turns opaquemodulesand abstract
typesinto simpleexistentialtypes.

Higherorderfunctorsandfully syntacticsignaturesllow usto
accuratelyexpressthelinking procesf ML moduleprogramsn-
sidethe modulelanguagsitself. In the future we planto usethe
modulecalculuspresentedn this paperto formalizethe configura-
tion languageusedin the SML/NJ CompilationManager{3]. We
alsoplanto extend our modulecalculusto supportdynamiclink-
ing [22] andmutuallyrecursve compilationunits[9, 8].
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A Static Semantics for AMC

This appendixgives the rest of the typing rules for the abstract
modulecalculusAMC. Theformationrulesfor moduleexpressions
(T + m : S) andmoduledeclarationdT" + d : H) aregiven

in Figure5 in Section3.1. The subsumptiorrulesfor signatures
(T - § < 8, andspecification{I" - H < H’) aregivenin

Figure6 in Section3.1.

A.1 ctxt formation: + T' ok
F e ok (1)
I'-H
F T';H ok @
A.2 ctyp formation: T + 7
FT ok t;€elort;=7€l
k¢ ®)
PkFp:S S={.. ti=7,...}or{ .. t;...} 4
'+ pt “)
A.3 cexp formation: T' F e: 7
T ok vi:T€eTl
kw7 ®)
' p:sigHi,...,Hg,. ..,H, end
p={ti—pt,z; = px | t;;z; € Dom(X)}
where X =H;,...,H,_1 and Hy = v;: 7T (6)

I'F pow:p(r)

16

A.4 sig formation: T - S
T ok
I''sig end ™
F;H1;...;Hk_1|—Hk k=1,...,n 8
I'-sigHy,...,H,end ®)
r-8 yz;:SES ©)
T+ fsigzi:S):>9
A5 spec formation: T' + H
S =z ¢ dom(T)
'k z:S (10)
F T ok t; ¢ dom(T)
IFt (11)
1
k1 t;i¢ dom(T)
'k ti=7 (12)
'k~
'k ow:r (13)
A6 ctyp equivalence: T + 7 =17

Rulesfor congruencereflexivity, symmetry and transitvity are
omitted.

FT ok ti=7€l

P'Ht=1 (14)
I v p:sigH,...,Hg, ..,H, end
p={ti—pt,zi—px | t;z; € Dom(X)}
where X =Hy,...,Hi—1 and Hy = (t;=7) (15)

T+ pt' = p(1)

B Static Semantics for EMC

This appendixgives the rest of the typing rules for the external
modulecalculusEMC. The formationrulesfor moduleconstruc-
tors(I' + C : K), andmoduleconstructoffields(I" + F' : Q) are
givenin Figure9 in Section3.2. The formationrulesfor module
expressiongI’ + m : S) andmoduledeclarationgI’ + d : H)
aregivenin Figure 12 in Section3.2. The subsumptiorrulesfor
signature§T" + S < §') andspecificationT" - H < H') are
givenin Figure13in Section3.2.

B.1 ctxt formation: + T' ok

F e ok (16)
I'-H

FT,H ok 7

F T ok u¢ dom(T) (18)

F Tyu: K ok



S/C is a shorthand of S/(C : knd(S));0

po=p H;j/(C:K);pj-1=Hj;p; j=1,...,n
(sigH:i...H,end)/(C:K);p=sigHj...H,end

(fsig(z::8):>8")/(C:K);p=fsig(zi::S):>5

K=K - K" S/Clx:]:K");p=S"
(fsig(z::9):8)/(C:K);p=fsig(zi:S):>3"

S/(#z(C):K);p= S p' =pW{Zi— #z(C)}
(x::8)/(C:{...,z:K,...});p= (%::5");p

t)/(C:{...,t:2,..});p=> i =#t(C));p
(ti=7)/(C:K); p = (ti=p(7)); p
(vi:1)/(C:K); p = (vi:p(T));p

Figure25: Signaturestrengtheningn EMC (revised)

B.2 ctyp formation: T + 7

FT ok tieTorti=7€l’

'+t (19)

'kFp:S S={..  ti=1,... RO ZH
p {ti=r,. or{ L.

