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Abstract Much work has been devoted to investigating how to

ML-style modules and classes are complementary. The for- C0Mbine both mechanisms [12, 1, 8, 14]. _

mer are better at structuring and genericity, the latter at ex-  OPiective Caml is one example of orthogonal combina-
tension and mutual recursion. We investigate the conver- tion. The language is very expressive, but the result is qu[te
gence of both mechanisms by designing an object-orientedcomplex' Many concepts, S_UCh as structu'res, functor.s, SI8-
calculus based on a nominal module system with mutual re- natures, classes and class interfaces, are introduced in a sin-
cursion. Our modules assume simultaneously the roles of91€ 1anguage. Despite some features of modules and classes

classes with subtyping, nested structures with type members2Veriap, they are not merged, and use different syntax. This

and simple functors. Flexible inter-module recursion is ob- Makes it mind-boggling to use both mechanisms simultane-

tained by allowing free references not constrained by the or- ously. . ) )

der of definitions. We closely examine the well-foundedness ~ R€cently, to get rid of the inconvenience of the former
of the recursion, in the presence of nesting and functors. The@PProach, and to give a theoretical foundation which harmo-
presented type system is provably decidable, and ensures th812€S both mechanisms, much effort has been made investi-

well-foundedness. We also define a call-by-value semantics,32ting their convergence. When designing such a language,
for which type soundness is proved. one has to give careful consideration to matters concerning

decidability and well-foundedness.

. ¢ As investigated in [12], dependent types play an impor-

1. Introduction tant role in unifying modules and classes. However, as
ML-style modules offer excellent support for structuring seen in [13], the combination of subtyping and depen-
and genericity [7]. The nested structure of modules plays  dent types makes it a hard task to keep decidability of
a significant role in the decomposition of large programs.  type checking.

Functors can express advanced forms of parametricity, and e The unification brings about mutual recursion into mod-

abstraction can be controlled by signatures with transparent, les. We have to be careful about the well-foundedness

opaque, or translucent types [10]. However, they are weak at  of the recursion, as recursion might cause circular depen-
extension and do not allow mutual recursion. dencies between modules [3, 8, 5].

Classes offer better support for extension and mutual
recursion. Inheritance and overriding allow one to build a
new class only with extensions and changes to an existing
one. With subtyping, the new class can be used in place of
the previous one. Mutual recursion is in classes’ nature, and
thereby recursion at both of value and type level has to be
supported.

Our ultimate goal is to design a language which unifies
modules and classes, and equip it with a sound and decid-
able type system, which ensures well-foundedness of the re-
cursion. In this paper, as a first step towards that goal, we
propose a calculus, calléRioom based on a nominal mod-
ule system with mutual recursion. Room modules assume
simultaneously the roles of classes, nested structures, and
simple functors. The characteristics of our modules are sum-
marized as follows.

Class role: Objects are created from modules, and modules
Permission to make digital or hard copies of all or part of this work for personal or themselves ar.e types of ObJeCtS as Wlth Java’s class_es.
classroom use is granted without fee provided that copies are not made or distributed Mutual recursion between modules is allowed. Inheri-

for profit or commercial advantage and that copies bear this notice and the full citation : PRE : _
on the first page. To copy otherwise, to republish, to post on servers or to redistribute tance (Wlth method Ovemdmg) and SUbwplng are pro

to lists, requires prior specific permission and/or a fee. vided through an asymetric merging operator.
FOOL 2005 15 January 2005, Long Beach, California . _
Copyright(@ 2005 ACM ... $5.00 Structure role: Modules can be nested and have type mem

bers.



Functor role: Modules can be parameterized. SubObP =\V<:Value{

) o Subject ={
To make the type system decidable, we put a restriction on V value
functor arguments that requires them to be unparameterized up.Observeobsr,
(hence,Roomdoes not have higher-order functors), and to void notifyObservef){ obsr.update);},
have exactly the same inner modules as are prescribed by void setValuéV v){
the functor types. Although this restriction costs our modules value=v:
some forms of parametricity compared to ML-functors, we notifyObservep);,
still have enough parametricity at class levieg. classes
parameterized over types and superclasses can be expressed. V getValug){return value},

In Room mutual recursion is offered bpaths. Paths
are our referencing mechanism. They allow one to referto  opserver

any module at any level of nesting, upwards or downwards, up.Subjectsub
notwithstanding the order of the definitions. Moreover, sim- up.SubjecigetSubjed){return suly},
ple cases of functor application are allowed in paths, where abstract void updatd),

the functor and its arguments themselves are paths. Paths
give one a high degree of freedom for reference, however
(or perhaps for this reason), we are required to pay extensive
consideration to the well-foundedness of the recursion.
As a module can be defined as an alias of another module
using a path, it might happen that module definitions end up
being circularly dependent. It is highly desirable to statically ] . ] ]
reject such ill-founded modules in order to ensure proper IN the Data object are reported to Monitor objects in order to
module elaborationi.e. to produce a record of the meth- eflectthe changes on the screen. o
ods defined in a module. The existing approaches on well- e begin by showing the module SubObP in Figure 1,
founded recursion for recursive modules [3, 8, 5] do not suit Which expresses the pattern. SubObP packs 2 modules, Sub-
our situation, as their strict restriction on the order of accessect and Observer, and is parameterized by a module vari-
to module components hinders mutual recursion as seen in@Ple V; which expresses the type of data handled by Subject.
object-oriented programming. In this paper, we propose an Mo'reover, the metho'dpdatecontalned in Observer is left to
innovative approach, by considering topological sortability be mplemented. As in Java, we can declare abstract methods
of modules. The restriction on functor arguments enables its PY 9iving only their types.
static inspection. As a consequence, our type system, once To interact mutL_JaIIy, Subject and Observer refer to each
made decidable, ensures the absence of ill-founded modulesPther, through variablesbsr of type Observer, andub of
The type system is also shown to be sound for a call-by-value fYP€ Subject respectively. We upatts to refer to modules.
semantics. For example, a path SubObP(M).Observer refers to the mod-
The rest of this paper is organized as follows. In Sec- ule Observer conFained in the module obtained l_Jy applying
tion 2, we overview the design &oom Section 3 formally SubObP to M. Using absolute access paths starting from the
definesRoom Section 4 discusses the well-foundedness of t0P-most module, we can locate any modules at any level of
module systems. Section 5 presents the notion of normaliza-"€sting. Relgtlve access pqths are also a}vallable. Here, in the
tion of types. We give a decidable type system in Section 6. exampleup IS US_ed to specify the enclosing context. .
Dynamic semantics and the type soundness result are in Sec- /AS Seen in this example, types are paths or module vari-
tion 7. In Section 8, we review related work. Section 9 con- ables. To simplify examples, we enrich the core types with
cludes. void andint.
One can build his own application from SubObP by in-
stantiating V with his own data type, and implementiny
2. Overview date
In this section, we overview the design Bbom We use V is instantiated by applic_ation. The interface of V,
examples motivated by the Subject/Observer pattern. Thispamely the module Value, requires aciual values correspond-

