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Abstract

Current languages allow a programmer to describe an icterfa
only by enumerating its parts, possibly including otheeifdces
wholesale. Such languages cannot express relationshipedre
interfaces, yet when independently developed softwargooents
are combined into a larger system, significant relatiorshifse.

To address this shortcoming, we define, as a conservatiga-ext
sion of ML, a language for manipulating interfaces. Our lzenge
includes operations for adding, renaming, and removingpmm
nents; for changing the type associated with a value; forimgak
manifest types abstract and vice versa; and for combinitey-in
faces. These operations can express useful relationgmipsgain-
terfaces. We have defined a formal semantics in which arfacter
denotes a group of four sets; we show how these sets deteamine
subtyping relation, and we sketch the elaboration of arrfexte
into its denotation.

Categories and Subject DescriptorsdD.3.3 [Programming Lan-
guage¥ Language Constructs and Features—Modules, packages

General Terms Design, Languages

Keywords Objective Caml, Standard ML, signatures, interfaces,
signature manipulation, programming in the large

1. Introduction

It is convenient—if not quite correct—for a programmer tnkh

of an interface as setof named components, where a component
is typically a value or a type. Surprisingly, however, pargpming
languages offer few means of manipulating interfaces inxthgs

we usually manipulate sets. While some languages make it pos
sible to add components to an existing interface, we knowoof n

language that enables a programmer to remove or change an ex-

isting component, or to take the union of two sets of comptmen
Most languages can define an interface only by enumeratinitg al
components.

Despite their limitations, existing interface languagesve

many programmers well. These languages can become awkward,

however, when software is composed of multiple componergs o
which no single group has control. Even then, provided thepn
nents fit together nicely, existing languages will do. Thetpem—
and the need to manipulate interfaces as sets of componarites-
when components do not fit together.

Permission to make digital or hard copies of all or part of thbrk for personal or
classroom use is granted without fee provided that copreesiar made or distributed
for profit or commercial advantage and that copies bear titiseand the full citation
on the first page. To copy otherwise, to republish, to posteowess or to redistribute
to lists, requires prior specific permission and/or a fee.

ICFP’05 September 26—28, 2005, Tallinn, Estonia.
Copyright(© 2005 ACM 1-59593-064-7/05/0009. .. $5.00.

AT&T Labs Research

Paul Govereau

Division of Engineering and Applied Sciences
Harvard University

Fisher

To take a simple example, there is an inconsistency between
the ORD_SET interface—called aignature—in the Standard ML of
New Jersey Library and theIST signature in the Standard ML
Basis Library. For years, the only way to add an element to an
ordered set was to use aad function with the following type:

val add :
But add’s type fits badly withfoldr in the LIST signature:
val foldr :

set * item -> set

(’a * ’b -> ’b) -> ’b -> ’a list -> ’b

The difficulty is that the arguments &ld come in the wrong order,
soadd cannot be passed fiw1dr. This difficulty is easy to work
around; for example, we can define a signaiRe_SET2, which is
just like ORD_SET except thakdd has type

val add : item * set -> set

Regrettably, the signature language of Standard ML canefinel
ORD_SET2 concisely: one must enumerate, by hand, all the compo-
nents inORD_SET2. And whenORD_SET changespRD_SET2 must
be updated by hand. This strategy of “clone and modify” letads
difficulties in maintaining software.

The example of thedd function illustrates a general problem:
when two interfaces are closely related, we would like toregp
that relationship formally in the interface language, eatthan
write out both interfaces and indicate the relationshiprimfally.
For example, we would like to write something like

signature ORD_SET2 = ORD_SET as S

rebinding val S.add : S.item * S.set -> S.set
In this paper, we present a language that solves this protiéam
make the following contributions:

e Our language expresses a useful algebra of operations ®n set
of components. The language is a conservative extension of
Leroy's (1994) calculus, which forms the foundation of the
module language of Objective Caml.

We show by example how our language can describe groups
of signatures in ways that are difficult or impossible to do in
existing languages.

¢ We show that for ML-like languages, there is no greatest towe
bound in the subtype ordering for signatures. That is, given
signaturesS and S’, even if there is a third signature that is a
subtype of bott§ andS’, there is ndeast specifiegignaturel
that is a subtype of botl$ and S’. This result implies that
there is no signaturé such that a modul@/ implements both
S and S’ if and only if it implementsI. Our result holds
even in Leroy’s calculus. If, however, we exclude code that
implements a signature only by being more polymorphic than
the signature requires, then we can compute greatest lower
bounds for ML signatures.

Our language is implemented for a simple core language based
on ML.



2. Motivation and background

Our goal is to help programmers express nontrivial relatiips
among signatures, the better to explain and understandrine s
ture of complex software. To meet this goal, we introducea ne
language design. To enable use by programmers, we have heade t
language fairly rich. We have also paid attention to comcsghtax.

Our work is a bit different from other work on language fea-
tures for modules. In most other work, such features arealyi
studied in the context of a small core calculus; we use a sairfa
language. This decision makes our formalism atypical:kenthe
description of a typical calculus, our formal descripti@vers the
full translation from unannotated syntax to semantic disje@ur
formal descriptions are therefore more detailed and caxtpian
usual. For this reason, almost all of our formalism is refeddo a
companion technical report (Ramsey, Fisher, and Goverg@h)2
the point of this paper is not that we can analyze our langfmge
mally, but that a modest extension to ML solves a significiags
of programming problems.

We had hoped to define our new language in terms of an
existing semantic framework, such as that of Leroy (1994), o
Harper and Stone (2000), of Dreyer, Crary, and Harper (208f3)
Milner et al. [(1997), or of Russo (2001). But these framewat
not meet our needs: Although they are well suited to desugibi
the meaning of a single signature, they are not appropriatdd-
scribing computations that manipulate signatures. The tfiree
frameworks preserve too much of the original syntacticcstme of
the signature. In particular, they totally order the congus of a
signature. This total ordering ensures that important degecies
are preserved, but makes it awkward to manipulate the many in
dependent componeritdhe last two frameworks support abstract
types through the use of special names, which are introdbged
binding constructs that do not appear in the source codeseThe
hidden binding constructs make it difficult to manipulatgnsi-
tures.

Because existing frameworks did not meet our needs, we-devel
oped a new framework, which we designed to satisfy theseriit

declaration=- module type Signature-name sig

sig = sig {binding} end
| functor (module-namesig) -> sig
| sigwith typep=7
| signature-name
binding = type name:: i [= 7|
| val name: 7
| module name: sig
| include sig

= Path (qualified name)
= Core-language type
% = Core-language kind

™

Figure 1. Syntax of current ML signature language

To leverage strengths of existing languages, we start with M
which among languages in wide use has the most powerful con-
structs for programming with interfaces. In both major e
(Standard ML and Objective Caml), the unit of implementaii®
themodule a module is either atructureor afunctor. A structure
is a collection of namedomponentsa component may define a
valug atype or a nested submodule. A functor is a mapping from
one module to another.

An ML module is described by itsignature which can be
thought of as an interface or a type. The signature for atstrecle-
scribes each component of the structure. A value is desthbés
type, and a nested submodule is described by its signaturgeA
may be described by its kind alone, in which case #bstract or
by its definition, in which case it imanifest The signature for a
functor gives the signatures for the argument and resufteofitnc-
tor. To make it possible for components of the result sigmata
depend on types declared in the argument signature, thenargu
signature is given a name.

Figure[1 gives a grammar for ML signaturegigure[1 also

e To help a programmer know when one signature can be used inshows a notational convention we use throughout this pagesn

place of another, we want two signatures to be deemed equiva-

lent if and only if any module that implements one also imple-
ments the other. To meet this criterion, we define equivaenc
using Leroy’s (1994) technique of principal signatures sigd
nature subtyping.

We want a form of referential transparency, such that if tige s
natures are equivalent, one can be used for the other in any co
text. This criterion means that operations suclréisinding
cannot use certain syntactic tricks based on names. For-exam
ple, the following two ML signatures are equivalent:

signature S1
type t = int
val x : t
end

signature S2 = sig
type t = int
val x : int
end

sig

If S1 appears in a context where its typés rebound tdool,
for example, the type of should not changecf. Section 5.4).

Instead of giving semantics only for an internal language, w
want to give semantics to surface syntax, so as to help pregra
mers understand the language.

1The Dreyer/Crary/Harper calculus not only enforces orderaiso dis-
cards the names used in the source code. This calculus wake angood
foundation for the internal language of a compiler, but in&t so good
when we want to manipulate signatures using the names alligipresent
in the source.

a symbol could stand either for abstract syntax or for a séiman
object, we write abstract syntax with a tilde over it. For rexéde,
T is a semantic type, butis the syntax for a type.

ML includes only two constructs for manipulating signagire
with type andinclude. Thewith type construct enables a pro-
grammer to make an abstract type manifest. i@ ude construct
is a syntactic way to combine two signatures; it is as if thamgo-
nents of the included signature appeared in place oflaude.