'+ pt
r-C:K K={..,t:Q,...}
(21)
T + #t(C)
B.3 cexp formation: ' Fe: 7
FT ok vi:TeTl
kot (22)
I'+p:sigHs,....Hg, ..,H, end

p={ti—~pt,xi—>px | ti,z; € Dom(X)}

where X =H,...,Hy—1 and Hy =v;:T (23)
L'k po:p(r)
B.4 sig formation: T - S
I ok

'+ sig end (24)

Vx; € Dom(H; ... Hi_1),T; is not free in Hy,
F;Hl;...;Hk,1 F Hy, k=1,...,n (25)

I+ sigHy,...,H,end

The sideconditionon Hy, in this rule is not absolutelynecessary
If we remove this requirementwe essentiallyallow free flexroot
referencesuchasz; evenwhenz; is alocally declaredstructure

17

componentTo male thiswork, we needrevisethe EMC signature-
strengtheningperationsothatall referenceso z; are substituted
by equivalentconstructorghat have no suchreferencesThe new

routineis shavn in Figure 25 whereS/C' is now implementedas
S/(C : knd(S)); § with § denotingthe identity substitution.The

auxiliary proceduress/(C : K); p = S’ meanghatinstantiating
S by constructoiC of kind K undersubstitutiorp yieldssignature
S',andH/(C: K); p = H'; p’ meansghatstrengtheningpecifi-
cation H by constructorC' of kind K undersubstitutionp yields
specificationd’ andnew substitutionp’.

r-S r;z;:SFS

26
Tk fsig(xz::9):5 (26)
r-S r;z;:SFS 27)
T+ fsig(zi:S):> 9
B.5 spec formation: T' v H
kS =z ¢ dom(T)
Tk x:S (28)
F T ok t; ¢ dom(T)
Dkt (29)
k71 t; ¢ dom(D)
rF tfzr (30)
'k~
TF vir (31)

B.6 ctyp equivalence: T F r=1'

Rulesfor congruencereflexivity, symmetry and transitvity are
omitted.

FT ok ti=7€l

'Ht=r1 (32)
' p:sigHy,...,Hg, ..,H, end
p={ti—>pt,zi— pz | ti,z; € Dom(X)}
where X=Hy,...,H, 1 and Hy =t;,=7 (33)
T+ pt =p(r)
r-Cc={..,t=7,...
{ 7.} (34)

Ik #t(C)=r

B.7 mcon equivalence: T F C=(C': K

Rulesfor congruencereflexivity, symmetry and transitvity are
omitted.

p={u—C} T'FC':K TJw:K + C: K’
I Qu:K.0O)[C'|=p(C): K

(39)



r-C:K'
I' - QAuw:KClu)=C: K —» K'

reCc={.,z=C,...}: {...,z2:K',...}

'+ #z(C)=C": K’

K={Q1,...,Q.} TFC:K

I'F F=01=#1C)): Q;

i=1,...nl=uat

T+ {F,.. F.}J=C:K

B.8 mcfd equivalence: T - F=F':Q

(36)

37

(38)

Rulesfor congruencereflexivity, symmetry and transitvity are

omitted.

B.9 mknd subsumption: + K < K’
Rulesfor reflexivity andtransitvity areomitted.
o:{l,...,m}—{1,...,n}

I_620'(])SQ; j=1a"'7m
= {QI:JQ"L}S{Q,D’Q;YL}

F K <K@ F K,<K),
F K1—)K2§Ki—)K§

B.10 mkfd subsumption: F Q < Q'

Rulesfor reflexivity andtransitvity areomitted.