) . . . __ing to V to be subtypes of Value.
is a programming pattern seen in class-based programming. gLet Value and l\X)E)Value' be defined as follows

It consists of an observed class, called the subject class, and

Figure 1. Subject/Observer pattern

classes which observe that class, called observer classes, and Value ={}

presents a control flow which ensures that changes in the MyValue’ = {

subject are properly reported to observers. This pattern is int data,

often used in practice. For instance, when building an editor, int getDatd){return data}

a Data object is observed by Monitor objects, and changes



We build the module MyValue by merging together the 2
modules.

Observer s\C<:ObserverTypd.
Obsrimp ={
Subjectsub
void se{Subjects){sub=s; updatd);. .. },
SubjectgetSubjed){return sul},
abstract void update),

MyValue = MyValue’ — Value

Merging is a counterpart to inheritance in class systems.
It also induces subtype relations between modules, as inheri-
tance does in Java. Here, MyValue is a subtype of MyValue’ }
and Value. ObsrMixin = Ccoerce {getSubject, update
Then, we apply SubObP to MyValue, which yields My- Obsr =here.ObsrMixin — here.Obsrimp
Subject as follows. void main(){

] ] here.Obsr obsr = newere.Obsr
MySubject = SubObP(MyValue).Subject

MySubject is the module Subject contained in the module }
obtained by applying SubObP to MyValue. SubObP(MyVa-
lue).Subject is also the type of objects created from it
with the new operator. Since our type system is nominal,
and such parametric types are invariant, if we apply Sub-
ObP to another module, say MaValeur, the resulting path }
expresses another typee. SubObP(MaValeur).Subject is
not equivalent, nor a subtype, nor a supertype of Sub-
ObP(MyValue).Subject, unless MaValeur was defined as an
alias for MyValue. As such, we provide some form of type
generativity.

Next, we would like to build MyObsr, which acts as the
observer of MySubject. Consider the following module.

MyObsr’ ={
void updaté){
MyValue value= getSubjed).getValug);
int i = value.getDat§);

ObserverType 5
required void update
abstract SubjectgetSubject

Figure 2. Mixin-style programming

explicit the types of recursive modules, whereas this is often
a cause of difficulty in existing languages featuring recursive
modules.

Next we will show that the combination also enables easy
mixin-style programming.

Observer given in Figure 2 is a module parameterized
over the implementation afpdatethrough the module vari-
able C. Inside Obsrimpl, 2 methodstand getSubjectre

I3 _ _ defined. By declaringipdateas an abstract method, we can
abstract MySubjectgetSubjeq), call this method insides bodies of other methods, as we do
} in set We usehere in paths to specify the current context.

The interface of the module variable C, namely Observer-
Type, mentions thepdatemethod agxequired. AsC is a
i concrete variable, this means ti@ibservemmay only be ap-
MyObsr = MyObsr'— SubOb(MyValue).Observer plied to modules providing an implementation fapdate
MyObsr is a module, which has methoalsdatefrom My- Additionally, the concreteness requires that they do not have
Obsr’ andgetSubjecfrom Observer. The abstract methods any abstract method other thgatSubject
in each module are given implementations by each other's  We have 2 kinds of module variables, virtual module vari-
identically named methods. ables and concrete module variables, to support flexible pa-
Finally, we get our own customized subject, MySubject, rameterization. Conceptually, the former are used to param-

MyObsr is created by merging together MyObsrand
SubOb(MyValue).Observer.

and observer, MyObst.

eterize over types as we did in the first example, the latter

Note that our dependent type system can infer that the over implementations as we do here.

type of the return value ajetValuecontained in MySubject
is MyValue. Hencepupdateof MyObsr can invokegetDate
from the value returned by MySubjectetValuewithout re-

The implementation afipdateis instantiated by applying
Observer. We coerce C getSubject, updateefore merging
it with Obsrimpl. The coercion operataoerce offers a

quiring the method to be specified in advance in V's inter- means of access control. ObsrMixin is a module having

face.

the same methods as C, but oglgtSubjecandupdateare

We have seen that by combining both mechanisms of accessible. This coercion is useful, as it avoids unexpected
ML-modules and classes, the Subject/Observer pattern carinterference even if, for example, C too had a method named
be naturally expressed, offering proper extensibility. The set
unification of the two mechanisms eases their simultaneous An object is created irmain from Obsr with thenew
use. Moreover, our type system does not require one tooperator. The restriction imposed by ObserverType on actual



values corresponding to C, ensures that Obsr has no abstract §
methods. E

3. Syntax

The syntax forRoomis given in Figure 3.M,m, and x

. ) T
are metavariables which range over module names, method b
names, and variable names, respectivillgmesis the set

of module names. The special variahleis is assumed to met

be included in the set of variables. We writé or [M;]7"
as a shorthand foy,---, M, (n > 0); M = E or
[Mz = Ei];lzl for M, = Ey,--- M, = E,; A\ X<p.E or

(37 = E, mei)
p

AX <:p.{M = E, met}

p coerce {M,m}
p—p

module system
path

basic module
coercion
merging

e|C[p.M|p(p)|p(V) path

c|Vv

p|lV

7 m(7 z){e}
abstract 7 m(7T )
required 7 m(7 z)
x| e.m(e) | newp

module var.
type

met. definition
abstract met.
required met.
program expr.

