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Abstract. In this paper, we show how Miquel’s Implicit Calculus of Construc-
tions (ICC) can be used as a programming language featuring dependent types.
Since this system has an undecidable type-checking, we introduce a more verbose
variant, called ICC* which fixes this issue. Datatypes and program specifications
are enriched with logical assertions (such as preconditions, postconditions, in-
variants) and programs are decorated with proofs of those assertions. The point
of using ICC* rather than the Calculus of Constructions (the core formalism of
the Coq proof assistant) is that all of the static information (types and proof ob-
jects) is transparent, in the sense that it does not affect the computational behavior.
This is concretized by a built-in extraction procedure that removes this static in-
formation. We also illustrate the main features of ICC™ on classical examples of
dependently typed programs.

1 Introduction

In software verification, typing disciplines have shown to be a decisive step towards
safer programs. The success of strongly typed functional languages of the ML family
is an evidence of that claim. Still, in those systems, typing is not expressive enough to
address problems such as array bound checks.

Such issue can be alleviated by using dependent types. Dependent ML [19] is an
extension of SML implementing a restricted form of dependent types. The idea is to an-
notate datatype specifications and program types with expressions in a given constraint
domain. Type-checking generate constraints whose satisfiability is checked automati-
cally. But it is limited to decidable constraint domains since the programmer is not al-
lowed to help the type-checker by providing the proof of the satifiability of constraints.
The main point of having restricted dependent types is that it applies to programming
languages with non-pure features (side-effects, input/output,...).

The system ATS [4] is an evolution of DML that integrates theorem proving in the LF
style in case the automatic solver fails. It lets the programmer prove simple invariants
(there is very little support for proof construction). Proofs systems (let us name a small
number of them: Epigram [8]], Agda [13]], NuPRL [3] and Coq [17]]) provide better tools
for proof automation, but in most of them, the distinction between statics (logical and
typing arguments) and dynamics (actual code) raises problems.

To illustrate this claim, let us recall one typical example in programming with depen-
dent types: vectors. In order to statically check that programs never access a vector out
of its bounds, its type is decorated with an integer representing its length. This can lead
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to more efficient programs since no runtime check is necessary. It is also safer since
it is known statically that such program never raises an exception nor returns dummy
values.

In the Calculus of Constructions (CC, the core formalism of Coq), one defines a type
vect parameterized by a natural number and two constructorsnil and cons. vectn
is the type of vectors of length n (A is the type of the elements).

vect : nat — Set
nil:vect0
cons : II(n:nat). A — vect n — vect (S n)

For instance the list [x1; x2; 23]is represented as (cons 2 z1 (cons 1 3 (cons 0 a3 nil))).
In fact, the first argument of cons is not intended to be part of the data structure: it is
used only for type-checking purposes. The safe access function can be specified as

get : II(n:nat) (i:nat).vectn — (i <n) — A,

That is, get is a function taking as argument a vector size n, the accessed index i, a
vector of the specified size and a proof that ¢ is within the bounds of the vector. Here
again, we have two arguments (n and the proof) that do not participate in computing
the result, but merely help type-checking.

We can see that programming in the Calculus of Constructions is quite coarse: pro-
grams have arguments that are indeed only static information (type decorations, proof
objects, dependencies). There exists a procedure called extraction (described in [6]) that
produces source code for a number of functional languages from intuitionistic proofs. It
tries to remove this static information. The decision of keeping or removing an argument
is made by the user when he defines a new type. For this purpose, Coq considers two
sorts (the types of types) Prop and Set that are almost identical regarding typing, but
types of Prop are intended to be logical propositions (like 7 < n), while types of Set are
the actual datatypes (like nat and vect). In the example, the proof argument of get
would be erased, but the length n would not. This issue could be alleviated by doing a
dead-code analysis [13]], but it would not allow the user to specify a priori arguments
that shall not be used in the algorithmic part of the proof. Another drawback of the
extraction approach is that it is external to the system. This means that within the logic,
the programmer deals with the fully decorated term. In situations where datatypes carry
proofs to guarantee invariants, two datastructures may be equal, but containing different
proofs. Since there is no proof-irrelevance, such objects cannot be proven equal in spite
of having the same runtime counterparts.