F K<K
Fz:K<z:K'

C Static Semantics for TMC

This appendixgivesthe completetyping rulesfor the transparent

modulecalculusTMC.
C.1 ctxt formation: + I' ok

F e ok

' M z¢ dom(l)
F Tyz: M ok

L z¢ dom(T)
b Tyz:L ok

C.2 ctyp formation: T + 7

T+ m':EQT)
T F m(m')

(39)

(40)

(41)

(42)

(43)

(44)

(45)

C.3 ctme formation: T' - m' : M

FT ok 2:Lel’ Liz=M
'xz: M

FT ok z:MeT
'kax: M

'+ r
I F ow(r): EQT)

T'+m:Zx: M. M,
T+ m(m'): M

TFm:Sz:Mi. My p={z~ m(m')}
T F m(m'): p(M>)

I+ mi:M Tiz:M; - mb: M,
T+ {z=mi,mb): Tx: M. M,

Tye:LFm':M
' Aze:Lw/ :Mz:L.M

T Fomb: M
p={z = my}

F|—m’1:M1 P|_M2

Diz:M; F mh: Ms

F'klet z=miinmb: M
C.4 ctce formation: T' F €' : 71

'+ m: V()
T+ m(m):7

C.5 mtyp formation. T M and T + L

Rulesfor moduletypesof form M:

NS
I+ V(1)

1IN S
I + EQ7)

Tyxz: My + M
I - Ex:Ml.Mz

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(65)

(56)

(57)

(58)

(59)



iz: L+ M

I' - Ilx:L.M (60)
Rulesfor moduletypesof form L:
'k r
T F V() (61)
'+ TYP (62)
Tyxz:L1 F Lo
I + E.’I}:Ll.L2 (63)
Tyxz:L1 F Lo 64
I - H:E:Ll.LQ ( )
C.6 cexp formation: T' - e: 7
'k p:V
p: V() (65)
Ik m(p):r
C.7 ctsp formation: T + u
't p: E
p: EQ(r) (66)
'+ m(p)

C.8 sig formation: T' + S

Adding bindingssuchas“z : S” to the contet I' is fine because
eachsignatureS is alsoa moduletype of form L.

Lrp 67
T+ V() 7
T+ TYP (68)
Tz:S81 F Ss
' Xz:51.5 (69)
Tyz:S81 F Ss
' F IIx:5:.52 (70)
C.9 mexp formation: T F m: M
FT ok z:LET Llz=>M -
'kFax: M (71)
FT ok z:M€eT
TFa:M (72)
'k p:Yz:M.M
p = T (73)

r+ 7T1(p) H M1

Pk p:Xz:Mi.My p={z— m(p)}

74
FF ) p(0) 7
'kFe:r
T F oe(e):V(r) (75)
'k+r
I F ou(r): EQ7) (76)
Pl—mlel ]f‘;:c:Ml }—mz:M2 77
I F {(x=m1,ms) : Tx: M1.M, 77
L=S I'ie:LFm: M
(78)
' Xe:Sm:Mlz:L.M
I+ P1 :H(K:Ll.MQ I' - p2:M1
M <Li p={z—p} (79)
L F pi(p2) : p(M2)
I M '+ M. Tyz:M; : M.
mi 1 2 r:Mp F mgo 2 (80)

'k let x:mlian:M2

C.10 ctyp equivalence: T' - 71 =7
Rulesfor congruencereflexivity, symmetry and transitvity are

omitted.

'k m':EQT)

TF m(m) =+ 6D

C.11 mtyp equivalence: T' - My = Msand T' + Ly = Ly

Rulesfor congruencereflexivity, symmetry and transitvity are
omitted.

