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Inductive types in the
Calculus of Algebraic Constructions

Frédéric Blanqui

Laboratoire d’Informatique de I’Ecole Polytechnique
91128 Palaiseau Cedex, France
blanqui@lix.polytechnique.fr

Abstract. In a previous work, we proved that almost all of the Calculus
of Inductive Constructions (CIC), the basis of the proof assistant Coq,
can be seen as a Calculus of Algebraic Constructions (CAC), an extension
of the Calculus of Constructions with functions and predicates defined
by higher-order rewrite rules. In this paper, we prove that CIC as a
whole can be seen as a CAC, and that it can be extended with non-
strictly positive types and inductive-recursive types together with non-
free constructors and pattern-matching on defined symbols.

1 Introduction

There has been different proposals for defining inductive types and functions in
typed systems. In Girard’s polymorphic A-calculus or in the Calculus of Con-
structions (CC) [[], data types and functions can be formalized by using im-
predicative encodings, difficult to use in practice, and computations are done
by (-reduction only. In Martin-Lo6f’s type theory or in the Calculus of Inductive
Constructions (CIC) [@], inductive types and their induction principles are first-
class objects, functions can be defined by induction and computations are done
by ¢-reduction. For instance, for the type nat of natural numbers, the recursor
rec: (P :nat = *)(u: P0)(v: (n: nat)Pn = P(sn))(n : nat)Pn is defined by
the following t-rules:

recPuv0 —, u
recPuv(sn) —, vn(recPuvn)

Finally, in the algebraic setting , functions are defined by using rewrite
rules and computations are done by applying these rules. Since both S-reduction
and ¢-reduction are particular cases of higher-order rewriting ], proposals
soon appeared for integrating all these approaches. Starting with [E,E], this
objective culminated with [,Hf in which almost all of CIC can be seen as a
Calculus of Algebraic Constructions (CAC), an extension of CC with functions
and predicates defined by higher-order rewrite rules. In this paper, we go one
step further in this direction and capture all previous proposals, and much more.

Let us see the two examples of recursors that are allowed in CIC but not in
CAC [@] The first example is a third-order definition of finite sets of natural
numbers (represented as predicates over nat):



fin : (nat = x) = %
femp : fin ()
fadd : (x : nat)(p : nat = %)finp = fin(add z p)
rec: (Q : (nat = x) = *)Q0
= ((x : nat)(p : nat = *)finp = Qp = Q(add = p))
= (p:nat = x)finp= Qp

o

where () = [y : nat] L represents the empty set, add z p = [y : natly =z V (p y)
represents the set {z} U p, and the weak recursor rec (recursor for defining
objects) is defined by the rules:

rec Quuvyp femp — u
recQuuyp (fadd xph) — vzph(recQuuvph)

The problem comes from the fact that, in fin(add x p), the output type of
fadd, the predicate p is not a parameter of fin.! This can be generalized to any
big/impredicative dependent type, that is, to any type having a constructor with
a predicate argument which is not a parameter. Formally, if C' : (z : V)x is a
type and ¢ : (z : T)Cwv is a constructor of C then, for all predicate variable x
occurring in some T}, there must be some argument v,, = x, a condition called
(16) in [

The second example is John Major’s equality which is intended to equal
terms of different types

J:
JMeq : (A:x)A= (B:x)B =%
refl : (A:*)(x: A)(JMeq A x A x)
rec:(A:%)(x:A)(P:(B:%x)B=%)(P Az

é(B. *)(y: B)(JMeq Az By)= (P By)
where rec is defined by the rule:
recCaePhCux(relCx) — h

Here, the problem comes from the fact that the argument for B is equal to
the argument for A. This can be generalized to any polymorphic type having a
constructor with two equal type parameters. From a rewriting point of view, this
is like having pattern-matching or non-linearities on predicate arguments, which
is known to create inconsistencies in some cases [@] Formally, a rule fl — r
with f: (x: T)U is safe if, for all predicate argument x;, [; is a variable and, if
x; and z; are two distinct predicate arguments, then [; # [;. An inductive type
is safe if the corresponding t-rules are safe.

By using what is called in Matthes’ terminology [@] an elimination-based
interpretation instead of the introduction-based interpretation that we used in
[E], we prove that recursors for types like fin or JMeq can be accepted, hence that
CAC essentially subsumes CIC. In addition, we prove that it can be extended
to non-strictly positive types (Section f]) and to inductive-recursive types [
(Section f).