The Implicit Calculus of Constructions (ICC, see and [IT]) offers a more satisfy-
ing alternative to the distinction between Prop and Set. It is a Curry-style presentation
of the Calculus of Constructions[] It features a so-called implicit product that corre-
sponds to an intersection type rather than a function type. The main drawback of this
system is the undecidability of type-checking. This is mainly because terms do not carry
the arbitrarily complex proofs. This means that programs do not carry enough informa-
tion to recheck them, which is a problem from an implementation point of view. Proving

! Type Assignment Systems are also type systems in Curry style, but the usage of the polymor-
phic quantification is too restrictive for our purposes.
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a skeptical third party that a program is correctly typed requires communicating the full
derivation.

The main idea of this paper is to introduce a more verbose variant of ICC such that
typing is decidable. This is made by decorating terms with the implicit information. The
challenge is to ensure that this information does not get in the way, despite the fact that
it must be maintained consistent when evaluating a term.

The paper is organized as follows: we define a new calculus (ICC*), and show its
main metatheoretical properties. Consistency is established thanks to a sound and com-
plete translation towards a subset of ICC called ICC~. We also introduce a reduction
on decorated terms that enjoys subject-reduction, meaning that it maintains decorations
consistent. Then we revisit some classical examples and show that a significative part
of the expressiveness of ICC is captured. We also discuss several extensions that would
make the system more akin to be a pratical programming language.

2 A Decidable Implicit Calculus of Constructions

2.1 Syntax

Its syntax (see Figure[I) is the same that in the standard Calculus of Constructions in
Church style, except that we duplicate each operation (product, abstraction and applica-
tion) into an explicit one and an implicit one. As often in Type Theory, terms and types
belong to the same syntactic class, and special constants called sorts represent the types
of types.

Sorts (Type;)ien denote the usual predicative universe hierarchy of the Extended
Calculus of Constructions [[7]. There is only one impredicative sort, Prop, because the
distinction between propositional types and data types will be made by defining a term
as being explicit (data types) or implicit (propositional types) instead of giving it a type
of type Set or Prop.

Sorts s == Prop | Type, (i € N)

Terms M :=uz|s
| [ (z:M1). Mz | N(z: M1). M2 | My M2 (explicit)
‘ H[:r:Mﬂ.Mz ‘ )\[m:Ml].Mz | Ml[MQ] (implicit)

Contexts I' =[] | [z : M

Fig. 1. Syntax of ICC*

As usual we consider terms up to a-conversion. The set of free variables of term ¢
is written FV/(¢). Arrow types are explicit non-dependent products (if © ¢ FV(U), we
write T' — U for II(x:T). U). Substitution of the free occurrences of variable x by N
in term M is noted M{xz/N}. We write DV(I") the set of variables z that are declared
in I', i.e. such that (z : T') € I" for some term T'.
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2.2 Extraction

We define inductively (see Figl) an extraction function M — M* that associates a
term of ICC to every term of our calculus. This function removes the static information:
domains of abstractions, implicit arguments and implicit abstractions. Beware that ex-
traction does not preserve c-conversion for any term. So, many properties of extraction
will hold only for well-typed termd.

ICC Terms M ::=x | s | II(x:My). My | V(x:My).Ms | Ae.M | My M,
(ICC has the same set of sorts S as ICC*)

Extraction st =

(II(z:T).U)* = ?MT*) U* (H[z:T) UQ;* z@(m:T*).U*
A(z:T).U)* = \a.U* (A[z:T].U)* =U"
(MN)* = M*N* (M[N))* = M*

Fig. 2. ICC terms and Extraction

2.3 Typing Rules

For any relation R in ICC or in ICC*, we will use the symbols >r, —gr, —%, —>E
and =y, to denote the relation itself, its congruence closure, the reflexive and transitive
closure of — g, the transitive closure of — r and the reflexive, symmetric and transitive
closure of — . —ﬁ% will denote the head reduction of > i - reduction occurs in the left
subterm of applications (implicit or explicit applications in the case of decorated terms).