)\[Xl<p1]:l:1E for )\X1<Zp1.>\X2<2p2. s )\Xn<an, P
p-M(q) orp.M([g:]i—,) for p.M(q1) - - - (gn)-

A module systemS is a record of module definitions,
method definitions, and method declarations. Modules are
defined by module expressions, which are onpath, basic
module coercion or merging A program is a pair of a module system and a program

A pathp is a reference to a module, which is obtained by expression.
combination of dot notation (access to a module component)  Any module system is assumed to satisfy the following
and functor application. We use syntactic sugare and three conditions: 1) all module variables are bound, where
up to abbreviate respectively the current and the enclosingthe definition of bound variables is as usual; 2) all bound
context, as in Figures 1 and 2. In the module pointed to variables differ from each other; 3) all basic modules con-
by p.M(p’), a pathhere.q (resp.up.q) is a shorthand for  tain no duplicate method declarations and definitions for any
p.M(p').q (resp.p.q). A path prefixed with a sequence of method name, no duplicate module definitions for any mod-
up’s, such asip.up.M, can be defined similarly. We usually  ule name.
omit the leading ¢.” when writing paths. For simplicity, we leave out several features, which would

A basic modulés a record of module definitions, method be important to build a practical language froRoom
definitions, and method declarations. It can be parameterizedike static methods, instance and class variables, the “su-
by module variables, constrained by their interfaces. Inter- per’operator, constructors and others.
faces are paths, and denote upper type bounds of modules to
which the parameterized modules are to be applied. 4. Well-founded module system

Coercionallows visibility control. Programmers may cre-  paths give one a high degree of freedom for references, with
ate a new module by hiding some components of an existing 5psolute or relative access, allowing functor application in it.
one. We can naturally express mutual recursion with them, in the

Mergingis used to define a module by merging together , osence of functors and nesting. However, we have to make
two existing modules. For methods implemented in both g e that module systems are properly defined.

modules, the resulting module contains the implementation  ag 3 module itself may be defined as an alias or a com-

from the left-hand side of the operatex, i.e. the left-hand position of other modules using paths, it might happen that

side overrides the right-hand side. _ module definitions end up being mutually dependent. For ex-
We have two types of module variables, nameitual ample, consider the following module system,
module variable V' and concrete module variabéeC. A
{1\/11 = Mg — 1\437

virtual module variable may only be used as a type, which

is either a path or a module variable, while concrete module My =My — Ma}

variables may freely be used in paths. For instance, one maywhich is clearly ill-founded.

not create a new object from a virtual variable, but thisis al- It is highly desirable to statically reject such ill-founded

lowed with concrete variables as we did in Figure 2. Concep- module systems while accepting mutual recursion in gen-

tually, they respectively provide parameterization over types eral. The question is how to define decidable “well-founded-

and implementations. ness” in our situation. On the one hand, we would like to
Methods are either defined or declared. We have two access to components of partially evaluated modukeac-

qualifiers for method declarationsystract andrequired. cess to components of a module should be allowed before

Usingrequired in interfaces, we can express implementa- the evaluation of some other components of the module is

tion requirements on parameters, as we did in Figure 2. yet completed. This is necessary to support mutual recursion
Program expressions are either variables, method calls, oras seen in object-oriented programming. On the other hand,

object creations. we would like to statically reject circular dependencies be-

(S,e) program

Figure 3. Syntax forRoom



dp(p, \X<:q.E) = dp(p,q) U dp(p, E) U dp(X, q)
dp(p, {[M; = Ei]i_y, met}) = U <<, dp(p-Mi, E;)
dp(p, 1 — ¢2) = dp(p, q1) U dp(p, q2)

dp(p, q coerce {M,m}) = dp(p,q)

(p.q) ={(p,7) | r € flats(q)}

on E. When F is of form AX <:q.F, it recursively calcu-
lates dependencies assuming thadepends ory and E,
and X on q. When E is of form {[M; = E;]7,, met},
p.M; depends onFE;. Note that, instead of regarding

as depending ort;, it employs more precise dependen-
cies. Although this make the dependencies more com-
plex, it gives more freedom for recursion between mod-

flats(p) = flat(p) U U eargs(p) flats(q) ules. Coercion and merging are straightforward. Finally,
flat(e) =€ if £ is a pathg, dp approximates functor applications in
flat(X) = ¢ by makingp depend on all flat paths appearing ¢n
flat(p.M) = flat(p).M The functionflats returns the set of flat paths appearing in
flat(p(V')) = flat(p) a path. For exampleflats(M;.My(Ms(M4.Ms)).Mg) =
flat(p(q)) = flat(p) {M;.M;.Mg, Ms, M,.Ms}. It should be pointed out that

object creation using path references does not entail depen-

args(e) =0 dencies. Our “well-foundedness” concerns recursion at mod-
args(X) =0 ule level, not at object level.

args(p.M) = args(p) The base relation of is defined aslp(e, S). Then the de-
args(p(q)) = {a} U args(p) pendency relation of is defined as thpostfix and transitive
args(p(V)) = {V'} U args(p) closureof the base relation.