! This is also the reason why the corresponding strong recursor, that is, the recursor
for defining types or predicates, is not allowed in CIC (p could be “bigger” than fin).



2 The Calculus of Algebraic Constructions (CAC)

We assume the reader familiar with typed M-calculi [[f] and rewriting [[L]. The
Calculus of Algebraic Constructions (CAC) [[j] simply extends CC by considering
a set F of symbols, equipped with a total quasi-ordering > (precedence) whose
strict part is well-founded, and a set R of rewrite rules. The terms of CAC are:

tuo=s|a| fllz:tlu|tu| (x:t)u

where s € § = {x,0} is a sort, x € X a variable, f € F, [z : tju an abstraction,
tu an application, and (x : t)u a dependent product, written t = u if x does not
freely occur in u. We denote by FV(¢) the set of free variables of ¢, by Pos(t) the
set of Dewey’s positions of ¢, and by dom(#) the domain of a substitution 6.

The sort x denotes the universe of types and propositions, and the sort O
denotes the universe of predicate types (also called kinds). For instance, the type
nat of natural numbers is of type x, * itself is of type O and nat = *, the type
of predicates over nat, is of type O.

Every symbol f is equipped with a sort s¢, an arity oy and a type 74 which
may be any closed term of the form (x : T)U with |z| = o (x| is the length of
x). We denote by I'y the environment @ : T'. The terms only built from variables
and applications of the form ft with |t| = o are called algebraic.

A rule for typing symbols is added to the typing rules of CC:

Fr1psy
EfoTy

A rewrite rule is a pair [ — r such that (1) [ is algebraic, (2) [ is not a
variable, and (3) FV(r) C FV(I). A symbol f with no rule of the form fl — r is
constant, otherwise it is (partially) defined. We also assume that, in every rule
fl — r, the symbols occurring in r are smaller than or equivalent to f.

Finally, in CAC, fR-equivalent types are identified. More precisely, in the
type conversion rule of CC, |g is replaced by |gr:

(symb)

'te:T TlgrT I'FT':s
I'=t: T’

(conv)

where u | gr v iff there exists a term w such that u =3z w and v =5z w, =5
being the reflexive and transitive closure of —=—3 U —x. This rule means that
any term t of type T in the environment I is also of type T” if T' and T have
a common reduct (and 7" is of type some sort s). For instance, if ¢ is a proof of
P(2 + 2) then ¢ is also a proof of P(4) if R contains the following rules:

r+0 — =z
r+(sy) — s(z+y)

This allows to decrease the size of proofs by an important factor, and to
increase the automation as well. All over the paper, we assume that — is
confluent.



A substitution 0 preserves typing from I' to A, written 0 : I ~ A, if, for all
x € dom(I'), A F 26 : I'0, where xI" is the type associated to z in I'. Type-
preserving substitutions enjoy the following important property: if I' ¢ : T and
0:I~ Athen AFt6:T6.

For ensuring the subject reduction property (preservation of typing under
reduction), every rule fl — r is equipped with an environment I and a sub-
stitution p such that, if f : (x : T)U and v = {@& — 1}, then I' b flp : Uryp
and I' = r : Uyp. The substitution p allows to eliminate non-linearities due to
typing. For instance, the concatenation on polymorphic lists (type list : x =
with constructors nil : (A : *)listA and cons : (A : x)A = listA = listA) of
type (A : *)listA = listA = listA can be defined by:

app A (nil AU — U
app A (cons A’ x ) I! — cons Ax (app Axll)
app A (app A" 1) 1" — app Al (app AT 1")

with I' = A : %, x : A/l : listA,l : listA and p = {A’ — A}. For instance,
app A (nil A’) is not typable in I" (since A’ ¢ dom(I")) but becomes typable if
we apply p. This does not matter since, if an instance app Ao (nil A’c) is typable
then Ao is convertible to A’c. Eliminating non-linearities makes rewriting more
efficient and the proof of confluence easier.

3 Strong normalization

Typed A-calculi are generally proved strongly normalizing by using Tait and Gi-
rard’s technique of reducibility candidates [B] The idea of Tait, later extended
by Girard to the polymorphic A-calculus, is to strengthen the induction hypoth-
esis. Instead of proving that every term is strongly normalizable (set SA), one
associates to every type T a set [T] C SN, the interpretation of T', and proves
that every term ¢ of type T is computable, i.e. belongs to [T]. Hereafter, we
follow the proof given in [ff] which greatly simplifies the one given in [f].