As in the traditional presentation of Pure Type Systems [1l], we define two sets Ax-
iom C S? and Rule C S? by

Axiom = {(Prop, Typeg); (Type;, Typeit1) |7 € N}
Rule = {(Prop, s, s); (s, Prop, Prop) | s € S}
U{(Typei, Typej, Type,,, i jy) | 47, € N}

We will also consider these two judgements:

— the judgement I" I that means “the context I” is well-formed”

— the judgement " = M : T that means “under the context I, the term M has type
T”. By convention, we will implicitly «-convert M in order that DV(I") and the set
of bound variables of M are disjoint.

Definition 1 (Typing judgements). They are defined in Fig.

They are very similar to the rules of a standard Calculus of Constructions where product,
abstraction and application are duplicated into explicit and implicit ones. There are
though two important differences:

% For instance, (A[z:T)]. z)* depends on the name of the binder.
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I'=T:s x¢DV(I)
HT(WF-E) P (WE-S)

I'+  (s1,s2) € Axiom I'- (z:T)el
(SORT) (VAR)
I'F s1: 89 I'tax:T

I'cT:sy I'iz:THU:s2 (s1,s2,53) € Rule

(E-PrOD)
I'-I(x:T).U : s3

I'tT:s1 I'iz:THU:s2 (s1,s2,53) € Rule

(I-PrOD)
't Hx:T).U : s3

Iiz:TFM:U I''tEI(z:T).U:s
I'-XNez:T).M:H(x:T).U
Iiz:TEM:U 'bHO:T.U:s z¢FV(MY)

(E-LAM)

(I-LAM)
I'-ANz:T). M : H[z:T).U
r-M:l(z:T)U I'-N:T I'-M:Hz:T.U I'-N:T
(E-APP) (I-App)
'~ MN:U{z/N} I'+ M[N]: U{z/N}
'cEM:T TI'ET':s T, T"
(Conv)

r-=m:1

Fig. 3. Typing rules of ICC*

— in the (I-LAM) rule, we add the condition x ¢ FV(M*) (variables introduced by
an implicit abstraction cannot appear in the extraction of the body), so x is not used
during the computation. This excludes meaningless terms like \[z: 7. x.

— In the (CONV) rule we replace the usual conversion by the conversion of extracted
terms. This makes it clear that the denotation of objects do not depend on implicit
information.

This last modification completely changes the semantics of the formalism. Despite of
being apparently very close to the Calculus of Constructions, it is in fact semantically
much closer to ICC (usual models of CC do not validate the (CONV) rule).

Before developing the metatheory of our system, we shall make the subset of ICC
we are targeting more precise.

Definition 2 (Typing rules of ICC ™). See Figil
In comparison to ICC as presented in [10], we made the following restrictions:

— we removed the rules related to subtyping (rules CUM and EXT), to make things
simpler, but we consider extending our system with these rules (or equivalent ones);
— we also removed the context strengthening rule (STR) for quite different reasons.
In our formalism, non-dependent implicit products are intended to encode precon-
ditions of a program: a proof of IT[_: P].Q yields a program with specification
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Fl_ICC'T:S £C¢DV(F)

(WF-E) (WE-S)
[ Fice Iz T Fiee
It (s1,82) € Axiom I'bee (x:T)erl
(SoRrT) (VAR)
I e 810 82 I'bee-x: T

I'biee Tisy Iya:Thee U:sa (s1,82,83) € Rule
I'tee H(x:T).U : s3 I'tiee V(z:T).U : s3
I'iz:Thee M:U Ik H(x:T).U : s
I'' b Ae M I(x:T).U
I'tiee M:H(z:T).U I'biee N:T
I'Fee MN :U{z/N}
I'iz:Thiee M:U I'biee V(@:T).U:s x¢FV(M)
I'tiee M :Y(x:T).U
I'bee M :Y(x:T).U I'biee N:T
I'ee M : U{z/N}
Ibiee M:T Thee T s T2, T
I M 2T

(ExPPROD) & (IMPPROD)

(LAM)

(APP)

(GEN)

(INST)

(Conv)

Fig. 4. Typing rules of ICC™

@ provided you can produce a proof of P; but the strengthening rule makes this
type equivalent to (). So this rule would not require a proof of P prior to using a
program with specification Q).