Definition 1 Let D be a binary relation on flat paths. The
postfix and transitive closure d, denoted asD, is the
smallest transitive relation which contai3 and meets the
tween modules in order to ensure proper module elaboration,following condition: if(p, ¢) is in D and M in Names, then
i.e.to produce a record of the methods defined in a module. (p.M, ¢.M) is also inD.

Our definition of well-foundedness for module systems is
based on the well-foundedness of a relation approximating
dependencies between modules. This ensures that module
can be sorted topologically. For example, while the above
example is unsortable &4, and M, are circularly depen-
dent, the following example is sortable,

{Ml = {Mll = M2-M22, Mi; = { . }},
My = {Mg; = M;.My2, My = {...}}}

as we only havél;.M;; depending otM5.Mso andMs. Moy {(M;. M2, M;.M;3.N), (M;.M;3, My.May;),
depending oM .M, which is not circular. Moreover, we (Mz.Mag, M1.My1)}.

only consider dependencies at the value level. For exam-Then the dependency relation is the postfix closure of the
ple, in Figure 1, Subject does not depend on Observer asfollowing set:

Observer is used only at the type level in Subject. {(M1. M2, M1.M;3.N), (M;.Mys, Ma.May),
In the rest of this section, we formally define the (approx- (M. Mag, M;. M), (M;.Mi3.N, My.My;.N),

imated) dependency relation. (M;.Mj2, My.My;.N)}.

Figure 4. Extraction of the base relation

We call postfix closure ofD the smallest relation that
gatisfies only the second condition.

Example 1 Consider the following module syst&n

{Ml = {M11 = { . '}, 1\/112 = here.Mlg.N7M13 = Mg.Mgl}
Mz = {Ma; = {N={---},---},Map = M1.My; }}

The base relation dbis:

Dependency relation Definition 2 Let D be a binary relation on flat pathdD is

Our approach is to extract dependency relatiofrom a well-founded if and only ifD does not contain an infinite
module systenf, then check whether the relation is well- descending sequencieg. there does not exists an infinite
founded or not. sequencep; }2, such that, for alli in [1,00), (p;, Pi+1)
Let .S be a module system, the dependency relatiofisf isin D.
a binary relation on flat paths, where a flat path is a path con-
taining no application. The construction of the dependency Definition 3 A module systenf is well-founded if and
relation takes two steps: 1) extract a base relation ffom  only if the postfix and transitive closure dp(e,S) is well-
2) expand the base relation in order to take into account thefounded. Moreover, we say a progrdii ¢) is well-founded
dependencies that do not explicitly appeafin if and only if S is well-founded.
The base relation of is extracted by the functiodp
given in Figure 4. Given a flat pafhand a module expres-  Proposition 1 It is decidable whether a module systéhis
sion E, dp calculates dependencies assuming prégpends  well-founded or not.



[N-ROOT] [N-VAR] [N-APP]
nlz(e, €). nlz(X, X). nlz(p(q), p'(q"))
= nlz(p, p'),nlz(q, ¢).
[N-EXPV] [N-PV] [N-CRC]
nlz(p.M, p'.M) nlz(p.M, q) nlz(p.M, q)
- nlz(p, ’), - nlz(p, p), - nlz(p, p'.N), o
sre(p’.M, E), sre(p’.M, ), sre(p'.N, r coerce {M,m}),
-(E = q). subst(p’, 0), M e {M},
nlz(0(r), q). subst(p’, 0),
nlz(0(r).M, q).
[N-MRG1] [N-MRG2] [N-INF]
nlz(p.M, q) nlz(p.M, q) nlz(p.M, q)
- nlz(p, p'.N), - nlz(p, p.N), - nlz(p, C),

sre(p'.N, r = 1'),
subst(p’, 9),
nlz(0(r).M, q).

sre(p’ N, r = 1'), nlz(A(C).M, q).
subst(p’, 6),

nlz(0(r').M, q).

Figure 5. Normalization of paths

sre(e, S).

sre(p.M([M;]7—,).N, E) -

subst(e, id).
subst(p.M, 0)
subst(p(q), 0[X : q])

sre(p.M, N[ X;:q|iy {---,N=E,---}).

- subst(p, 0), src(p.M, \X:q.{met, D}).
- params(p, X :: L), subst(p, 0).

params(p.M, X) - sre(p.M, XX :q.{met, D}).
params(p.M, []) .- sre(p.M, q coerce {m, M}).
params(p.M, []) = sre(pM, ¢1 — q2).
params(p(q), L) - params(p, X :: L).
params(X, [])

Figure 6. Source predicates

M;.Mi1, Mg My; andM;3(My). M3, are equivalent types
as they all refer to the moduM; contained in moduléf; .

In this section, we introduce the notion of normalization
of types. We formally define the equivalence of types by the
equality of their normal forms.

Normalization is defined using the predicate given in
Figure 5, and auxiliary predicates in Figure/6is the finite
mapping, which maps module variables to their interfaces.

In the following sections, we fix a well-founded program
(S,e).

5. Normalization of types

Types are paths or module variables. We judge the equiva-
lence of types by the equality of the modules they refer to.
For example, consider the following module system

M, = {My ={N={- 1}}, For exampleA(C) = M, holds in the above module system
My = {1} S;. All variables of the module system are assumed to have
Ms; AC<:M;.{Ms; = C. M1}, different names.