In Section 5.4, we present a more semantically grounded ay o
combining signatures.

Because of differences between dialects, Figlire 1 is notra co
plete story about all module-level features of all ML didagedn
Objective Caml, the unit of compilation is the structure,endas
in Standard ML, true separate compilation is not possifleols
such as CM (Blume and Appel 1999) provide a reasonable facsim
ile.) In Standard ML, the argument or result of a functor musst
a structure, whereas in Objective Caml, an argument ortregy
also be a functor. In addition @ith type, Objective Caml pro-
vides an analogousith structure, which is syntactic sugar for
a collection ofwith type constraints.

2For simplicity, Figuré 1 ignores an important distinctiamML, there are
two sorts of core-language types: those that can appear in algfpration
and those that can appear in a value declaration. For exampjge of
kind x« = * can appear in a type definition but not in a value declaration,
and a polymorphic type can appear in a value declarationdiLinra type
definition.



Of the two major dialects, Objective Caml is closer to thagies
we would like to reach: it supports first-class, nested forsstand
it omits sharing constraints. (We discuss in Section 6.1 bow
more general construct subsumes botlh type andsharing.)
For this reason, we use Objective Caml as our representative
existing languages.

3. Examples of the problem

Before we present our language of signatures (Section 4), we
present examples of ways in which current languages aredlawe
Because such examples require discussion of relationahipsg
modules, we present a nontrivial collection of signaturesich
takes substantial space. But the examples do double dutysee
them here to illustrate flaws, and in Section 4 we use thermagai
show how our language addresses the flaws.

Rather than contrive examples to illustrate our languagd, a
rather than use standard abstract data types such as statks,
and finite maps, we have chosen to use examples derived fam re
software. Such examples may require more effort to undaista
and they run the risk of conflating software-design issueth wi
language-design issues, but they help show that our prbpmsa
grounded in real problems. Readers who are already familthr
the limitations of ML signatures may prefer to skip theserspkes
and continue with Section 4.

To focus our presentation, we have chosen our examples from
just one software system: an embedded interpreter intefated
scripting The idea is simple: a complex application is linked with
a small, reusable interpreter that is used at run time t@dnicon-
trol the application. Reuse requires extension; an emlkitder-
preter is extended by adding application-specific valuescanle.
For example, the popular computer gaBadur's Gateis linked
with an embedded interpreter for the programming languagge L
(lerusalimschy 2003). The game extends Lua’s built-in @alwith
application-specific values representing monsters, wea@End so
on. The game includes Lua code that is interpreted to hekr-det
mine how monsters and other “non-player characters” befidwe
combination of parts of the Lua interpreter with indeperbyete-
veloped extensions leads to interesting problems in therigi¢ion
of interfaces.

Our examples are divided into three groups. Each group begin
with one or more signatures that are required for backgrpund
then goes on to present signatures that illustrate problégthghe
ML signature language. At the end of each group, problems are
summarized with bullet points. Solutions appear in Seétion

Deriving one interface from another A Lua interpreter is pre-
sented to a game engine using a single interface, expressed a
the ML signatureINTERP. This signature defines typealue,
which includes all values that the interpreter can mantpulauilt-
in values such as strings, numbers, and hash tables, as svell a
application-specific values, which have typgert. The INTERP
signature also includes many useful functions: for exanfipleate
an instance of the interpreter” or “evaluate a script.” TNGERP
signature is derived from another signattBeALUATOR, which is
itself almostderived from a third signatur€pRE. All three signa-
tures depend oMALUE, which defines the types that represent Lua
values and the state of a Lua interpreter.
module type VALUE = sig

type value (* a Lua value *)

type state (* the state of a Lua interpreter x)

type usert (* a user-defined value *)

end

Here are the definitions GORE andEVALUATOR and the deriva-
tion of INTERP.

module type CORE = sig
module V : VALUE
val apply : V.value -> V.state ->
V.value list -> V.value
(* apply function f in state s to list of args *)
val setglobal :
V.state -> string -> V.value -> unit
(five more functions common to core and evalugtor
end

module type EVALUATOR = sig

module Value : VALUE

module Ast : AST with module Value = Value

type state = Value.state

type value = Value.value

exception Error of String

val compile : Ast.program -> ...

val setglobal :

state -> string -> value -> unit

(five more functions common to core and evaluator

(additional definitions in evaluator but not cqre
end

module type INTERP = sig
include EVALUATOR
module Parser : PARSER with type chunk = Ast.chunk
val dostring : state -> string -> value list
val mk : unit -> state
end

We find nothing wrong with th&ALUE signature, but the other
signatures exhibit several defects:

e BecauseINTERP is derived fromEVALUATOR, a programmer
who needs to understaritWTERP must also consult the def-
inition of EVALUATOR. BecauseINTERP is the only signature
that a user of the library really needs to understand, we advoul
prefer to deriveEVALUATOR from INTERP—nbut this is not pos-
sible. (An alternative would be to write out boIINTERP and
EVALUATOR in full, but this alternative would not only create
a maintenance headache but also obscure the close comnectio
between the two signatures.)

¢ For two reasons, we are forced to duplicate the componesits th
are common toaCORE and EVALUATOR. First, apply appears
in CORE but not in EVALUATOR. Second, the value module is
namedValue in EVALUATOR but V in CORE. We could work
around the first reason by addiagply to EVALUATOR, which
would do no harm. But the second reason should not be worked
around: The nameéalue is used iNINTERP (and therefore also
in EVALUATOR) becauseaNTERP is intended for a programmer
who does not know all the details of the system, so full names
are appropriate. The nameis used iNCORE becauseCORE
is intended for a different programmer—one who is defining
an extension to the system and who will use thenodule
extensively.

A better structure, which we show in Section 4, would be to de-
fine INTERP by writing out all the components in a form suit-
able for understanding by a fairly in@ programmer, then to de-
rive EVALUATOR from INTERP and CORE from EVALUATOR. (Pro-
grammers might disagree about whether to deBil&LUATOR from
INTERP or INTERP from EVALUATOR; the main point is that we
want a language that allows the programmer to decide.)

Describing properties of extensionsA Lua interpreter is useful
largely because it can manipulate values of the underlyamey



engine, such as monsters and weapons. Such manipulation is e scient, knowing in advance that becalG@BINED_COMMON

abled by adding the monster and weapon types to the interpret would be combined witliSERTYPE, the standard namecould
Each such addition (or extension) must satisfy severaleptizs. not be used. In Section 4, we show how to combine two signa-
Ideally we would define each property using a signature, tioam- tures without advance planning.

bine the signatures, but doing so using ML is awkward.
To add a type, the game engine must provide an equality test Refining description of a functor Application-specific code is

and a string-conversion function. This requirement is deed by linked into a Lua-ML interpreter when the interpreter is boo
the USERTYPE signature. strapped from &CORE interpreter. The application-specific code
module type USERTYPE = sig takes the form of an ML functor that matches signaRARECODE:
type t module type BARECODE =
val eq ) P>t bool functor (C : CORE) -> sig
val to_string : t -> string val init : C.V.state -> unit
end end
The USERTYPE signature is fine as it is; we need it only for back-

Such a functor receives @ORE and provides arinit function.
ground. . . . . . When called, theinit function uses the core’setglobal to
Extensions are compiled separately, then combined inta-a i 544 new Lua-ML code to the interpreter's state. For exanthte,
gle type, which becomes thesert type mentioned in th¥ALUE Baldur's Gategame adds a “create weapon” function which can
sgnatyrg. To get access to a sn_ngle extension, we need @o-app be invoked at run time to create a new instance of a weapos. Thi
priate “view,” which provides a bidirectional mapping been the  f,ction is used by developers to debug and by players tatchea
combined typecombined and the single extensian The BARECODE signature is perfectly good by itself, but if

module type TYPEVIEW = sig the create-weapon code needs access to the applicatioificspe
Eype §°mbmed weapon type BARECODE is not expressive enough. Here's the
ype v 4 . problem: the application-specific code needSYREVIEW for its
val map : (combined -> t) * (t -> combined) A . . K .

end application-specific type, and thembined type in thatTYPEVIEW

must be the same as theert type in the core’syALUE module.
But given the signaturBARECODE above, there is no way for any-
thing outside oBARECODE to namethe core’sVALUE module. We
therefore define a more elaborate signature for applicaatific

In our running example, theombined type might be thasert in
aVALUE module, and the type might be “monster” or “weapon.”
Like USERTYPE, TYPEVIEW is a perfectly good signature that we
need for background.

Because different parts of the game-engine code might needCOde' ]
access to any or all application-specific extensions, wel ree module type USERCODE = sig
signature that provides access to viewsalbthe extensions that go type usert
X X . . . . module M :
into making upa combined type. Here is a signature that coesbi functor (C : CORE with type V.usert = usert) ->
just two extensions: sig
module type COMBINED_COMMON = sig val init : C.V.state -> unit
type also_t end
module TV1 : TYPEVIEW with type combined = also_t end
e£°d‘ﬂe TV2 : TYPEVIEW with type combined = also_t Using theUSERCODE signature, we can hame the appropriate type.