3 Metatheory

Unlike ICC, the basic metatheory can be proven just like for PTSs (see for instance [1]]).
This is due to the fact that it relies heavily on the form of the typing rules, but very
little on the nature of conversion. We first prove inversion lemmas. They allow us to
characterize the type R of judgment I' = M : R according to the nature of the term
M. Other important properties are substitutivity and context conversion (if I' = M : T,
At and I =g, A* hold, then we have A = M : T).

3.1 Preservation of the Theory and Consistency

In this section, we prove that ICC* is consistent and that it is equivalent to ICC™ (any
derivation in ICC* has a counterpart in ICC™ and vice versa). First, we prove by mutual
structural induction that any derivation of ICC* can be mapped into a derivation in
ICC™:
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Proposition 1 (Soundness of extraction)

(i) Tt = I Fee
(i) T M:T =TI b M*:T*

Consistency of ICC* is an easy consequence of consistency of ICC~ [I1]] and of
Proposition 1.

Proposition 2 (Consistency). There is no proof of the absurd proposition. There exists
no term M such that the following judgment is derivable:

|- M:II(A:Prop). A.

If we cannot prove the completeness results for the full ICC (subtyping and strengthen-
ing are not derivable), we can still prove it for the restricted system ICC™ using mutual
structural induction and context conversion.

Proposition 3 (Completeness of extraction)

1. For any judgement I' &, there exists a context A in ICC* such that
A*=T N AF.

2. For any judgement I' &=, M : T there exists A, N and U such that
AN UNA*=T NN =M ANU*=T

Note that since we have completeness for a subset of ICC rules and not for ICC itself,
we cannot deduce properties of [CC* from properties of ICC.

3.2 Decidability of Type Inference

As usual, decidability of type-checking requires the decidability of type inference. In
our case, we can consider two kinds of type inference: inferring a decorated term or a
term of ICC ™. The latter is enough for decidability of type-checking, but for implemen-
tation purposes, it is desirable to have the former. We want then to prove the following:

Proposition 4 (Decidability of type inference). There exists a sound and complete
algorithm that receives as an input a well-founded context I" and a term M and returns
a decorated term T such that I' = M : T if there exists one and false otherwise.

Proof. The cases of variable and sort are trivial. For products and abstractions we can
conclude easily because ICC is strongly normalizing (see [[I1]) and because we can
infer a sort s from s*(= s).

For applications it is much trickier because we need precise information to infer the
type. If we consider e.g. an implicit application M[N], infering the type of M and N
is not enough. If we know that M has type T”, we have to reach, if it exists, to the
annotated term U such that T"* =g, V(x:T).U*. The problem is that we only have
access to the extracted term U ™.

In order to solve this we need to introduce some reduction rules to ICC* terms. The
key point is that we only need to do head reduction : if 7" is reduced to a product,
this product can let us infer the type of the application. Since for well-typed terms, we
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cannot have (A(x:T). Mz) t>,, M with M being a product, n-reduction rules are not
useful and thus we only introduce 3-reduction rules.

These rules and two basic properties are presented in Fig[3l Note that these rules are
not necessary for the definition of our calculus. We only need them to infer types.

We also have a completeness result saying that, given M a well-typed term of ICC*
and N’ a term of ICC such that M* — 3 N’, there exists a term N of ICC* such that
N* = N'and M —%w N. It is proved as in Lemma 3.4 of [9] except that we use the
fact that every well-typed term has a [3;-weak head normal form (WHNF) - instead of a
(B;-normal form in [9]).