My, = My;— Ml}



We use Horn clauses in Prolog-like syntax to define our

predicates and their inference rules. The cladse3, C. is [S-VAR]
read as “if B and C hold, then A holds”. Another possible nlz(A(X), 1)
B C X <0r

notation would be A , but we prefer the first one in most

cases, as it is more versatile and lets us use explicit names  [S-MRG]

for predicates. sre(p-M, g1 — q2) subst(p, 0) nlz(0(q;), Ti)
We give a brief account of the predicates in Figure 6. p.M <7 fori=1,2

If p is in normal form other than module variables, the

module definition ofp is looked up in the module system

S with the predicatesrc. For examplegsre(M;.M;1, {N =

{---}}) holds inS;, meaning that the module referred to by

Figure 7. Subtype relation

M; .My is defined by the module expressifN = {- - -} }1. U;s_ing semi-ground norm«_alization, we can decide the typa-
Substitutions of types for module variables are constructed Pility of @ module system in 3 steps.

from normal forms with the predicatsubst where id is 1. Check for well-foundedness of the dependency relation
the identity substitution. The metavariabderanges over (we already know this is decidable.)

the substitutions. Whesubst(p, ¢) holds, we callf the 2. Check the typing using semi-ground normalization in
substitution extracted from. The predicat@aramsdenotes place of direct normalization (normalization is no longer
the formal parameters of the module referred topbyror a cause of undecidability.)

example subst(Ms(M,), [C'+— M,]) andparams(Ms, C) 3. This typing is also valid with direct normalization (noth-
hold inS;. ing to do.)

Definition 4 A type ¢ is a normal form of a typep if The formal definition of semi-ground normalization and
nlz(p, ¢) holds. the statements of these properties are found in Appendix A.

Basically, semi-ground normalization uses the corre-

For untyped module systems, some typmay have no  sponding interfaces instead of functor arguments when ac-
normal form or have several different normal forms. More- ¢essing inner modules of variables (hence it is ground.) Re-
over the normalization of may not terminate. The follow-  3ining variables are substituted with arguments only at the
ing two examples show typical cases. end of this process, once all accesses are solved (hence it
is only semi-ground.) Our restriction on functor arguments,
which is detailed in Section 6, makes it a valid normalization
strategy.

Example 2 In the following, the normalization dff;.M,
does not terminate.

{M; = My.Ms,
My = M; } 6. Type system

In this section, we define our type system. As defined in
Section 3, types are paths or module variables. Let us begin
by defining the subtype relation over types. As we judge the
M; = {My = A\C<:M5.{M3 = C.M5(C).M3}} equivalence of types by the equality of their normal forms,
we first define the subtype relation on normal forms then
extend it to any types.

The subtype relatiors® on normal forms is the smallest
reflective and transitive relation containing the rules given in
Figure 7. Subtyping basically arises from merdg8wyRG].
[S-VAR] denotes thatX is a subtype of a normal form of
its interfaceA(X). There are no variance rules associated
with parametric types, meaning that parametric types are
¢ Semi-ground normalization of types always terminates invariant.

Moreover we have an algorithm to calculate the set of  Then, the subtype relation is naturally extended to any
semi-ground normal forms of types. types.

e If S is well-typed then, both semi-ground normalization

and direct normalization always terminate, and they lead Definition 5 (subtype relation) 7, is a subtype ofr,, de-
to the same normal form. notedr; < 7, if there are types;, 7} such thatulz(m, 77),

nlz(mo, 75) and7{ <° 73 hold.

Example 3 In the following, the normalization of
M;.M5(M;).M3 does not terminate.

As our type system relies on normalization for judging
type equalities, we sometimes need to use normalization on
types for not-yet-typed module systems. In order to keep
typing decidable, we define a semi-ground normalization
that, contrary to the above “direct” normalization, is guar-
anteed to terminate. Semi-ground normalization meets the
following two requirements wheSf is well-founded.

1src (and other predicates we will define in the following sections) should
also take the module system we are considering as parameter, but we omi Note that our well-foundedness criterion for a module sysfeimonly a
it throughout this paper, supposing a fixed well-founded module system.  sufficient condition for this termination. The converse does not hold.




Module definition typing

ek met o kDo [T-ROOT] E #)X<:g{met, D} +Eo T-EXBM]
F {met,D} ¢ pEM=F¢

Fgro ... Fgn o pM([X;)%)Fmet o p.M([X;]"=)F Do
0 0o by 0 pMXJL) P o pMXJL)F Do

pk M = \X;<:q]",.{met, D} o

Module expression typing

- p1 o - p2 <
valid(p) mergeable(p1, p2)
Fpo Fp1—p2o

Method typing

Fro F1lo
this:p, z:7Fe:7T

Fro F1lo

Fpo
coercible(p, {m, M})
F p coerce {m, M} o

Fro F7lo

pkTm(r z){e} o

Expression typing

p bk abstract T m(7’ x) ¢

pk required 7 m(7' x) o

. / /<
Phem TS7T P79 rgup) I'F2:T(z) [T-VAR]
I'ke:r
Fpo miz(p, p') sig(p', A, R,Z,b) N(A)UN(R)C N(I) NEW]
F'Fnewp:p
F'ke:p nlz(p, p')
sig(p', A, R, Z,b) (m, 7/, 7)€ AURUZ I'k¢' : 7'
7 [T-MTD]
F'kFem(e): 7
Figure 8. Typing rules
Figure 8 provides the typing rules fé(toom They use Module definition typing

auxiliary predicates to be found in Figure 9 to 13.

A module systent is well-typed when each component of

Before examining these rules, we explain the predicate g ;g well-typed in context.

sig (Figure 9), which is frequently used. This predicate is
meant to give information about tmeethod signatueof a
module. A method signature is a tugle:, 7, 7') wherem

is a method name and 7’ are types. The metavariablgs

R, T range over sets of method signatures, @rahges over
false or true. Whenig(p, A, R,Z,b) holds, A, R andZ give

If a module is defined by a basic module, its module
definition is well-typed if each component defined in the
basic module is well-typed in the context of this module.

Otherwise the module definition is well-typed if the mod-
ule expression defining it is well-typed.

respectively the sets of abstract methods, required methodsmodule expression typing

and implemented methods, provided by modul&Ve give
details on the use dflater. Note that, since a concrete mod-
ule variable may only be instantiated by modules implement-
ing all required methods, ifsig-VAR] required methods are
added to the set of implemented methods.