For example, here is the signature of a putative “weaponaritj

module type WEAPON_LIB = sig
type t = Weapon.t
module T : USERTYPE with type t = t

Here, the typalso_t might be theusert type, typeTvi.t might
be “monster,” and typ&v2.t might be “weapon.”
An application may need arbitrarily many extensions. For ex

ample, the game engine might need not only monsters and weapo module Make :

but also armor. To support unlimited extension, our Luarprieter functor (TV : TYPEVIEW with type t = t) ->

makes it possible to treat “combined” extensions as a neenext USERCODE with type usert = TV.combined

sion, which can then itself be combined. We would like to esgr end

this possiblity by defining a signatut®MBINED_TYPE thathas all  The surprising annotationsith type t = t” is a frequently used

the properties of botkOMBINED_COMMON andUSERTYPE. Here is idiom. It says something nontrivial because the terms ortwioe

how we have to do it in ML: sides of the equals sign are elaborated in different envieots.
module type COMBINED_TYPE = sig For example, to reatSERTYPE with type t = t, we must know

include COMBINED_COMMON that on the left of the equals sign, all the component$SERTYPE

enclln‘:l“de USERTYPE with type t = also_t are implicitly included in the environment. But on the rigiftthe

. . _ equals sign, these components are not included. What tlzesghr
Here the new type might represent “weapons or armor” while the  says s that module implements a refinement afSERTYPE in
two viewsTV1.t andTV2.t might represent weapons and armor, hich the abstract type is revealed to be identical to the type

respectively. S . Weapon. t (which we assume is defined elsewhere).
ML's mechanism for combining signatures is ugly: The signatures above show two problems:
* In COMBINED COMMON, we use the annoying namso_t in- e One cannot name a type that appears in the argument or result
stead of the idiomatic name. We do this because we use of a functor.
include to combine signatures, and we have to avoid a col- . L L .
lision on the name. Then we need the additionai th type * In the syntactic fornsigwith type p = 7, the terms on either

side of the= sign are elaborated uiifferentenvironments. This

semantics leads to confusing idioms suclvash type t = t.

The problem withalso_t goes beyond ugliness: the program- It also limits the expressive power efith type (see Sec-
mer who wrote th€¢OMBINED_COMMON signature had to be pre- tion[6.1).

to maket andalso_t the same type.



Grammar

S = sigCsend

functor (X:5) -> S
T

S ms

S andalso S

| S sealing with S

Cs = {C’}
ms = {m}

23 Q0
4

m = revealingtypep="T {and type p = 7~'}
| revealingmodule p=p’ {a_nd type p= ﬁ/}
| adding pC {and pC’}
| removing cpt {and cpt}
| rebinding pC {and pC}
| movingcpt=>p {and cpt=>p}
| [withp] as pat

R

C = typet: kR [=7~']
| valz: 7
| module X : S
pC = typep:: k [= 7:]
| valp: 7
| modulep :

I

S

pat=- X | pat-> pat
cpt = (type | val } module) p
p=>X|z|t]|Xp

Terminal and nonterminal symbols

A component (binding) used to define a signature
A sequence of components (betwesirg. . .end)

An existing component identified by path

Syntax for a kind

A signature modifier (e.gadding...)

A sequence of modifiers

Syntax for a path

A “path component,” used to extend or change an
existing signature

A signature

The name of a type

The name of a top-level signature

Syntax for a type

The name of a value

The name of a submodule

The metalanguage is Wirth’s EBNF: square brackets for aptidraces for zero or more. The grammar is ambiguous; a&seguof
modifiers{m} binds as tightly as possible, and that arrow binds as in ML types. Parentheses can be used arandpat

Figure 2. Syntax of an expressive language of signatures

4. An expressive language of signatures

In each of the examples above, a problem arises becauseadtzere
relationship among signatures that cannot easily be espde®r-
mally. To solve such problems, we have devised a more expeess
language of signatures. Our language is an extension ofylsero
(1994, 2000) version of ML.

Our design extends signatures with operations analogosest to
operations. We aim for two kinds of completeness: If we pievi
an operation that can make a small change in a signature,see al
provide an inverse operation that can undo the change. Awe if
provide an operation that can change one component of atsigna
we make sure it can changey component of the signature. We
also try to make it easy for a programmer to understand when
signatures or types are the same.

Our design is summarized in Figure 2. As in ML, signatures
can be formed byig. ..end andfunctor constructs, and they can
be looked up by nam@' In addition, a signature can be modified
by “modifiers” ms, and two signatures can be combined using the
andalso andsealing with operations.

Changing translucency The first modifiers areevealing type
andrevealing module, Whose inverse isealing with. In the
terminology of Harper and Lillibridge (1994), these op&nas
change the degree of translucency of a signature. In thei-term
nology of| Leroy (1994)revealing makes abstract types mani-
fest (comparable to OCamksith type andwith module) while
sealing makes manifest types abstract. Like OCami'sh type,
revealing type is used not only to give a definition to an ab-
stract type but also to force two abstract types to be the same
Unlike with type, ourrevealing type is also powerful enough
to express equalities that would otherwise require StahbHrs
sharing constraints. Theevealing module modifier reveals all

of a structure’s abstract types at one go. Finalbaling is the
inverse ofrevealing. We discuss these modifiers in more detail
in Section 5.4, where we discuss their elaboration.

Adding, removing, and changing componentsThe adding and
removing modifiers are provided by analogy with set operations.
They are more restricted than actual set operations; fanplag
one cannot remove the declaration of an abstract type onhwhic
another declaration depends. Tbinding modifier is a bit like
removing followed byadding, except that it can rebind “in place”
an abstract type or submodule on which something else depend

The moving modifier is more of an analogy with filesystems
than with sets: it provides the ability not just to change rtaene
of a value, type, or submodule, but even to move it to a differe
place in the signature, e.g., asdmoving type TV1.combined
=>TV2.t’. Unlike removing followed by adding, moving can
move an abstract type to which other components refer.

Returning to our running example, these modifiers make it
possible to defindNTERP by explicit enumeration and to derive
EVALUATOR from INTERP:

module type INTERP = sig

module Value : VALUE

( ... all components explicit .).
end

module type EVALUATOR =
INTERP
removing module INTERP.Parser
and val INTERP.dostring
and val INTERP.mk

To refer to components of a signature being modified, we use
fully qualified names such a®NTERP.mk. Some alternatives are
discussed in Section 6.1.



Introducing new module names The last modifieryith p as pat,
does not actually modify a signature; instead, it introduaee or
more new names for the signature’s components. The iritich p
selects a component of the modified signaturerii€h p is omit-
ted, it selects the entire signature. The patgahmatches the se-
lected component and introduces one or more new module names
A newly introduced module nam¥ can be used in later modifiers
to refer to a component of that module, even if the comporent i
the argument or result of a functor.

Thewith p as patmodifier can be used for mere convenience,
as shown in this derivation @foRE from EVALUATOR. We rename
the value component, add the declaration of thygply function,
and remove unwanted components. So that we don't have te writ
EVALUATOR every time, we omit theith p and useas E to define
an abbreviatiork.

module type CORE =

EVALUATOR as E
moving module E.Value => E.V
adding val E.apply :
removing val E.compile

and module E.Ast

and (additional componenjs

If we want to refine the description of a functet,th p as pat
is required. For example, the modifies (C -> I) enables us
to manipulateBARECODE directly; the ugly signatur&JSERCODE
becomes unnecessary.

module type BARECODE =
functor (C : CORE) -> sig
val init : C.V.state -> unit
end

module type WEAPON_LIB = sig
type t = Weapon.t
module T : USERTYPE as U revealing type U.t
module Make :
functor (TV :

TYPEVIEW
as TV revealing type TV.t
-> (BARECODE as (C -> I)
revealing type C.V.usert = TV.combined)

t)

end

Our revealing type is subtly different from Objective Caml's
with type or Standard ML'sihere type: the terms on either side
of the equals sign are elaborated in the same environmerg. Th
difference eliminates the unfortunateth type t = t from the
original definition ofWEAPON_LIB.