The last result that we need is the existence of a 3;.-WHNF for every well-typed
term of ICC*. This is a consequence of the soundness and completeness of
Bie-reduction and of the existence of a 3;-WHNF for every well-typed term of ICC*.

We can now infer the type of an application M N or M[N]. We compute the [3;.-
WHNF of the type of M. If it is a product then M is typed by this product (soundness
and subject reduction of ;.) and we can infer the type of the application. If not, com-
pleteness informs us that the application is not well-typed.

Definitions (Ma:T).M)N g, M{z/N} (explicit S-reduction)
(Mz:T). M) [N] >p, M{z/N} (implicit S-reduction)

>g,. = P>pg. UDpg, (Bie-reduction)

Properties (I'-M :T)AN(M —p,, N) = M" =5 N* (Soundness)

(I'EM:T)AN(M —p,  M') = I'tM':T (Subject Reduction)

Fig. 5. 3;c-reduction in ICC*

4 Implementation and Inductive Types

Our long term goal is to design a formalism dedicated to software verification. To exper-
iment on examples, we have developped a clone of Coq that implements ICC* 5 Despite
the fact that the formalism is quite different from the one implemented by Coq (the un-
derlying models are completely different), the cost of its implementation was amazingly
low: the type of terms has been slightly changed (to duplicate product, abstraction and
application into implicit/explicit pairs). But then the code is adapted straightforwardly
since the type-checking algorithm is modular w.r.t. conversion.

Our prototype inherits inductive types from Coq, but this is considered an experi-
mental feature. We proceeded by analogy with their impredicative encoding. Of course,
inductive types are more expressive: strong and dependent elimination schemes cannot
be derived with the impredicative encodings. The most challenging task part of justi-
fying our implementation of inductive types is probably to introduce an implicit sigma
type X[z : A]. B, that should be interpreted as a union of the B, family of types. It is
not clear how to define union of types in Miquel’s model.

3 This implementation is available as a Darcs repository at
http://www.lix.polytechnique. fr/Labo/Bruno.Barras/cog-implicit
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In the following examples, we will rather use impredicative encodings and axioms
that correspond to derivable properties of inductive types. Among those are:

— the strong elimination of absurdity False_elim: II[P:Type]. [False| — P
which is used to mark parts of a program as dead code,

— the strong elimination of equality proofs
eq elim: IT[A][z][y] [P: A — Type]. [z = y| = Px — Py, which is used to
“cast” an expression of type P x with type P y whenever we can prove z = v,

— and a strong elimination of accessibility proofs that would allow building recur-
sive functions whose termination is justified by a logical (implicit) proof of well-
foundedness, but this is not used in this work.

The former is easy to validate since the denotation of False is empty, [False] —
P is the full interpretation domain. eq_elim can be interpreted by the denotation of
Az.x: if x and y are equal (in A), then a predicate (of domain A) cannot distinguish
them, so P x and P y are the same type, and finally the identity is actually a mapping
from Pz to P yﬁ

In the implementation, the above properties result from two principles: (dependent)
pattern-matching on the proof object (which would require this proof to be present at
runtime), and the following axiom:

impl_PI: II[P:Prop].[P] — P.

Informally it says that there exists an object that belongs to any provable proposition,
which holds in the model. This is weaker than the usual axiom of proof irrelevence
which says that there exists only one proof object. Thanks to that axiom, logical argu-
ments of programs can always be made implicit (as for False_elimand eg_elim)
and thus never compared. Note that this was an important motivation for considering a
proof irrelevant Calculus of Constructions [18]].

One might want not just axiom eqg_elim, but also a reduction associated to it (wit-
nessing the fact that it can be interpreted by the identity). Unfortunately we see no way
to do this since this axiom should decide if reduction is possible without any informa-
tion about x, y or the proof of = y (they are all implicit objects). Nonetheless, it is
possible to add a variant of Streicher’s K axiom (justified by the model):

IH[A][z] [P]e:x = z][a: Px].eq_elim[A] [z] [z] [P] [e] a = a.