The type judgmenp - M = E ¢ states that “the module
definition M = F is well-typed in the context”, and+ E ¢
states that “the module expressi@his well-typed”. The
type judgmenp - met ¢ is read similarly.

A type environment is a finite mapping from program
variables to types. The type judgmdnt- e : 7 states that
“the program expressioa has typer in the type environ-
mentI™.

A module expressiomp is well-typed wherp is valid. The
formal definition of the validity of paths is given in Fig-
ure 10. Roughlypalid(p) checks thap has a normal form,
and any application contained jnmatcles the correspond-
ing interface.

matchis formally defined in Figure 11. We distinguish
the matching of virtual module variables from that of con-
crete modules variables. Whens the interface of a virtual
module variablgMat-V] , thenp matchesy providedp is a
subtype ofg. Wheng is the interface of a concrete module
variable[Mat-C], the condition is stricter. Since a concrete
module variable may be used in expressions suchas “
C” or *C.M", we must check that all required methods are
implemented, and that the identity condition on inner mod-



[Sig-BM]
sig(- p, {[(mai, 0(71;), 0(m10))]i21 },
{[(mai, 0(13;), 0(12:))]i2, },
{[(msi, 0(73,), 0(73:))]i2, }, false)
= p=p1M([gilf,), subst(p, 0)

sre(pr. M, AX<qf) 4
[abstract 71; ma; (711, T14)]12,
[required 7o; mo;(73; T2i)]i21,

[

73i M3 (73; v3i){ei}]i2y, D}).

[Sig-MRG]
Szg(p M Al UAQ,Rl U RQ,I1 UIQ7b1 \Y bg)

- sre(p-M, g1 — q2), subst(p, ),
nlz(e( ) )aSig(qllvaRlelabl)’
nlz(@( ) )aSig(qé7A27R27127b2)~

[Sig-CRC]

sig(p-M, A |y, R |y, L |y, false)
- sre(p.M, q coerce {m, N}), subst(p, ),
nlz(@(q), ql)> Sig(q/a Aa R7I7 b)

whereM |y = {(m, 7', 7) € M | m € {m}}.

[Sig-VAR]
sig(Cy A, R, T UR,true)
= nlz(A(C), q),
sig(q, A, R,Z,b).

Figure 9. Method signature lookup

valid(€).

valid(X).

valid(p.M) - walid(p), nlz(p-M, q).

valid(p(q)) - walid(p), valid(q), nlz(p, p'), nlz(q, 4'),

params(p’, X :: L), subst(p’, 0),
match(q', (X, 0(A(X)))).

Figure 10. Validity of paths

[Mat-V]
match(p, (V, q)) = p<gq.
[Mat-C]
match(p, (C, q)) - p<gq,
VM (Nlz(p.M) = Niz(¢q.M)),

Sig(p, A1,R1,Il,b1),

an(Q7 q/)v Sig(q/a A2a R271.2; bZ)a
N(A)\N(Zr) C N(A2)\N(Z2),
N(Ry) € N(Ty).

Figure 11. Conditions for matching

[Mrg-FF]
mergeable(p1, p2)
= VM(Niz(p1.M) =0V Niz(p2.M) = 0),
nlz(p1, p1), sig(p}, A1, R1,Z1, false),
nlz(p2, py), sig(ph, Az, Ra,To, false),
vym((m, 71, 71) € A1UR1 ULy
A(m, T2, 75) € Ao UR2 ULy
= nlz(m, 7) Anlz(re, T)
Anlz(rq, ™) A nlz(74, 7).

[Mrg-FT]
mergeable(p1,p2)
= VM (Nilz(p1.M) =0V Niz(pa. M) = 0),
nlz(p1, p}), sig(p}, A1, R1,Z1, false),
nlz(p2, py), sig(ph, A2, Ra,Is, true),
Vm((m, T1, T{) ce AL URIUL
= (m, T2, Té) € Ay URy UTy
Anlz(11, T) A nlz(T2, T)
Anlz (7], ') A nlz(15, 7).

[Mrg-SYM]

mergeable(p1,p2) - mergeable(ps, p1).

Figure 12. Mergeability

ules is satisfied. The former translates to the two following
requirements: all required methods¢ére implemented in
p, and the abstract methodsfre a subset of the abstract
methods ofg. Here N(M) = {m | (m,7,7') € M} ex-
tracts method names from method signatures.

The latter is done by checking that for every module name
M, either bothp andq have a submodule M, defined iden-
tically, or they both lack it. For this we use the set of normal
forms of p, defined asViz(p) = {q | nlz(p, ¢q)}>. When
this condition is satisfied for all modules, direct normaliza-
tion and semi-ground normalization coincide. This restric-
tion means that we should pass functor arguments as several
flat modules rather than one module containing all of them.

A module expressiop; — ps is well-typed when both
p1 andp, are well-typed and the following two conditions
are satisfied: 1p; andp, do not contain modules with the
same names, 2) if boity andp, contain identically named
methods, then these methods have the same signatures. We
formally define these conditions in Figure 12.

We must pay particular attention to modules derived from
non-coerced concrete module variables, as they might have
more methods than described in their interfaces. The 5th ar-
gument ofsig is used for that purpose. It is set to true for
modules derived from non-coerced module variables, false
otherwise. RulgMrg-FT] states that when one of the mod-
ules inherits from a non-coerced module variable, this mod-

3 As direct normalization does not always terminatéz (p) works as an
oracle in typing derivations. However, semi-ground normalization always
terminates, and we have an algorithm that calculates the set of semi-ground
normal forms of paths.



coercible(p, {m, M})

- YM(M € {M} = nlz(p.M, q)),
nlz(p, p'), sig(p’, A, R, Z,b),
N(A)UN(R) € {m} UN(T),
{m} CN(A)UN(R)UN().