Combining signatures The last extension we provide is the
andalso operation. Theandalso operation is analogous to a
union of components, but it is motivated from a more semantic
model based on the implementation relation: informally, @m
ule M implements the signatur€ andalso S’ if and only if it
implements both signatuig and signatures’. The effect is some-
what like taking the union of components $hand.S’, except that
if a name is declared in both and.S’, the two declarations must
be consistent. We discuss the precise definition in Sectian 5
By using andalso, we can easily and concisely state that a
COMBINED_TYPE has all the properties of botdSERTYPE and
COMBINED_VIEWS. And becausenndalso correctly handles situ-
ations in which typet is defined in both signatures, we don’t have
to plan ahead and use an ugly name hkeo_t:
module type COMBINED_VIEWS = sig
type t
module TV1 :
TYPEVIEW revealing type TYPEVIEW.combined
module TV2 :
TYPEVIEW revealing type TYPEVIEW.combined
end

module type COMBINED_TYPE =
USERTYPE andalso COMBINED_VIEWS
As another example, it is possible to use a signature tofgpeci
single interesting property of a type, then combine propgrsing
andalso:

signature EQUATABLE = sig

type t val eq : t -> t -> bool end
signature COMPARABLE = sig

type t val compare : t -> t -> order end
signature HASHABLE = sig

type t val hash : t -> word end
signature SHOWABLE = sig

type t val show : t -> string end
signature HEAVILY_FEATURED =

COMPARABLE andalso HASHABLE andalso SHOWABLE

Similar signatures are found in commonly used ML librariggese
signatures offer possibilities for reuse; for example hiéyt were
standard, we would probably change the definitiodSERTYPE to
beEQUATABLE andalso SHOWABLE.

5. Formal definitions

To make the meaning of our language clear, we have developed a
formal semantics. Because our language manipulates anpltes

with signatures, our formal semantics is somewhat diffefierm
those used in related work (see Section 2). The main ideaats th

a signature denotes a set of components, divided into fdigets

of different kinds. The details of elaborating abstracttayrinto a
denotation are less important and so are relegated to thpardon
technical report. Before getting to the main idea, we intisome
terminology and supporting concepts.

5.1 Preliminaries

Identifiers An identifier is simply a name. As metavariables, we
use the identifier: to stand for the name of a valueto stand for
the name of a typeX to stand for the name of a module, afido
stand for the name of a signature. Unlike Leroy (1994, 206@),
do not require that an identifier be decorated or “stampetii thie
location at which it is defined. We do assume, in order to sijpl
this paper, that module namé&sare disjoint from type names

Paths A path (sometimes called a “qualified name”) selects a
component from a module; every component can be identified
uniquely by its path. Considered as a semantic object, ajpath
defined inductively as follows:

p=e|z|t|X.p|ARGp|RESP

Depending on whether it ends i «x, or ¢, a path can name a
module, a value, or a type. To select a part of a module, a reodul
nameX selects a submodule of a structure;A®G or RES selects

the argument or result of a functor. When notating paths, m# o

a trailing .. We also use the dot to concatenate paths; when used
this way, the dot is associative and heas a left and right identity.

We reassociate dots as needed.

By the obvious homomorphic embedding, a syntactic paith
also a semantic path, and we use it as such. As shown in Figure 2
however, the set of syntactic paths does not include theyepgth
or any path that uses axRG or RES selector. By not letting a
programmer writeARG or RES, we preserve the existing syntax
of paths, and we use the ML style of programming by pattern
matching.

Core-language requirements Like [Leroy (2000), we intend our
work to apply to more than one core language, so we wish to min-
imize assumptions about the core language. Because owatsign
language is much richer than Leroy’s, we have assumed aeimpl
core language: one in which there are no nontrivial relatEmong



Core-language judgments
o, DFT—r

In contexto, D, syntaxs elaborates to core-language typeOur contexio, D may look a bit strange, but it is

straightforwardo is a mapping from identifiers to paths, which gives the patliath each in-scope
identifier is definedD is the denotation of the parts of the signature elaboratéarso

The substitutiorr and denotatiorD are used only to look up paths of abstract types, so the emiguibhge
judgmento, D - 7 — 7 can be implemented by a function of tyge— 7 option) — 7 — 7.

FR—kK Syntaxk elaborates to core-language kind
T Core-language typesandr’ are equivalent
T<iT Core-language subtyping

Core-language functions
freePaths(T)
kind(T)
substTy(r',p, 7)

The kind of typer
Substituter’ for p in typer.
replacePrefixTy(p', p, T)

Selected signature-language judgments

The set of abstract types mentioned in type

For every abstract type inwhose name begins with replace the prefix with new prefixp’.

Every abstract type in type may be mentioned in a declaration at path

ocFp—p In contexto, pathp is an abbreviation fop.
TQ@Qp
D wf DenotationD is well formed.

Figure 3. Judgments and functions

kinds Our assumptions apply to ML and some ML-like languages,
but they would need to be relaxed to accomodate objectteden
languages described with power kinds. We express our asgurap
as formal judgments, proof rules for which or implementasiof
which must be provided by the designer of the core languauesd
judgments are discussed below and summarized at the tog-of Fi
ure[3. Some judgments in Figuré 3 involve a denotafigrwhich

is introduced in Sectian 5.2 below.

of the formp.p” :: k are unchanged. This operation is useful in
defining themoving modifier, among others.

A final requirement on the core language is that it be possible
to discover substitutions for abstract types by unifying lists of
core-language types, as explained in the discussia@ndflso in
Section 5.4.

Our core-language type-equality judgment: 7’ differs from
the corresponding judgmentiin Leroy (1994, 2000). The ckffee

We assume that the core language provides semantic objectds that Leroy’s core language has to consult an environment t

representing types and kindsk, and that for each there is corre-

find definitions of manifest types. We handle manifest typesuir

sponding syntax andi. We assume that there is a core-language elaboration step, D - 7 — 7, so by the time we get to judging

judgment for type equality ~ 7. We also assume there is a core-
language judgment for subtyping<: 7. (In core ML, subtyping

is the “at least as polymorphic as” relation.) Finally, wewase
the functionkind(7) can compute the core-language kind of any
core-language type.

equality, we no longer need the environment that keeps tefisi
of manifest types.

Our handling of core-language types parallels that irCtb&ni-
tion of Standard ML(Milner et al. 1997). Our distinction between
abstract type and type constructor is handled ixaénitionusing

In addition to these requirements, a core language must-be ex binders. Our abstract type corresponds toDedinitioris “flexible

tended with abstract types. As far as the core language cecoed,
an abstract type is simply a path for which a real core-laggugpe
may be substituted later. The path is annotated with a kimdi aay
substitution must respect the kind.

Our “abstract type” is slightly different from what prograrng
experience might lead one to expect: it is a “name that carbbe a
stracted over,” not a “type whose definition is hidden.” Irciesci-
ating detail, our abstract type is a type iniaterfacewhose defi-
nition is unspecifiedit is represented by a path and kind. A type in
animplementatiorwhose definition ididdenis represented not as
an abstract type but as a freisipe constructgrwritten p. A fresh
type constructor can never by introduced be a signaturegsh fr
type constructor can be introduced only by a structure.

The abstract types that appear in a core-language typee
called thefree pathsf 7. We require that the semantic representa-
tion of types support two functions that help substitutetfer free
paths of a type. First, i® maps paths to core-language types, then
functionmapabs © performs the corresponding simultaneous sub-
stitution on a type. Second, tipeefix replacementf p with p in 7,
written replace PrefizTy(p, p’, T), replaces every abstract type of
the formp.p” :: k with the new type’.p”’ :: k. Abstract types not

name,” i.e., one that is bound in a signature. Our type coostr
tor corresponds to a “rigid name,” i.e., one that is free ing s
nature. Creating a fresh type constructor correspondsetttiog a
new “generative stamp.” Our substitution for an abstrapetgor-
responds to th®efinitions “type realization.”

5.2 The denotation of a signature

Our semantic framework builds on the intuition that a signats a
set of components. Unfortunately, a real signature carmtrelated
as a simple set—a semantics must accoundémendencies

e Because the type of a value can mention abstract types ddclar
in the same signature, the declaration of a value can depend
on one or more abstract types. (Syntactically, the type of a
value can also mention manifest types, but elaboratiormcesl
manifest types with their definitions, so semantically, luga
cannot depend on a manifest type.)

Because the definition of a manifest type can mention aklistrac
types declared in the same signature, the definition of afetni
type can depend on one or more abstract types. As for a value
declaration, elaboration replaces easkof a manifest type by

its definition, so there is no dependence on other manifpesty



Ds — Submodules
(determines namespace for other components)

Da
Abstract types

Dy
Manifest types

Figure 4. Structure of a SAMV denotatiof

¢ Rules on dependencies are further complicated by the presen
of functors: unlike a nested structure, a nested functon@in
introduce types on which declarations in other componeants ¢

depend. There is one exception: the argument signature of a

functor can introduce types on which the result signatutbaf
functor depends.

We deal with these issues by defining the denotation of a tigna
to be not a single set of bindings, but four sets of bindings-S
modules, Abstract types, Manifest types, and Values. Wesuah

a denotation a SAMV form, pronounced “sam-vee,” and we write
itasD. The four sets ar®gs, Da, Dy, andDy .

e Each binding in the sdDs maps a patlp to atag that identifies
amodule at that path. Theyg is eitherstructure or functor.
Given a binding(p, tag) in Ds, we may instead writéag p.

A binding in Ds is independent of all other bindings.

Each binding in the seD4 maps a pathp to a core-language
kind . The path uniquely identifies an abstract type. Given a
binding (p, k) in D4, we may instead writeype p :: k.