5 Examples

In this section, we develop several examples that illustrate the features of our formalism.
We first show how preconditions and postconditions can be encoded in ICC* by defining
a simple division algorithm. Then, we define concatenation and head of vectors, the
latter illustrate how to deal with absurd cases. Such examples are direct translations

*We do not to write type of variables when it can be easily inferred from the context, and
notation [A] — B stands for IT[_: A]. B.
3 Thanks to Alexandre Miquel for pointing out this fact.
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of what could already be done in the Calculus of Constructions, but our claim is that
ICC provides a better framework. Next examples show features that depart from CC:
PVS’ predicate subtyping can be encoded faithfully, and under some circumstances,
datastructures carrying dependencies do not have to be copied.

5.1 Euclidean Division

This example illustrates how to encode programs with preconditions and postcondi-
tions. Euclidean division can be expressed as a primitive recursive function, following
this informal algorithm:

divab:=if a=0then (0,0) else
let (¢,r):=div (a—1)bin
ifr=>b—1then(¢+1,0)else(¢g,r+1)

nat_elim: II(n:nat)[P:nat — Prop]. PO — (IIk. Pk — P (Sk)) — Pn
eqg_nat_elim: Imn[P:Prop|. II[H:m =n].P) — (II[H:m # n]. P) — P
diveucl: nat — nat — Prop
div_intro: [Ha][blgr[H:a=bg+r Ar <bl.diveuclabd
div_elim: IIa][b][P:Prop].diveuclab — (IIgr[H:a=bg+rAr <b.P)— P

div:= A(ab:nat)[H:b <> 0].
nat_elimalXa.diveucl ab)
(div_intro[0][b] 00 [m1 H])
(A\k (divy :diveucl kb).
div_elim[k] [b] divi [diveucl (Sk)b]
(Agr [Ho].
eq_nat_elimr (b—1)[diveucl (Sk)?]
(A[H1].div_intro[Sk][b] (S q)0[me Ho Hil)
(A[H1). div_intro [S k] [b]lq (S)[rs Ho H1)))
where:
m: b#0—=0=b0+0A0<Db
me: k=bg+rAr<b—r=b—1—-Sk=0b¢g+1)+0A0<D
m: k=bg+rAr<b—r#b—1—Sk=bg+ (Sr)ASr<b

Fig. 6. Euclidean division

One would like to specifiy that if b is not O (precondition), then divab returns a
pair (¢q,r) such that @ = bg +r A r < b («) (postcondition). To express the result,
we define a type diveucl, parameterized by a and b that encodes pairs (g, r) that
satisfy («). More precisely, it is a triple made of 2 explicit components of type nat
and an implicit proof of («) (this is an instance of the predicate subtyping scheme,
section 3.3)). See Figlfl for the types of the introduction and elimination rules. We can
see that the introduction rule has only 2 explicit arguments, so it will behave (w.r.t.
conversion) as a pair of numbers. Then, the division program can be specified by type

ITab[H:b #0].diveuclab.
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The program can then be written without difficulty (Figlfl) by adapting the proof made
in the Calculus of Constructions, assuming nat_elimto define programs by recursion
on a natural number and eq_nat_elimto decide if two numbers are equal.

The point of using ICC* is that div actually behaves as the informal algorithm.
Within CC, div is a function of arity 3 returning a triple. So if we have two distinct
proofs P; and P, of b # 0, (divab P) and (diva b Ps) reduce to triples (¢, 7, f(F1))
and (¢, r, f(P2)) respectively, for some f. The two proofs f(P;) and f(P») of the
postcondition («r) have no particular reason to be equal.

Not only this is solved by ICC*, but furthermore, (div 17 5 [Ps]) is convertible to
(div 11 3 [Py]) since the quotient and remainder of both divisions are equal. This is
not the case in CC (even assuming proof-irrelevance) since div_intro also depends
on the inputs a and b.