C.12 mtyp subsumption: '+ M <L
I' F EQr) <TYP (82)
'Fnm=n

T F V(r) < V(m) (83)
F|—M1SL1 F;.’L‘:M1 }_MQSL2 84
'+ Z.Z‘:Ml.MQ SZx:Ll.Lz ( )

yxe:Ly F Ma <L
r:ly 2 X Lo (85)

P |— H.’L‘:L1.M2 S Hm:LLLz



C.13 mtyp strengthening: L/m' = M
V(1) /m' = V(1)
TYP/m' = EQ(m(m’))

L1/7r1(m') = M L2/7r2(m') = M>
E.’K:Ll.Lg/m’ = Xx:My.M>

L2/m'(x) = M>
Nz:Li.Ly/m' = Uz : L. M,

D Translation from TMC to EMC

(86)

87)

(88)

(89)

This appendixgivesthe completetranslationalgorithmfrom TMC
to EMC; themaintranslationis denotedy | - | »; theauxiliary func-
tion that mapsfrom M or L to EMC kind K is denotedby |- |;
the translationfrom M or L to EMC signatureS is representeds
' v M ~ SandI’ + L ~ S; thetranslationfrom M or
m’ to EMC constructorC is representegsI’ - M ~» C and
I v m' : M ~ C; thetranslationfrom 7 to EMC coretype

expressionr’ isrepresentedy ' F 7~ 7.

Throughoutthe translation,we usef st andsnd to denote
EMC modulelabels,ops for an EMC value label, andt yp for
anEMC typelabel. A TMC moduleidentifierz is translatedo an
EMC identifierf st , wheref st is an EMC modulelabelandz

denoteghe stamp.

D.1 ctxt-to-ctxt translation: |I'|, +— T
leJn=¢

'L~S
|IT;2z:L], = [T]n;fstz:S

'FM~S
|ID;2: M|y = |Tn;fste:S

D.2 ctsp-to-ctyp translation: |u|n, — T

7). = |plntyp

D.3 sig-to-sig translation: |S|, +— S

V()| = sig ops;:|ul.end
|TYP], = sig typ;end
|[Xz:51.52], = sig fst_ :|Si]n;
snd, : | Sa]n
end
[Iz:51.52]n = fsig(fstaz:|Si]a): [S2]n

D.4 cexp-to-ce xp translation: |e|, — e

lmo(@)|n = Lp]n-0pPS

D.5 path-to-path translation: |p|,+—p

lz]n = fstg
[mi(@®)|n = [plnfst
()] = [pln.snd

D.6 mexp-to-me xp translation: |m|, — m

lpln = Ipla
ew(€)|n = str ops; =|e]nend
lee(u)]ln = strityp; =|pl. end
[{(x=mi,m2)|n = str fsty=|mi]n;
snd, = |ma]n
end
IAe:Sm]. = fot(fste:|S]a)mln
[p1(p2)]n = Lp1ln(lp2]n)
[let z=miinma|, = letfsty=|mi|,in|mz2]n

D.7 ctyp-to-ctyp translation: T + 7~ 7'

The translationof a coretype in TMC is basedon its formation
rules.Givenawell-formedcoretyper in context T, it is translated
into EMC type 7’ if andonly if the judgement’ + 7 ~ 7’ is
valid.

T'Fm:M~C
T+ m(m') ~ #typ(C)

D.8 mtyp-to-sig translation: T' - M~ S

rr~7
T + V(r)~ sigops,;:7 end

Fr'Fr~7
I' F EQr)~sigtyp;,=7 end

T+ M~ S T;z:M; F My~ Ss

sig fst,:5
snd, :S2 end

' - Zx:Ml.M2 lad

'k L~ S T;z:L1 F My~ Ss
I' - Hm:Ll.MQMfSi g(fStx:S1):Sg

D.9 mtyp-to-sig translation: T' - L~ S

FEr~7
T + V(r)~ sigops;:7 end

I' F TYP~sigtyp; end

'k Li~5 Tiz:L1 F Ly~ So

sig fst;:51
snd,::S> end

I - E$:L1.L2 A

I‘I—Llf\»Sl P;.’K:Ll |‘L2’\r),5'2
' - H$2L1.L2Mf5i g(fsthsl):Sg

20



D.10 mtyp-to-kind translation: |M|.— K
V()] = {}
[EQ7)le = {typ:Q}
LEIL‘:MLMQJC = {f st : |_M1Jc,Snd : |_M2Jc}
|Hz:L.M]|. = |Llc— |M].
D.11 mtyp-to-kind translation: |L|.+— K
V(D)) = {}
[TYPl. = {typ:Q}
LE[E:LLLQJC = {f st : |_L1Jc,5nd : |_L2Jc}
|_H(I,‘:L1.L2JC = |_L1JC — LLQJC
D.12 mtyp-to-mcon translation: T' + M~ C

M-shapedrMC moduletypescanbetranslatednto EMC module
constructors.The translationis basedon the type formationrules
for M.