A binding in D 4 is independent of all other bindings.

Each binding in the sa&b,,; maps a patlp to a manifest core-
language type. Given a bindingp, 7) in Das, we may instead
write type p = 7.

The bindings inDj; induce a substitution on core-language
types. As noted above, we write this substitutienpabs Dy .
Such substitutions play a crucial role in subtyping of stgnes.

Because a core-language typemay mention abstract types
in D4, a binding inD,; may depend on bindings iR 4, but it
is independent of all other bindings.

Each binding in the seby maps a pathy to a core-language
typer. An implementation of the signature promises to deliver,
at that path, a value of type (or possibly a core-language
subtype ofr). Given a binding(p, 7) in Dy, we may instead
writevalp: 7.

Because a core-language typemay mention abstract types
in D 4, a binding inDy may depend on bindings ib 4, but
it is independent of all other bindings.

Figurel 4 shows the structure of a denotation, with arrowshtavs
possible dependencies.
As a very simple example of a denotation, the signature
signature S1 = sig
type t = int
val x : t
end

from Sectiofh 2 has the denotation
(Ds = {structuree}, Dp = {typet = int},
Da={}, Dy = {valx:int}).

As an example of a denotation that includes an abstract hgre,
is the denotation of thBSERTYPE signature:

(Ds = {structurec},
Da = {typet :: x},
Dy ={},

Dy = {val eq:t — t — bool,val to_string:t — string}).

As an example that includes nested structures and a mix of ab-
stract and manifest types, here is the denotation of sigmatu
COMBINED_VIEWS:

(Ds = {structure ¢, structure TV1, structure TV2},
Da = {typet :: x,type TVL.t :: x,type TV2.t :: x},
Dy = {type TVl.combined = t, type TV2.combined = t},
Dy ={val TVimap: (t — TV1.t) x (TVi.t — t),

val TV2.map : (t — TV2.t) X (TV2.t — t)}).

Finally, to show a functor, here is the denotatiorBARECODE:

(Ds = {functor ¢, structure ARG, structure ARG.V,
structure RES},

Da = {type ARG.V.value :: %, type ARG.V.state :: x,
type ARG.V.usert :: *},

D = {},

Dy = {val ARG.apply: -,
val ARG.setglobal : -- -,
val RESinit : ARG.V.state — unit}).

Each set in a denotation fat, which is a significant depar-
ture from previous work. In previous work, a language is ¢aly
defined using a term calculus with a reduction semanticsj¢ne-
tation of a signature is a term in normal form. But componémts
a term are inherently ordered, and in many signatures ther ofd
most components is irrelevant. Using a flat denotation fleese-
manticist (and the programmer!) from having to reason abaier,
e.g., by introducing a permutation. And splitting the dertion into
four sets simplifies the treatment of dependency. As conaipaith
forms containing explicit binders (Milner et al. 1997; Ra29H01),
we also make it easier to modify and compute with denotations

The price we pay for the simplicity of a flat representatiotiést
not every flat representation is meaningful. We require érdgno-
tation bewell formed Well-formedness requires that, and D,
be disjoint, so that no type is identified as both abstractraadi-
fest, and that the free paths By and Dy be inD 4, so that every
abstract type mentioned in a signature is defined in the gigna

But it is not enough to say that every abstract type mentiamed
the signature is defined in the signature. Although we aribasll
as possible in allowing a type or value declared in one suloheod
to depend on an abstract type declared in another submagele,
must impose restrictions for functors: An abstract typdated in
a functor's argument may be referred to only within that angat
or within the corresponding result. An abstract type detldn a
functor’s result may be referred to only within that resilhese
restrictions are checked by the judgmefitp, which is pronounced
“type T may be mentioned at pag’

A type 7 may be mentioned at pathif and only if for every
abstract type’ that~ depends ony’ @p. The rules forp’@p limit
access to types declared in functors’ argument and regulhgires.

p’ does not contaiARG or RES
p.p'Qp.p”

p’ does not contaiARG or RES
p.ARG.p’ @Qp.RES.p”’




Vp € dom(Dj) :p € dom Dg A Ds(p) = Ds(p)
Vp € dom(D/;) : p € (dom D4 Udom D) A kind,(D) = D)y (p)
Vp € dom(D)y) : p € (dom D4 Udom Das) A mapabs Dy p = mapabs Dar (Diy(p))
Vp € dom(Dy) : p € dom Dy A Dy (p) <: mapabs Dar (Dy (p))
D <D’
D<:D
Vp € dom(Dy) : p € dom Dy A Dy (p) = mapabs Dar (Dy (p))
DD

Figure 5. Rules for subtyping and tight subtyping

In other words, either the two paths are in the same struaiutbe
mentioning path is the result of a functor of which the memdtid
path is the argument. Mentioning is transitive, sgifdp, and
p2Qps, thenp1 Qps.

Putting these conditions together, we get a rule that sagnwh
a denotation is well formed. The judgmers well-parented” en-
sures thatDg faithfully describes the nested structure of submod-
ules; its definition appears in the companion technicalntepo

dom D4 Ndom Dy = {}
freePaths(rng Dy Urng Dy') C dom Dy
V(p,T) € Dy UDy : 7@Qp
Dg well-parented
D wf

A well-formed denotation need not have quite all its partpadrtic-
ular, because a functor’'s argument signature is elabobetfede its
result signature, a well-formed denotation may have a fufscar-
gument without the corresponding result. When elaborasidim-
ished, however, all parts are present. We express this piyopg
the judgment Ds complete.”

Our definition of well-formedness is more liberal than tha-sy
tactic definition of well-formedness used by Leroy (19940@0
In particular, our definition permits mutual dependenciesveen
submodules of a structure. For example, we can write

module type MUTUAL = sig

module M : sig
type t
end
module N :
type t
val v :
end
end as S
adding val S.M.v : S.N.t

This strange signature contains two nested submoduleh, afac

sig

which defines an abstract type and a value. The value in each
submodule is of the type defined in the other. Although such a

signature seems strange at first (and is impossible to writéLi),
it has a perfectly good denotation:

D = (Ds = {structure ¢, structure M, structure N},
Da = {type M.t :: x,type N.t :: x},
Dy = {}7
Dy = {val N :: M.t,val M.v:: N.t})

This denotation is in no way monstrous; there are plenty rofcst
tures that implement it. Signatures with mutually recuesbom-
ponents are used by Crary, Harper, and Puri (1999) to int®adu
special context which enables the elaboration ahgpslementation
that contains mutually recursive substructures.

Our definition of well-formedness does exclude mutuallyurec
sive manifest-type definitions; for example, there is no veagre-

ate a denotation that contains a pair of substructMrasdN in
whichtype M.t = N.u * N.uandtype N.u =M.t * M.t.

5.3 Subtyping of denotations

Subtyping plays a crucial role in determining whether anlénp
mentation matches the corresponding interface: followiegoy
(1994, 2000), one computes a principal signature for thdamp
mentation, and if this signature is a subtype of the interfaoe
two match.

In module subtyping, a functor’s argument is contravarisve
handle contravariance by identifying covariant and coatriant
pathswithin each denotation. To keep this paper simple, we ptesen
only the covariant case, which defines subtyping withouttors.

Full details for functors are in the companion technicabrép

The rules for signature subtyping appear in Figure 5. It may
help to think of D as an implementation and’ as an interface. To
determine the kind of a type defined at patim denotationD, we
define

K if (p,k) € Da
kind(t)  if (p,7) € Du
undefined otherwise

kind,(D) =

Ignoring functors, the only tricky parts of subtyping invel
manifest types. Essentially, when examining a manifese typ
one signature, we must account for the manifest-type diefirsit
in the other signature. We do this by treatin@pa; component as a
substitution using thenapabs function. Here is a small but tricky
example; each of these signatures is a subtype of the other:

module type S sig type t type u = t end
module type S’ sig type u type t = u end

For this example, the interesting subtyping conditions are

u € dom Dy A kind(DM(u)) = Df4(u)
t € dom Da At i x = mapabs Dy (D (t)).

The first condition is trivially true{ = x), and the second holds
becausenapabs Dy (u:: %) =t :: %,

As shown in Figure 5, &al binding in a subtype need not pro-
vide exactly what is called for in the supertype. For a syperton-
tainingval z : 7/, it suffices for the subtype to providel = : 7
wherer satisfies the core-language subtyping judgmenrt: 7’.
For example, the empty list, which has type.« 1list, could be
used to satisfy a specification calling for a value of type 1ist.
This ability is essential for implementors, but as expldibelow, it
creates an ugly wart on the lattice structure of signat(ieeeemove
this wart, we introducgight subtypingwritten D <: D', which is
also defined in Figure]5. Informally, we can interpfet<: D’ to
mean that an implementation matchihysatisfies the specifica-
tion D’ without resorting to core-language subtyping.