5.2 Vectors

Miquel showed how lists and vectors can be encoded in ICC [10]. We adapt his example
to ICC* (see Fig[Z). It consists in merging definitions of vectors in ICC and CC: the
definitions of CC have to be decorated with implicit/explicit flags as in ICC. Note that
vect and P are explicit functions since we want to distinguish vectors of different
lengths. But P itself is implicit since it is only used to type the other two arguments,
which correspond to constructors.

vect := Am.II[P:nat — Prop]. PO — (II[n]. A— Pn— P (Sn)) — Pm
nil:=XP]fg.f
cons [n]zv:=A[P] fg.g[n]z(v[P]fg)

append : II[ni][n2]. vect ni — vect ny — vect (n1 + n2)
= A[n1] [n2] v1 va. v1 [An/. vect (0’ + n2)] va (A[n'] z 0. cons [0’ + na] zv')
head: II[n].vect(sSn)— A
= A[n]u.v[Ak. [k = sn] — A]
(AM[H:0=sn|.False_elim[A][discrn H])
(Aklzy[_:Sk=sn].x)
[refl[sn]]

Fig.7. Vectors

The reader can check that by extraction towards ICC, these definitions becomes
strictly those for the untyped A-calculus:

nil*=M\fg.f cons* =Xzvfg.gx(vfg)

Here, cons™ has arity 2 (if we consider it returns vectors), and there is no extra
argument P.

Concatenation of two vectors can be expressed easily if we assume that addition
satisfies 0 + n =g n and (Sn) +m =g S (n + m), which is the case for the usual
impredicative encoding of natural numbers.

In the Calculus of Constructions, computing the length of a vector is useless since
a vector always comes along with its length (either as an extra argument or because it
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is fixed). In ICC*, when we decide to make the length argument implicit, it cannot be
used in the explicit part of the program. For instance, it is illegal to define the length of
a vector as A[n] (v:vect n).n. It has to be defined as recursive function that examines
the full vector.

We hope we made clear that in many situations, the Implicit Calculus of Construc-
tions allows to have the safety of a dependently typed A-calculus, but all the typing
information (here P and the vector size) does not get in the way, since objects are com-
pared modulo extraction.

5.3 Predicate Subtyping a la PVS

One key feature of PVS [[14] is predicate subtyping, which corresponds to the compre-
hension axiom in set theory. For instance, one can define the type of even number as a
subtype of the natural numbers satisfying the appropriate predicate. When a number is
claimed to have this type, it has to be proven it is actually even, and a type-checking
condition (TCC) is generated.

In the Calculus of Constructions, this can be encoded as a dependent pair formed
by a natural number and a proof object that it is actually even. The coercion from even
numbers to numbers is simply the first projection. This encoding is not faithfull since it
might happen that there exists two distinct proofsﬁ (let us call them 7; and m2) of the
fact that, say, 4 is even. Then (4, m ) and (4, 72) are distinct inhabitants of the type of
even numbers while they represent the same number. In ICC*, this issue can be avoided
by making the second component of the pair implicitﬂ Let us define Even as:

II[P:Prop]. (II(n:nat) [H:evenn]. P) — P
Coercion can then be defined as the first projection:
Mz:Even).z [nat] (An[H].n) : Even — nat

and equalities such as (4, 7 ) = (4, 2) are proven by reflexivity.

These facts generalize to any predicate over any type since no particular property of
natural numbers has been used here.

In [[16]], Sozeau introduces a feature of Coq similar to the predicate subtyping of PVS,
including the possibility to prove claimed invariants by generating proof obligations.
Subset types are coded by a pair of an object and a proof of the claimed invariants (e.g.
being even). Proof obligations are metavariables that the user must instantiate. This
method relies on the fact that programs shall never try to access the proof object, to
avoid the issue above mentioned. Combining ICC and his method seems to solve the
problem.