I'F V)~ {}

Frkr~7

I F EQr)~ {typ=7"}

'+ M~ C Tyz: M1 B Ms~ Co
' - 3z: M. M, ~ {f st =C1,snd=Cs}

Tiz:Ly F Mo~ Cy  p={fsty,—u}
I+ H$:L1.M2’\/> )\u:[Lljc.p(Cg)

D.13 ctme-to-mcon translation: T + m': M~ C

All TMC moduleexpressiongm') embeddedhsidethecoretypes
canbetranslatednto EMC moduleconstructorsThetranslationis
basedn theformationrulesfor m/'.

FT ok z:Lel" Liz=>M
'kax:M~fst,

FTok x:Mel' T FM~C

'z M~C

FFeée:r
T F ow(e):V(r)~ {}

F'kr~7

T+ (1) EQ7r) ~ {typ=1"}

TFm':Zx:M1. My~ C
T F mi(m'): My~ #f st (C)

T'km :Zz: M. My~ C p={z— m(m')}
T F m(m'): p(M2) ~ #snd(C)

I - m): M ~ Ch T;z: M1 F mb: My~ Cs
I' - (x:m'l,m'z) s XYx: M. My ~» {f st =C1,Snd=02}

21

Tiyz:LFm':M~C  p={Ffst,— u}
Tk Xe:Lom/ :Tx: L.M ~s Mu: | L]..p(C)

'+ m'lzl'I:c:Ll.Mgva’l '+ m’2:M1’\/)CQ
' - My <Ly p={z— mb}

T F mi(m}b) : p(Mz) ~ C1[Cs]

I -my: M I' v M, Tix:M; F mb: My~ C
T'Flet z=miinmh: Ms~ C

E Static Semantics for KMC

This appendixgivestherestof thetyping rulesfor thekernelmod-

ule calculusKMC. The formation rules for module expressions
(T + m : M) andmoduledeclarationT" + d : D) aregivenin

Figure21in Section5.1.

E.1 ctxt formation: + T' ok
F e ok (90)
' D
F ;D ok (o1)
F T ok u¢ dom(T)
F Dyu:K ok (92)
E.2 ctyp formation: T + =
FT o ti=re€l
T'kFt (93)
TFp:M M={. , ti=T,...
p { 7.} (94)
T'F pt
'C:K K={.. t:k,...} o5
T+ #t(C) (95)
E.3 cexp formation: T' - e: 7
FT ok vi:tel
'kFow:r (96)
I+ p:{Dl,...,Dk,...,Dn}
p={ti—>pt,zi— px | ti,z; € Dom(X)}
where X=D1,...,Dk_1 and Dk =V;:T (97)

Ik pw:p(r)



E.4 mcon formation: '+ C: K

FT ok u:Kel
'ku: K

'k p:3u:KM
Pk m(p): K

T-F:Q j=1,...,n
I'FA{FR,...,F}:{Q1,...,Qn}

'-C:K' K={.,nK,...}

'+ #z(C): K

T;u:K - C: K’
' MA:K.C: K-> K

r+Ci:K—K TFC:K
I+ Ch[C2]: K’

E.5 mcfield formation: T' - F:Q

rFr
TFit=7:(t:Q)

r-C:K
Pk z=C:(z:K)

E.6 mtyp formation: T - M

F;Dl - {Dg,...,Dn}
T+ {Di,...,D.}

Tyz:M - M
I+ Iz;: M.M’

TiuK+ M
' - Vu:K.M

Tiu:K+- M
' - Ju:K.M

E.7 mtfd formation: T" D

M =z ¢ dom(T)
'k zi: M

k7 t;¢ dom(T)
- ti=71

'k r
I'F vt

(98)

(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)
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E.8 ctyp equivalence: T + =17/

Rulesfor congruencereflexivity, symmetry and transitvity are
omitted.