Figure 13. Coercibility

ule should have signatures for all the methods in the other

module. This way we make sure that the typing is consis-

tent. For the same reason, we cannot merge two modules,

both derived from non-coerced module variables.

A module expressiomp coerce {m, M} is well-typed
whenp is well-typed and the following three conditions are
satisfied: 1) for allM in {M}, p contains a module named
M, 2) for allm in {7}, p contains a method named, 3) all
the not-yet-implemented methodsyodire contained ik }.

The last condition is needed to avoid hiding unimplemented

subst(p, 0) nlz(0(q), ¢')
elb(q', {[(mi, G)I7_1}) £ ¢ dom(k)

u; & p = newq | (obj(£,id), ¢, k')
wherex’ = k[ — {[m; = G]y }]

t; k; plEe | (obj(l,wo), to, ko)
ko(0).wo(m) = (p1, wi, x, €”)
to; ko p =€ (v, 1, K1)
cobj(l,wr), x s s k1 p1 € (ve, 12, K2)
L KRy p ': e'm(e/) “U (U2a L1, K/Q)

this

Ly Ry P IZI I3 (L(‘T)7 Ly H)

Figure 14. Operational semantics

methods, as hidden methods cannot be overridden. The for-

mal definition of these conditions is given in Figure 13.

Program expression typing

The typing rules for program expressions are classical.
Hence, we only give a brief account.

The rule[T-SUB] is the subsumption rule. The rule for
program variable$T-VAR] is as usual. The rule for object
creation[T-NEW] checks that all methods are implemented.
The rule for method invocatioft-MTD] first checks that
has typep, andp has a method. with signature(m, 7', 7).
Then, it checks that’ has typer’. If all of these conditions
are satisfied, theam/(e’) has typer.

Definition 6 The module systersi is well-typed if and only
if = S ¢ holds. Moreover, the prograriS, e) has typer,
denoted a$ (S, e) : 7 if and only if S is well-typed e does
not contain module variables, amde : 7 holds.

In Appendix A, we establish the result that, if we use
semi-ground normalization instead of direct normalization,
then type checking of a well-founded module system is de-
cidable. Moreover, type checking with direct normalization
and semi-ground normalization are equivalent.

7. Operational semantics
In this section, we provide the operational semantics for

for a formal parameter is a program expression, meant
for a method body. We take into account hiding of methods
caused by coercion by adding method dictionaries to clo-
sures. Any method invocation on self, which is expressed as
this.m, is done by looking up its actual name in the method
dictionary.

Given anobject storex, which is a finite mapping from
locations to objects, a valuebj(¢,w) refers to an object
stored in the locatiod of «, denotedk(¢), and any method
invocation orobj(¢, w) is done consultingy.

An execution statés a couple(s, k): ¢ is a finite mapping
from program variables to values,s an object store.

Our operational semantics is given in terms of a reduction
relation{}. We write:; x; p Ee | (v, ¢/, ) to mean that
in the contexp with the execution stat@, x), e is evaluated
to the valuev and the execution state transits ({9, <').
The rules for the semantics are given in Figure 14 with an
auxiliary predicate in Figure 15.

The first rule of the semantics describes object creation.
In order to evaluateew ¢ in contextp, the moduled(q)
should beelaborated whered is the substitution extracted
from p. Elaboration is defined by means of the prediadke
given in Figure 15. It traverses, with allowance for method
hiding, all modules which contribute to the module referred
to by a path, in order to collect all the methods constituting
the module.elb(p, {(m1,(1),...,(m1,¢,)}) means that

Room The purpose of the semantics is to reduce a programthe modulep has methods»; with closures;. If the elabo-

expression to aalue A value is a referencebj(¢,w) to
an object, wheré is alocation which is an element of an
infinite enumerable sdtoc, andw is a method dictionary
which is a finite mapping over method names.

Values refer to objects. An object Roomis a collec-
tion of labeled componente; = (3,...m, = (,] where
m; is @ method name ang] is aclosure A closure is a 4-
tuple (p, w, z, e): p is a path, meant for an evaluation con-
text,w is a method dictionary; is a program variable, meant

ration off(q) resolves, the result is added to the object store
k. The second rule describes method invocation. In order to
evaluatee.m(e’), we should first calculate the result of
check that the result refers to an object which has the target
methodm seen through the method dictionary, calculate the
result ofe’, and then evaluate the invocated method’s body.
The third rule implements access to variables. Note that, run-
time elaboration is not needed actually, as we statically know
which paths should be elaborated.



[Elb-BM]
elb(p, {[(ms; (p, id, i, €:)]i1)})
= p=piM(lalis,),

Definition 7 p;T' - e : 7 holds ifT" - 6(e) : 7 holds, where
6 is the substitution extracted from

The judgment F v : 7 asserts that the valuehas typer
under the object store. It checks that the object referred to

sre(pr.M, )\[Xi<:ri]§i1.

abstract 7 m(7 x),

by v has signatures for all the methods the module referred
to by 7 has.

required 7 m(7 ),
[T1i mi(m2i wi){ei}]isy, D}). Definition 8 k - v : 7 holds ifv = obj(¢, w), niz(r, 7'),
sig(t', A, R,Z,b), and for all (m,7{,71) € AURUZ,
[Elb-CRC] k(0).w(m) = (p,w’,x,e) andp;this : p,z: 7 Fe:m
elb(p.M, {[(w(m;), (pi, wowi, zi, €))]f-y)})
- sre(p-M, q coerce {m, M }), subst(p, 6),
wl=(0(a), '), elb(d, {[(mir (pir wir 71, €)r)})-
wherew is a mapping which renames method names
in {[m;]"_,} \ {m} to fresh names.

The following theorem states type soundness formally.

Theorem 11f the well-founded program(S,e) has type
7, then either the evaluation af does not terminate, or
0; 0; e=e I (v, /', &) andk’ v : 7 hold.