5.4 Elaboration

Our language consists of a sequence of top-level declasbithe
form signature 7' = S. Elaborating a declaration may require
that we elaborate a signatufs a component’, a sequence of
component€’s, a modifierm, or a sequence of modifierss. The
elaboration rules themselves are too detailed for disondsére;
we describe some techniques below, but full details argastel to
the companion technical report.

The most important property of the elaboration rules is that
if a top-level signature is elaborated successfully, thaulting
denotation is well formed and complete. Moreoever, oursale
consistent with those of Leroy (1994, 2000). To be preciseoy’'s
rules judge a source-language signature to be well formeddf
only if our rules elaborate it successfully. The two systewfis
rules also define the same subtyping relationship on sigemtOur
language is therefore a conservative extension of Lerdyie.key
idea behind the proof is to choose the “stamps” used in Leroy’
system such that each identifier is stamped with the pattwhich
itis declared. Because the two systems use different eorgubge
judgments, the proof also requires a fairly ugly relatiomwsen
the core-language judgments of our system and the corerdaey
judgments of Leroy’s system. Our elaboration rules alsgqstip
a universality property: given a well-formed, complete atation,
we can produce a source term that elaborates to it.

Elaborating paths, components, and simple modifier$vVhen a
component of a signature is introduced, it can be referrdxy tits
identifier. For example, in the result signatureB#RECODE, the
argument modul€ is referred to by its identifier. Such identifiers
are also introduced byith p as pat Like Leroy (2000), we
track these identifiers using a substitution The substitution is
used mostly to elaborate paths: the judgment 5 — p says that
the first name inp appears inr, and that by replacing that name
usingo, we get pathp.

Elaboration of a component or modifier takes place in a pattic
lar context, which is identified by a path When elaboration adds

a new component, rules rules check that new types may be men-

tioned atp, that new components are at paths not already occupied,
and so on. For a component added by a modifier, which may in-
clude an arbitrary path, rules check that the componentdeditb
the signature being modified and not to some other signature.

Removing components is easy; the only real restrictionas th
one may not remove an abstract type without also removingeve
thing on which that type depends.

Rebinding a value or manifest type is equivalent to removing
the old component, then adding the new one. Rebinding areabst
type is possible, but if anything depends on the type, itd kinust
not change. Rebinding a submodule is more complicated leut th
spirit is the same.

Moving components is also easy; the interesting aspechis th
moving or renaming an abstract type updates everythingdat
pends on it. Moving rules also check that restrictions ontinaimg
remain satisfied.

The most interesting rules are for changing translucency an
combining signatures.

Changing translucency To make an abstract type manifest, that
is, to revealtype p = 7, there are a variety of side conditions
on 7: it must not depend op, it must have the right kind, and it
must be mentionable at path Therevealing module modifier

is essentially a shorthand for revealing a collection oftraics
types. But when we elaboratgevealing module p = p', we
also check to see that the denotationg and ' have the same
components at the same types (once type revelations arerdedo
for). This check is stricter than checks found in existingleiits

of ML; we discuss alternatives in detail in Section|6.1.

Making a manifest type abstract is a more complicated proble
Consider
signature S = sig
type t = int

val a : int -> int
val b : t ->t
end

If we make the manifest type abstract, what are we to do with
the value bindings? As pointed out by Mitchell and PlotkiB&®),
each value binding could legitimately be given typet -> int,
int -> t, t -> int, ort -> t. What we wannot to do is depend
on the way the bindings are written syntactically. Valaeandb
have exactly the same type and should get exactly the saate tre
ment; it shouldn’t matter if their types are written witht or t.

By default, we keep the original denotations of value bigdin
so each binding above would get typpet -> int. If a programmer
wants a more abstract type, the abstract version of therigndust
be put into the signature used for sealing. For example, wé&lco
write

signature S’

S sealing with sig
type t
val a :

end

Signatures’ is equivalent to
signature S’_Equiv
type t
val a :
val b :

end

This example shows the difference between sealing andhtiscri

if a binding does not appear in the sealing signature, itriehi
through” into the result.

int -> t

sig
int -> t
int -> int

Combining signatures Theandalso operation computes a great-
est lower bound, that is, the most abstract signature thet im-
plementation of the two input signatures. This operatiomiit-

ten D 1 D’, and one might hope to define it with respect to the
signature-subtype ordering, but unfortunately, if theedanguage

is ML, there is no greatest lower bound in this ordering, evben

two signatures have a common lower bound. The reason is that
an ML programmer can create an implementatdher by using
module-language mechnismsby using polymorphism in the core
language. For example, consider the following signatures:

signature T = sig signature V = sig

type t type t

type u type u

val x : t list val x : u list
end end

A programmer can refine these two signatures to a common lower
bound in two incomparable ways: by makiagndu equal, or by
giving x the polymorphic type€a list.

signature L1 = sig signature L2 = sig
type t type t
type u = t type u
val x : t list val x : ’a list
end end

It is easy to show thatl <: T, L1 <:V, L2 <: T, L2 <: V, and
there does not exist ai/ such thatLl <: M and L2 <: M,
M <: T, and M <:V. The insight is that in writind.2, the pro-
grammer has achieved signature subtyping by using copaye
subtyping. If we rule out core-language subtyping, howethesn
we can compute greatest lower bounds. For this reason, veédeon
the partial order defined by thight subtypingrelation defined in



Figure[ 5. Using this order and the definitionroftelow, we have
shown that if7" M V' is well formed, then\/ <: 7'V if and only
if M <:TandM <: V.

Here is how we computé' 1 V. As for subtyping, we ignore
the contravariance introduced by functors. The computataiA,
E, and© are explained below.

A = (Ta Umapr kind Tar) W (Va U mapr kind Var)
E={p:kind(t)=7]|(p,7) € Tm}U
{p:kind(t)=7|(p,7) € VmM}U
{r=ml@mn)eTvAlpmn)eWw}
© = MGU(E) dom © N freePaths(rng ®) = { }
V7 : kind(mapabs © 1) = kind(T)

Ds =TsJ Vs .
Da ={(p,x)| (p,s) € AAp ¢ domO}
DM:@

Dy = {(p, mapabs © 1) | (p,7) € Ty} U
{(p, mapabs © 7) | (p,7) € Vv }
D=TnV
The functionmapr kind replaces each type iy, and Vs with
its corresponding kind. The) symbol is “consistent union:” if
dp: (p,v1) € AA(p,v2) € BAv1 # v2, thenAU B is undefined,;
otherwiseA U B = AU B.

The key to computing greatestower bound is to find as many
manifest-type definitions as are necessary, but no more. Mie fi
these definitions through unification; the &elists all of the equal-
ities that have to hold for a common tight subtypelodndV, and
we find a most general unifigd that will become the manifest-
type definitions of the greatest lower bound. The unificatsomot
the same as core-language unification such as is used tonmapte
Hindley-Milner type inference. Our unification allows ussiabsti-
tute a manifest type for an abstract type; there is no sulistit for
type variables. Substitution for type variables makes a signature
smaller, and we are computing the largest signature thaglewb
bothT andV'. Once we have the substitution, computing the great-
est lower bound is easy.

To prove thatm is a greatest lower bound requires one key
lemma: if M <: T andM <:V, and if D = T 1V is defined,
thenmapabs My = mapabs Mys o mapabs Dys. The lemma
holds becausa/ must satisfy all the equations ia.

When we refer to a structure by name, we preserve identity of
abstract types. For example, suppose we have

structure M = ...
structure N = M

The denotation at path is like the denotation at path, except
that every abstract type must be made manifestly equal todhe
responding type at path(unless the abstract type appears under a
functor). This operation corresonds to Leroy’s (1994)értthen-
ing” operation.

When we ascribe a signature to a structure, we replace each
abstract type with a fresh type constructor: ascriptiageiserative
If the ascription takes place in the body of a functor, geti@naof
fresh type constructors is delayed until the functor is gl

Error messages It is not enough to elaborate well-typed pro-
grams successfully; when a program fails to elaborate, gpdem
must issue a reasonable error message. In our system, ifawcn
does not elaborate, the compiler has a context that inclagegh
and a denotation. Given this context, issuing reasonahbe eres-
sages is easy. Here are a few examples:

e If a condition such ap.x ¢ dom Dy fails, we can issue a
message such as “multiple declarations of valug”

e If a condition such a® <: D’ fails, one or more of the univer-
sally quantified predicates in Figure 5 is unsatisfied. Fohea
path not satisfying a predicate, we can issue a message such a
“value p.z expected but not provided” or “type of valuep.x
does not match the expected tyge'

e If a condition such as@p fails, we can report that the type
appearing outside a functor refers to an abstract type dkiine
that functor’s argument or result signature.

e If we fail to form 7'MV, we can issue a message such as “in sig-
natures joined witkindalso, valuep.x has incompatible types

T and7’” or “type p.t has incompatible definitions andr’”

In all cases, we can issue messages that refer not to whote den
tations but to individual components of signatures; we heopeo-
grammer could understand such messages without divinglig#o
tails of SAMV form.