FT ok ti=7€l

e a1
I+ pZ{Dl,...,Dk,...,Dn}
p={ti—pt,xi = px | t;z; € Dom(X)}
where X=D1,. ..,Dk,1 and Dy, :tg;:'r (115)
T+ pt = p(7)
re-Cc={..,t=r,...
{ RN, (116)

T - #t(C)=r
E.9 mcon equivalence: T - C=C': K

Rulesfor congruencereflexivity, symmetry and transitvity are
omitted.

p={u—C} THC':K Tyuw:K+ C: K

I F Qu:K.0)[C'|=p(C): K (117)
r-c:x’

't (Au:KCu))=C: K — K' (118)

FI_CE{""x=Cl7---}:{-..,at:Kl’___} a10)

I #2(C)=C": K

K={Q1,....,Q.} TFC:K
D' F;=(=#2(0)):Q; j=1..,n (120)
T+ {F, . F,}=C:K

E.10 mcfd equivalence: T - F=F':Q

Rulesfor congruencereflexivity, symmetry and transitvity are
omitted.

E.11 mtyp equivalence: T - M = M’
Rulesfor congruencereflexivity, symmetry and transitvity are

omitted.

P;Dl;...;Dk_l = DkED;c k:l,...,n
U+ {Di,...,D,} ={D},...,D,}

(121)

E.12 mtfd equivalence: T - D= D’

Rulesfor congruencereflexivity, symmetry and transitvity are
omitted.



F Translation from EMC to KMC

This appendixgives a type-preservingranslationalgorithm from
EMC to KMC. To make the presentatiorasierwe first modify the
EMC syntaxto distinguishdifferentusesof moduleaccesgaths:

path p
mep m

z; | p.x

(p)|str diy,...,d,end
fct (zi: S)m | pi(p2)
(p:>8)|letdinm

Here, we use (p) to denotethe placeswherea modulepathp is
usedas a stand-alonemodule expression. We then separatethe

formationrulesfor modulepathsfrom regularmoduleexpressions:

pathformation T'F p: S
mepformation I' F m: S

As aresultof this reoilganizationwe addthe following rule to the
mexp formation:

T'kp:S
DF(p:S

The EMC-to-KMC translationis denotedas| - |. A specialauxil-
iary functionthattranslates£MC signatureS into KMC existential
moduletype M is denotedas| - |5.

F.1 ctxt-to-ctxt translation: |[I'|; — T
le]ls = e
ITsti=7)s = |Tlsiti=|7]s
[Tsviir]s = |Tls;viil7]s
IT;2::S]s = |Tls;@i:|Sle
ITu:K|s = |Ts;u:K
F.2 ctyp-to-ctyp translation: |7]s+— 7
[ti]s = t;
lptls = |pls-t
[#t(C)]s = #(Cls)
F.3 cexp-to-ce xp translation: |e]s — e
lvils =
lpv]s = |plsw
F.4 mcfd-to-mcfd translation: |F|s +— F
L(E=T7)]s (t=17ls)
lz=C)]s = (z=|C]s)

F.5 mcon-to-mcon translation: |C|s+— C

Thecasefor z; cannotoccursinceall of their freereferencehave
beenreplacedby a new constructowvariablein KMC.
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H{F1, -, Folls = {|Fils, -, | Fnls}
l#2(C)]s = #x(|Cls)
[Mu:K.Cls = Au:K.|Cls
[Ci[Co]]s = [Cils[[C2]s]
ICls = C
[Tils = mt(xs)
F.6 path-to-path translation: |p|s — p
LiEiJs = 7Tv($i)
lpz]s = |plsx