[EIb-MRG]
elb(p.M, M)

- ST’C(p.M, q — CI2)7 SUbSt(pa 6)
nlz(0(q1), q1), nlz(0(qz2), ¢5),
elb(q}, My), elb(gh, Ms)

M = M1 UMz [N\ N(My))-
whereN(M) = {m | (m,{) € M}.

Our type system also ensures the progress propesty,
well-typed terms do not get stuck due to the absence of
applicable rules. This result is shown in [11], by introducing
run-time errors which distinguish incorrect termination.

8. Related Work

In this section, we examine related work. We first take up
languages and calculi which have mechanisms for both ML-
style modules and classes, then compare our approach to
existing approaches to recursive modules in terms of well-
foundedness of the recursion.

v 0bj [12] is a calculus for objects and classes. It identi-
fies objects with modules, and classes with functors. Most
mechanisms of ML-modules and classes are supported in
v 0bj, including higher-order functors, which are missing in
Room On the one hand, our subtype relation is weaker than
that of v Obj, which is a reason why we have a decidable
type system, and they do not. On the other hand, their sup-

As we have an algorithm that checks whethgris port for mutual recursion is less flexible than ours, while we
well-founded or not, and a decidable type system(see Ap-retain decidability.
pendix A), we can statically guarantee all the elaboration ~ Objective Caml [9] and Moscow ML [14] are real lan-
needed during evaluation. guages, that support recursion between modules. As their

type systems do not guarantee well-foundedness of the re-
Type Soundness cursion, run-time errors might occur because of cycles in

Our type soundness states that if a program has a type, thefnodule import dependency graphs.
either it reduces to a value of the same type, or its evalua- MoDby [6] and Loom [4] have both of modules and classes,
tion does not terminate. In the following of this section, we Nowever they lack inter-module recursion, which is the main
assume that the prografs, ¢) is well-founded and well- ~ motivation forRoom o .
typed. Mixin modules (hereafter, “mixins”) are modules equipp-
To reason about type soundness, we extend program ex£d with class mechanisms such as mutual recursion or over-
pression typing to account for the context in which the ex- "ding. Ancona&Zucca notably developed a calculus for
pression is type checked, and define a judgment for valueMXins [2], and, based on it, constructed a module system,

typing. We writeV'(p) to denote the set of module variables Ccalled JAVAMOD [1], on top of a Java like language. In
contained irp. JavAMoD, they face the problem of cycles in the inher-

itance hierarchy. Yet, as the modules of JavaMod are not
hierarchical, the problem is much simpler and easily solved.
Hirschowitz&Leroy investigated a mixin calculus in a call-

by-value settings [8], which requires them to statically reject

Figure 15. Elaboration

The following proposition states that the type system
guarantees the module elaboration.

Proposition 2 If the module systerfi is well-founded and
well-typed, and- p < holds, then the elaboration of is
always successful.

The type judgmenp;T" - e : 7 states that the program
expressiore has typer in contextp under the type environ-
mentT".
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[P-ROOT] [P-VAR] [P-APP]
gniz(e, ). gnlz(X, X). gnlz(p(q),p'(4"))
= gnlz(p,p'), gniz(q, q').
[P-EXPATH] [P-PATH] [P-CRC]
gnlz(p.M, p'.M) gnlz(p.-M, q) gnlz(p.M, q)
= gnlz(p,p'), = gnlz(p,p'), - gnlz(p,p".N),
sre(p'.M, E), sre(p’. M, 1), sre(p’.N, r coerce {M,m}),
E=CV~(E=q). -(r=0C), M e {M},
subst(p’, 0), subst(p’, 0),
gnlz(0(r), q). gnlz(0(A(r)).M, q).
[P-MRG1] [P-MRG2] [P-PAR]
gnlz(p.M, q) gnlz(p.M, q) gnlz(p.M, q)
- gnlz(p,p’.N), - gnlz(p,p'.N), - gnlz(p,p’.N),
src(p’.N, r = 1), src(p’.N, r = 1), sre(p’.N, C),
subst(p’, 0), subst(p’, 6), subst(p', 0),
gniz(6(A(r)).M, q) gniz(0(A(r')).M, q) gniz(0(A(C)).M, q).
[P-INF]
gnlz(C.M,q) - gnlz(A(C).M,q).
Figure 16.Ground-normalization
nXx) = X
_ n(0(C)) if sre(p.M, C) andsubst(p, 6) hold
n(p-M) = { n(p).M  otherwise
n(p(q)) = np)n(q))
Figure 17.Variable normalization
It is defined as follows: ¢ semi-ground normalization of paths always terminates.
- ¢ the set of semi-ground normal forms of any path is finite,
- Q(A(X))i (p= X)i and we have an algorithm that calculates this set.
Alp) = AAO)@r) (p= O(_q)'r) e it is decidable whethery S ¢ holds or not.
D (otherwise

o for any pathp, it is decidable whethery, p ¢ holds or
not.

o if = S o thenky, S ¢, and vice versa.

e if - .S o, thent p ¢ holds if and only if-y p ¢ holds.

e if H .S ¢ andF p ¢, then the normal form gf coincides
with the semi-ground normal form pf

e if - S ¢ andtF p ¢, then the elaboration gb is always
successful.

Definition 9 A pathg is a semi-ground normal form of if
gnlz(p,q') andn(q’) = ¢ hold.

We use subscrighl” to denote type judgments with semi-
ground normalizatione.g.tw S o denotes that is well-
typed when type checked with semi-ground normalization.

Theorem 2 Let (S, ¢) be a well-founded program, it is de-
cidable whether-y, (S,e) : 7 holds or not. Moreover,
Fw (S,e) : 7 holds if and only it~ (S, e) : 7 holds.

For reasons of space, we refer the proof for the proposition
to the extended version [11].

Above theorem is a direct result from the following
proposition.

Proposition 3 Let (S, e) be a well-founded program, then