The definition above assumes there are no functors. We have6 Discussion

extended our definition to signatures that include functausonly
for the positivetight subtyping relation on signatures. That is, for

To conserve space, we limit discussion to two topics: adtivas

T 1V to be defined, we require that the functor arguments be to the operations we propose and potential applicationsuof o

equivalent. Extension to fully contravariant functor argnts, like
the dual greatest-upper-bound operation, awaits futur&wo

5.5 Scaling to realistic inputs

In this paper, we focus on elaboration of correct signatiBaswe
want to handle programs that have structures and functemsel
as programs that contain errors.

Structures and functors We have written and implemented rules
that elaborate structures and functors to their princigadatures;
syntax and semantics appear in the companion technicaftrepo
The rules are similar to the rules for signatures, with twodki

of additions: naming and generativity.

3There are restrictions; for example, the type that is suteti must be
a definabletype—in ML, not polymorphic. A significant difference from
core-language unification is that in our unification probleach equality
constraint is associated with one or two named bindingsréefbee if the
unification fails, it should be easy to explain what went vgon

operations to structures and functors.

6.1 Design alternatives

The operations we propose may not be canonical or definitve—
intend them as a basis for discussion and refinement. Ingbis
we discuss some design alternatives and motivations.

Environments and the expressive power of modifier§o make

an abstract type manifest, Standard ML and Objective Caml of
fer a where type Or with type operation. This operation dif-
fers from our proposal primarily in its use of environmerits.
our revealing type p = 7, the path on the left and the type
on the right are evaluated in tleameenvironment. In the exist-
ing languages, the path on the left is evaluated “inside”dlige
nature being modified, where the type on the right is evatuate
“outside” the signature. Thus ML’s idiomaticith type t = t is

not a tautology. Our operation evaluates both sides “oeitstice
signature, requiring a qualified path name to refer to any-com
ponent of the signature. A seasoned ML programmer may find
revealing type S.t = int ugly when compared with the more



familiarwith type t = int. And it would certainly be possible
to change our proposal to be more consistent with ML. But we ha
two reasons to prefer our design. The first is a religiousgpesice:
we believe that the most appropriate way to use the equaiisig
to elaborate left and right sides in tekeameenvironment, so a pro-
grammer can conclude that in the given environment, botbssid
mean the same thing.

The second reason is more substantial: by making both &itern
and external environments availableeacthside of the equals sign,
we makerevealing type expressive enough that it can subsume
Standard ML's sharing constraints. As an example, Dave Mac-
Queen provided a Standard ML version of the following sigret

signature WHERE_POWER =

sig
module A :
type t
type s
end
module B :
val x :
type u
type v = u list
end
(* SML: sharing type A.s = B.v %)
end as S revealing type S.A.s = S.B.v
The two submodules andB have a mutual dependency: vaRiex
depends on typg. t, and manifest type . s depends on typB.u.
This dependency can be seen in the denotation:

(Ds = {structure ¢, structure A, structure B},
Da = {type A.t :: *,type B.u:: x},

Dy = {type B.v = B.ulist,type A.s = B.u list},
Dy ={valBx:At})

As the source-code comment shows, expressing this depanifen
Standard ML requires sharing type constraint. But &haring
type constraint simply equates two paths that are elaboratéttins
the signature, and because in our language the internalseof t
signature are available on both sides of the equals sign,ame c
express such constraints using ombkvealing type. The price

is that we must use qualified names. For consistency, we abe su
names even for theemoving modifier, which can never refer to
anything outside the signature.

An alternative that might be more attractive to an ML traatiti
alist would be to defineevealing type so that it would have the
expressive power of our version without requiring qualifieanes
everywhere. The critical requirement is that the signegurder-
nals be accessible on the right side of the equals sign; adi-tr
tionalist could provide such access using special syntabewth-
erwise keeping the environments as they are now.

sig

sig
At

Families of signatures Why, if we wish to define an expressive
language of signatures, do we not include a lambda-likerpara
terization mechanism, so a signature may be parametenzcho
type, for example? In short, because we don't need to: theesam
ends can be achieved by putting an abstract type in a signatar
laterrevealing that type. This design, calldibration, is prefer-
able for other reasons (Harper and Pierce 2§88,7—8.8). Using
fibration, one need not identify certain abstract types asdm-
eters” in advance; as in the example where we refikRECODE,
one can simply modify an abstract type after the fact. Eguait
portant, as explained by Harper and Pierce, fibration sdadéer
when programs are built using deep hierarchies of functors.

Fibration of structures Therevealing module modifier can be
thought of as a sort of syntactic shorthand that appléasaling
type to all the abstract typed)4) of the signature being modified.
In designing a semantics fatevealing module, however, there

are many choices what to do about other components. We bggin b
reviewing what happens in existing languages.

Objective Caml provides similar functionality in the forni o
with module. The only requirement stated in the manual is that
givenS with module p = p’, each abstract type in the submod-
ule atp must have a corresponding type component (abstract or
manifest) in the module ai’. The implementation, however, ap-
pears to check consistency of other components ioicluding val-
ues and manifest types. The modulg’anay have additional value
and type components that are not presept at

Although it supports fibration viahere type, Standard ML
lacks a corresponding operation for structures. Such aratipe
has been added as an extension to Standard ML of New Jersey;
documentation is thin, but experiments with the implemitona
show that it is more permissive than in Caml. In particulanifest
types need not be the same in modulep andp’. Standard ML
also hassharing, which as noted above, performs some of the
same functions asevealing. The semantics odharing has an
interesting history.

When Standard ML was formalized in 1990, the semantics of
sharing guaranteed identity of the two structures being shared.
When Standard ML was revised in 1997, the notion of structure
identity was dropped from the semantics, anéharing con-
straint became syntactic sugar for a collectiorsbaring type
constraints. TheDefinition (Milner et al.! 1997,5§G.3) notes that
sharing was seldom used to enforce identity of values, and that
dropping structure identity greatly simplified the semestUnfor-
tunately, the expansion eharing into sharing type has a prop-
erty perhaps best regarded as a bug: it is defined only when the
components of both signatures are empty. Some compilessdégn
this restriction, but because portable code must respesttutcture
sharing is often inadequate to express requirements of complex
Standard ML programs.

Influenced by the original definition adharing, which en-
forced structure identity, we have chosen to impose steigtiire-
ments onrevealing module p = p’. When the denotations of
the corresponding substructures a&randD’, we consider all four
SAMYV parts:

e For abstract types i 4, we have the same treatment as Ob-
jective Caml: each abstract type is made manifestly equthkto
corresponding type iD’, which may be abstract or manifest.
We substitute accordingly iy; and Dy .

e For Dg, Dy, and Dy, we enforce consistency with the cor-
responding components iR’. Here “consistency” means that
both denotations have the same components, and after appro-
priate substitutions have been applied, correspondingstgpe
equal.

These requirements can be expressed concisely using sultyp
D’ <: D, and the domains of submodule, type, and value parts
are equal. Our requirements are close to those of Objectwal C
but unlike Caml, we do not permit “extra” components/im. Our
requirements do not go so far as to enforce structure igebtit

by being so restrictive, they increase the chancestéa¢aling
module on non-identical structures will cause a type error.

Sealing Unlike our other operationsealing is grounded in the-
oretical considerations, not practical ones. Followingdiéll and Plotkin
(1988), we believe that the appropriate way to make a mértjfps
abstract is to seal the type and its operations as a unit;iorhjis

way can we decide what type should be given to each operation.
This desigh makesealing asymmetric withrevealing; reveal-

ing the definition of an abstract type also reveals the typad the
operations, so the programmer has no decisions to make #igout
types of operations.



One alternative would separate a type from its operatiods an
provide a more symmetric sealing operation that would sympl
make a manifest type abstract without changing the typeyban
eration. To make the types of some operations more absirpob;
grammer could useebinding. For example, if we call the sym-
metric sealing operatiohiding, we might express theealing
example from Sectidn 5.4 as

signature S’
S hiding type S.t
rebinding val S.a :

int > t

For two reasons, this alternative makes us uneasy:

¢ The alternative assumes that when we wish to make a type and

a set of operations abstract, we are willing to write out new
types for all the operations explicitly. This assumptiomireds

us of the current situation in ML, in which the way to write a
signature is to write out all its components. Our preferresigh
makes it possible to seal with a pre-existing signatureoor t
seal multiple signatures with some common third signaue.
because we have not been able to show that these possbilitie
are useful in real programs, this objection may not have much
force.

The symmetry of the alternative is more apparent than real. |
particular, if a programmer were to reveal the definition of a
abstract type, then hide it again using the alternativeaijmer,
any operations that originally used the abstract type would
still use the revealed representation, so the result woatd n
necessarily be the same as the original signature.

Conclusions on the merits ekaling await practical experience.