5.4 Subtyping Coercions

In ICC, vectors are subtypes of lists. Here, we have no subtyping but we can easily write
a coercion from vectors to lists (defined as I7[P:Prop]. P—(A— P — P)— P):

% Proof-irrelevance is not provable in CC, nor in Coq.
7 Note that this does not work in ICC because of the strengthening rule.
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AMv:vectn)[P|fg.v[A\_.P] fAn]zv.gzv : vectn— list

Remark that the extraction of this coercion is Av f g.v f (Azv.g x v), which n-reduces
to the identity.

Another illustration of the expressiveness of ICC is the example of terms indexed by
the set of free variables (var denotes the type used to represent variables):

term:= A(s:var — Prop). II[P:Prop].
(II(x:var).[sz] — P) —
(P—-P—P)—P

It corresponds to a type with two constructors:

Var : Il[s:var — Prop| (z:var).[sx] — terms
App : II[s:var — Prop]. terms — terms — terms.

If set s is included in set s’ (i.e. there is a proof h of ITx. s x — s’ x), then any term of
terms can be seen as a term of terms’. This can be done by the following function
that recursively goes through the term to update the proofs:

lift: terms — terms’

=\ [P]fgt[P] ()\x [H}f.%‘[h.%‘HD (/\7,‘1 tg.gtltg)

We can notice that, as previously, the extraction of this term 7n-reduces to the identity.

It seems natural to introduce a notion of coercion: terms which extraction reduces to
the identity. In cases where we manipulate extracted terms (for instance in the conver-
sion test), then coercions can be dropped. On the other hand, for reduction of decorated
terms, coercions can be used to update the implicit subterms of its argument. This dual-
ity between annotated and extracted terms forms the most striking feature of ICC*. The
current implementation does not optimize coercions yet.

6 Related Works

Epigram. In comparison with our system, Epigram focuses on implementing inductive
types in a more powerful way, and also provides more natural properties for equality.
On the other hand, the theory behind is not so different from usual Type Theories (in
the tradition of Martin Lof theories). A number of techniques are developed in order to
optimize the evaluation:

— in the case of vectors, the length argument can be removed from the constructor [3].
Unfortunately, only information that is uniquely recoverable can be erased. For
instance, in the example of terms with their set of variables, the proof that variables
belong to the set cannot be made implicit.

— A notion of compilation stages is introduced and an erasure function removes parts
that belong to the most “static” stages [2]. However, this process faces the same
problems that the extraction of Coq: the conversion rule applies on the fully deco-
rated term, so the erased parts are still compared.

We emphasize on the fact that ICC (and ICC*) have a very powerful conversion rule
where logical information is actually irrelevant.
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Proof-irrelevant Calculus of Constructions. Werner [[18]] introduces a variant of the
Calculus of Constructions where objects of the Prop kind can be erased. His idea is
very similar to ours since he modifies conversion so that proofs of a given proposition
are always convertible. On the one hand, this does not require a complicated model
since proof-irrelevance is a valid property in the classical model of the Calculus of
Constructions [12]]. On the other hand, this approach does not address the problem of
other extra arguments (types, domains of abstractions, dependencies belonging to Set).

7 Future Work

We have shown that the Implicit Calculus of Constructions provides a simple yet power-
ful way to write dependently typed programs and proof-carrying programs where spec-
ifications and proofs do not interfere with the computational content. However there are
still aspects that are not completely satisfactory.

Inductive Types. The key one is to extend the model of ICC to inductive types. As
already mentionned, the difficult part is understanding how to support union types in
the setting of coherent spaces.

Once the theory is set up, it is very desirable to have a powerful case-analysis opera-
tor as in Epigram or Agda. This can save awkward manipulations of equality proofs as
in the vector head example.

Other programming paradigms. ATS can deal with a large variety of aspects: side-
effects, non-termination, memory allocation, and more. This is definitely a must have if
we expect dependent types to reach a larger audience.

8 Conclusion

We have shown how a restriction of the Implicit Calculus of Constructions can be turned
into an implementable system, and we developed several typical examples. We shall
stress on the fact that some problems seem less difficult to deal with than in most type
systems implemented so far. Moreover, from the Coq user point of view, there are only
a few changes, and the new features can be learnt quickly.
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