F.7 sig-to-mtyp translation: |S|, — M and |S|s — M

The translationfrom EMC signatureto KMC moduletypeis de-
finedas:

LS|s = Fu:knd(S).|.S/u]s

Herethe internaltranslation| - |, is appliedto instantiatedsigna-
turesonly:

lsig Hi,...,H, end|s ={|Hils,..., | Hy|s}
|f si g(z;:9):>5"|s =Vu:knd(S).Ilz;: | S/u]s.
{ﬂ't (.’L‘@) = U, Ty (.’L‘@) = (Iti}l_SIJb
L(zi:87)]s = (wi:|.S"]s)
[(ti=7)]s = (ti=7]s)
vi:T]s = (vi:|T]s)

F.8 mexp-to-me xp translation: T + m: S~ m’
Thetranslationfrom EMC mexp to KMC mexp is conductedhlong
the EMC typing rules. Given a contet I', an EMC module ex-
pressionm is translatednto a KMC expressionm’ if andonly if
TFm:S~m.

In the following, we use@mm’ to denotea KMC moduleex-
pressiorf| et z; = m'i n m(z;)” wherez; is amoduleidentifier
thatdoesnot occurfreein m.

I'Fp:S TF Slknd(S)=C M= [S/uls
T F {p):S~ (u:knd(S)=|Cls, |p]s : M)

Note: accordingto Lemma3.1, S is aninstantiatedsignature so
knd(S) is alwaysanemptykind {} andC is anemptyconstructor
{}. we alwayspackeachstructureexpressiorthis way sothatwe
can uniformly translateeachstructureidentifier x; in EMC into
mv (z:) in KMC.

Tizi:S Fm:8~m  p={m(z;))—=u,m(x:) =z}
m” = Au:knd(S).\z;: | S/us.p(m')

Tk fet(zi:S)m:fsig(xi:9):8 ~m”

T+ pr:fsig(z;:S):S 'k opy:S”
IFS"<S§ T F S knd(S)=C
Dk 8" L(S/C): pals~m  p=1{Ti 0 Crai v p}

T F pi(p2) : p(S") ~ Q([p1]s[|Cls])m

F T ok
I'Fstr end:sig end~ (u:{}={}, {}:{})




DyHy ... Heor B odet He o digdi  Hy k=1,...,n G Static Semantics for FTC

S =sigH,...,H, end K = knd(S)
S' =sigHj,...,H, end r-S|K=cC . . .
m= (w:K=|Cls,{d",...,d"}:|S/uls) This appendixgives the completetyping rules for the F,-based

targetcalculusFTC.
'k strd,...,dvoend: S~ letd...d,inm

F'Fp:8 TFHS<S TF S§|knd(S)=C G.1 conte xt formation: F T' ok

TS 1(S/C):|pls~»m m =(@m:|S/C]s)

I'E (p:>S): S~ (u:knd(S)=[Cls,m': | S/u]s) F e ok (122)
'S T'+d:H~dyy- T HEmM:S~m'

' M z¢dom(T)