Combining signatures The most useful way we have found to
combine signatures is withndalso: the result signature has all
the components of both argument signatures. But sighatotgdd
also be combined in other ways. For example, one could censid
taking an intersection of components. This operation, tvhicght

be calletbrelse, would have the property that a modulé would
implement the signaturé orelse S’ iff it implemented either
signatureS or signatureS’. The orelse operation presents some
technical challenges, and because we have not found a uge for
we have postponed work on it.

We also considered defining an operation analogous to set dif
ference, so that given signaturésand.S’, it might be possible to
find an.S” such thatS = (S andalso S’) minus S”. But in the
interesting casesy” is not a complete signature, so we have not
looked further into set difference.

Concrete syntax Regarding concrete syntax, we have borrowed
existing ML forms and keywords where we could. In particules
have used postfix modifiers to change the meaning of a signatur
we have useds for pattern matching; and we have kept close to
the standardype, val, andmodule syntax for components. Where
no existing form or keyword seemed to serve, we have aimed for
regular, orthogonal syntax by making each new keyword therge
form of a verb. What we haveot tried to do is keep new keywords

to a minimum; for this reason, our concrete syntax may beitesl

to adoption in an existing language.

6.2 Extension to implementations

Maodification of signatures is only a beginning; programmeiis
want to combine implementations as well as interfaces.cbign
we have not formalized operations on implementations, Vie\se
that most of our language should extend nicely to implemngmts.

Preliminary observations Implementations include both struc-
tures and functors, but we would like to take modificationtais-
tures as fundamental. We hope to treat modification of fusdig

“sinking” any modification inside the functor, where it wdube
applied to the functor’s body. Loosely speaking, we hopestiing
a functor modificationm in terms of a structure modificatiom’
such thaF m)(Arg) would be equivalent t¢F(Arg)) m'.

When we speak of “modifying” a structure, we are really speak
ing of modying thdnterfaceto that structure—the internals remain
unchanged. In core-language terms, a structure modificatight
hide old bindings and add new ones, but internal referenees b
tween existing components should never be affected. Inemgh-
tation terms, if a structure is represented as a record oésabtruc-
ture modifications should build new records from old, but alues
should be changed.

After all functors have been applied, the denotation of acstr
ture has no abstract types: signature ascription and fuagholi-
cation replace abstract types with fresh type construck@aeping
this property in mind helps us think about modifying strueti

As in our language of signatures, we hope to help programmers
reason about equality. But reasoning about equality otgtras
is more difficult: to decide when two signatures are the samee,
need only reason about equality of types, but to decide wien t
structures are the same, we must reason about equalityufssal

Applying our operations to structures Many of our operations
should extend to structures without much thought, but tleeea

few cases where care should be taken. We consider each giroup o
operations in turn.

Changing translucency Because a structure has no abstract types,
only fresh type constructors, the operations that charayesli-
cency don'’t apply. But theealing operation has a close analog:
signature ascription, which can replace existing types ritsh
type constructors. To reduce the notational burden in cabese
most bindings are unchanged, we could exteasling to struc-
tures. But if a structure already has an explicit signatitiig, just
as expressive to modify that signature usirgling and then use
ascription with the result.

Looking for an analog ofevealing would be a bad move,
since it would break the abstraction imposed by ascriptidawant
not to support such things.

Adding, removing, and changing componen#sdding, removing,
and moving (renaming) a structure’s components appeaesept

no problems. Rebinding values is also simple. Rebindingdyqr
modules would have to be restricted to avoid changing a type o
which other types or values might depend.

Combining structures Combining structures witindalso should

be very useful: several simple components could be mergiea-to
plement a complex absraction. Decidimgpich structures should

be combinable exposes some interesting design choiceseThe
choices arise when the two structures have components in com
mon. When such components are types, we can require them to be
equal, or if we want to exploit polymorphism, we can take #est
upper bound of two types.

Values offer more choices. The choice most consistent with o
philosophy is to require common value components to be equal
but if the type of such components is not an equality types thi
requirement cannot be checked. If having value components i
common is mostly accidental, we could ask the programmer to
remove conflicting components before combining the strestu
But if we think it is likely that combined structures will @fih have
value components in common, and if those components ailg like
to include functions or other values that can't be comparad f
equality, it makes more sense to defiiglalso to be asymmetric
(as itis in the term language) and to prefer value comporfents
its left-hand argument.



7. Conclusion

Large software systems are built from modules, many of which
may be provided and maintained by separate groups. Théorelat
ships among the signatures of these modules are importangbn

to be expressed formally, but existing languages are nateexp
sive enough. We have designed a significantly more expeeksiv
guage, proven that it is a conservative extension of ML, druave

its use in an extended example. We have also implementedrihe |
guage and have mechanically checked the indented exampfas f
this paper. In future work, we hope to make our language gdart o
the Moby programming language (Fisher and Reppy 1999).

Acknowledgments

Jurgen Pfitzenmaier extended the implementation of Objectiv
Caml to support an earlier version of our language. Greg igettr
provided several helpful comments on an earlier draft. Mait
Fluet suggested several signatures intended to be comhiitied
andalso. Anonymous referees contributed materially to the im-
provement of this paper; we are especially grateful to tlfieree
who called our attention to issues with Standard Mharing
constraints. Several referees were unusually generours tiétr
time and effort; we regret not being able to keep up with all of
their suggestions. This work was supported in part by NSktgra
CCR-0311482 and ITR-0325460 and by an Alfred P. Sloan Re-
search Fellowship,

References

Matthias Blume and Andrew W. Appel. 1999 (July). Hierarethic
modularity. ACM Transactions on Programming Languages and
Systems21(4):813-847.

Karl Crary, Robert Harper, and Sidd Puri. 1999 (May). What is
recursive moduleProceedings of the ACM SIGPLAN '99 Con-
ference on Programming Language Design and Implementation
in SIGPLAN Notices34(5):50-63.

Derek Dreyer, Karl Crary, and Robert Harper. 2003 (Januahy)
type system for higher-order module€onference Record of
the 30th Annual ACM Symposium on Principles of Programming
Languagesin SIGPLAN Notices38(1):236—249.

Kathleen Fisher and John Reppy. 1999 (May). The design of a
class mechanism for MobyRroceedings of the ACM SIGPLAN
'99 Conference on Programming Language Design and Imple-
mentationjn SIGPLAN Notices34(5):37-49.

Robert Harper and Mark Lillibridge. 1994 (January). A type-
theoretic approach to higher-order modules with sharing. |
Conference Record of the 21st Annual ACM Symposium on Prin-
ciples of Programming Languaggsages 123-137.

Robert Harper and Benjamin C. Pierce. 2005. Design consider
ations for ML-style module systems. In Benjamin C. Pierce,
editor,Advanced Topics in Types and Programming Languages
chapter 8. MIT Press.

Robert Harper and Christopher Stone. 2000. A type-thexirar-
pretation of Standard ML. In Gordon Plotkin, Colin Stirlirend
Mads Tofte, editorsProof, Language and Interaction: Essays in
Honour of Robin MilnerMIT Press.

Roberto lerusalimschy. 2003 (DecembeBrogramming in Lua
Lua.org. ISBN 85-903798-1-7.

Xavier Leroy. 1994 (January). Manifest types, modules, and
separate compilation. lI8onference Record of the 21st Annual
ACM Symposium on Principles of Programming Languages
pages 109-122.

Xavier Leroy. 2000 (May). A modular module systedournal of
Functional Programming10(3):269-303.

Norman Ramsey, Kathleen Fisher, and Paul Govereau.

Robin Milner, Mads Tofte, Robert Harper, and David MacQueen

1997. The Definition of Standard ML (RevisedMIT Press,
Cambridge, Massachusetts.

John C. Mitchell and Gordon D. Plotkin. 1988 (July). Abstrac

types have existential typdCM Transactions on Programming
Languages and Systeni®(3):470-502.

2005
(September). An expressive language of signatures — extend
version. Technical report, Division of Engineering and Agg
Sciences, Harvard University. To appear.

Claudio V. Russo. 2001 (October). Recursive structuresfan-

dard ML. Proceedings of the Sixth ACM SIGPLAN Interna-
tional Conference on Functional Programming (ICFP’01),
SIGPLAN Notices36(10):50-61.



	Introduction
	Motivation and background
	Examples of the problem
	Deriving one interface from another
	Describing properties of extensions
	Refining description of a functor



	An expressive language of signatures
	Changing translucency
	Adding, removing, and changing components
	Introducing new module names
	Combining signatures



	Formal definitions
	Preliminaries
	Identifiers
	Paths
	Core-language requirements


	The denotation of a signature
	Subtyping of denotations
	Elaboration
	Elaborating paths, components, and simple modifiers
	Changing translucency
	Combining signatures


	Scaling to realistic inputs
	Structures and functors
	Error messages



	Discussion
	Design alternatives
	Environments and the expressive power of modifiers
	Families of signatures
	Fibration of structures
	Sealing
	Combining signatures
	Concrete syntax


	Extension to implementations
	Preliminary observations
	Applying our operations to structures
	Changing translucency
	Adding, removing, and changing components
	Combining structures




	Conclusion