r+ i : " !
letdinm:S~letdinm F Tz ok (123)
FT'Fm:S~m zyisnew H = (zy:S/m (x:))
Tk (zi=m): (2::8) ~ (mi=m'); (xy =mv(zi)); H F T ok u¢ dom(T) (124)
F Tyu:K ok
PFr tyisnew H=(ty=1)
Dk (ti=r): (ti=r)~ (b=1rls); (b =ti); H G.2 constructor formation: I' + C: K
F'ke:r vpisnew H = (vy:T)
TF (vi=e): (vi:7)~ (vi=|e]s); (vyr =v;); H FT ok w:Kel (125)
'ru:K
F.9 mexp translation with coercion: T F S| S :p~m’
'kp:3u:KM 126
Given two instantiatedEMC signaturesS and S’, supposd” + 'k m(p): K (126)
S < 8§, thecoerciontransformatio® + S | S’ : p ~ m' turns
the KMC pathp with type | S]s into a KMC expressionm’ with Ik C K ie
type .S’ |s. Notethedeductionrulesgivenbelow only work when i K 1=1,...,m (127)
S andS’ areinstantiatedsignatures. PFA{li:Cy.. i Cr} e {1 Ky 1t Ky }
To simplify the presentationywe use X to represenanordered
list of EMC specificationsthis caneitherbe anemptylist (¢) or a 'C:K' K={., I:K,..}
specificatiorfollowed by anothetist (H, X). Similarly, we useds T F #00) K (128)
to representinorderedist of KMC modulefields. ’
TFS|LS:px~m u:K - C: K’
Tk (2:5) L (2::8") : p~ (zi=m) TF 2uKC: K — K (129)
Tk (ti=7)) (ti=7"):p~ (ti=p.t)
Pl‘CliK—)K’ P|—02:K (130)
Ik (viir)d (viir") : p~ (vi=pov) T + Ci[Co] : K’
' X|X :p~ds
T FsigXendlsigX end:p~ {ds} G.3 type formation: T' - M
'kele:p~e
T'EC:Q
T - T(C (131)
'+-H |H :p~di T;Hi F XX :p~ds (©)
I+ (Hi,X) | (H;, X"): p~> dids
THM i=1,...,n 132
HE XX :p~ds Tk {L:M,... l,: M} (132)
T+ (H,X),(X'):p~ds
. . !
SI=Si/m  Tim:Si - Siknd(S) = i Tiwd LA (133)
T;2::80 F SY ) (81/Ch) = wv(xi) ~ ma Ik Oz:M.M
mi = (Q(p[[C1]s]))m1)
Sy =8s/zyr  Tiai:Sy;ze:S2 S5 1knd(S5) = Cs CuwK F M
P; x; :Si; X 1Sy F SQ’ ,L (53/02) LTy (.’IT,I) Mo m (134)
mh = (v :knd(S3)=|C2]s, m2:|S3 /v |s) wi L
= {mt (x;) = u, 7v(zi) — x5}
m = Au:knd(S1). Az : [ ST |s.p(l €tz =my i nmb) T;u:K - M
T F fsig(@i:S)>S L Tsig@:8) > :pom T F 3u.K.M (135)
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G.4 exp formation: T F m: M

FT ok z:MegT
'Fax: M (136)

kp:{ .., l:M,..} (137)

T'kFopl:M

PkFp:3u:KM p={u—nt(p)} (138)

L F av(p): p(M)

k=1,...,n 139
yn My} (139)

I+ mk:Mk
P f‘ {l1:m1,...,ln=mn}:{l1:M1,...

Tie:M F m: M
' Ae:Mm:Iz: M.M’

(140)

T'Fm:Te:MM T Fp:M
; (141)
I+ m(p) : {z = pH(M')

Tiu:K - m: M
(142)

' Au:Km :Vu: K.M
FC:K

143
}(0) (143)

T'Fm:Vu:KM T
I m[C]:{u—C

Pr-C:K TFm:{u—CHM) 144
I+ (u:K=C,m:M):3u:K.M (144)

I' - M
2 (145)

T'Fmi: M T;z:Mi F mo: M
TFletz=miinms: M,

G.5 constructor equivalence: T - C=C': K

Rulesfor congruencereflexivity, symmetry and transitvity are

omitted.
p={u—C} THC:K Tyu:K+ C: K (146)
I' - Au:K.0)[C'=p(C): K’
r-C:K
' Quw:KClu)=C:K - K' (147)
rec={..,1=c¢,...}: {..,.K',.. .} (148)
T F#(C)=C K
K:{l1:K1,...,ln:Kn}
'+-Ci=#L(C): K; i=1,.,n (149)
I + {l1=01,...,ln=0n}EC:K

G.6 type equivalence: T - M =M’
Rulesfor congruencereflexivity, symmetry and transitvity are

omitted.
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