Definition 1 (Reducibility candidates) A term ¢ is neutral if it is not an
abstraction, not of the form ¢t with ¢ : (y : U)Cv and C constant, nor of the
form ft with f defined and |¢| < ay. We inductively define the complete lattice
R: of the interpretations for the terms of type ¢, the ordering <, on R;, and the
greatest element T; € Ry as follows.

- R =1{0}, <;=Cand T, =0ift#0and I't/ ¢ :O.

— R is the set of subsets R C 7 such that:
(R1) R C SN (strong normalization).
(R2) If t € R then —(t) = {t' | t — t'} C R (stability by reduction).
(R3) If ¢ is neutral and —(¢) C R then t € R (neutral terms).
Furthermore, <,=C and T4, = SN.



— Rz:vyk is the set of functions R from 7 x Ry to Rx such that R(u,S) =
R(u',S) whenever u — ', R <.k R’ iff, for all (v,5) € T x Ry,
R(u,S) <k R'(u,S), and T gm0k (u,S) = Tk.

Note that R; = Ry whenever t — ¢’ and that, for all R € Ry, X C R.

Definition 2 (Interpretation schema) A candidate assignment is a function
& from X to |J{R¢ | t € T}. An assignment ¢ wvalidates an environment I,
written £ = I, if, for all € dom(I"), € € R.r. An interpretation for a symbol
[ is an element of R.,. An interpretation for a set G of symbols is a function
which, to each symbol g € G, associates an interpretation for g.

The interpretation of t w.r.t. a candidate assignment £, an interpretation I
for F and a substitution €, is defined by induction on ¢ as follows.

o [t]{y = T: if t is an object or a sort,

° [[z]]ée = z€,

® [[f]]ée = Iy,

o [(x:U)V]iy={teT |Yuc[U],VSecRu,tuc [[V]]gfﬂg},

o [[z: U]v]]ée(u,S) = [[U]]égﬁg’

o [tulg o = [t o (uf, [ulg o),

where £ = ¢ U {x +— S} and 0% = 0 U {z + u}. A substitution 0 is adapted to

a [-assignment ¢ if dom(6) C dom(I") and, for all z € dom(6), z6 € [[:I:F]]ée. A
pair (£, 0) is I'-valid, written &, 0 = I, if £ = I' and 6 is adapted to &.

Note that [t]{ , = [t] 579/ whenever ¢ and &’ agree on the predicate variables
free in ¢, 8 and 6’ agree on the variables free in ¢, and I and I’ agree on the
symbols occurring in ¢. The difficult point is then to define an interpretation for
predicate symbols and to prove that every symbol f is computable (i.e. f € [7f]).

Following previous works on inductive types ,@], the interpretation of
a constant predicate symbol C is defined as the least fixpoint of a monotone
function I — oL on the complete lattice R,,. Following Matthes [E], there
is essentially two possible definitions that we illustrate by the case of nat. The
introduction-based definition:

ol ={teSN |t—=*su=ucl}
and the elimination-based definition:
of =1t e T |V(,0) Ivalid, rec PO uf v t € [[Pn]]éet }

where I' = P : nat = x,u : PO,v : (n : nat)Pn = P(sn). In both cases, the
monotonicity of ¢nq; is ensured by the fact that nat occurs only positively? in

2 X occurs positively in Y = X and negatively in X = Y. In Section E, we give an
extended definition of positivity for dealing with inductive-recursive types [[L9].



the types of the arguments of its constructors, a common condition for inductive
types.3.

In [E], we used the introduction-based approach since this allows us to have
non-free constructors and pattern-matching on defined symbols, which is forbid-
den in CIC and does not seem possible with the elimination-based approach.
Indeed, in CAC, it is possible to formalize the type int of integers by taking the
symbols 0 : int, s : int = int and p : int = int, together with the rules:

—
—
It is also possible to have the following rule on natural numbers:

rx(y+2) — (@xy)+(@xz)

To this end, we extended the notion of constructor by considering as construc-
tor any symbol ¢ whose output type is a constant predicate symbol C' (perhaps
applied to some arguments). Then, the arguments of ¢ that can be used to define
the result of a function are restricted to the arguments, called accessible, in the
type of which C' occurs only positively. We denote by Acc(c) the set of accessible
arguments of c. For instance, x is accessible in sz since nat occurs only positively
in the type of x. But, we also have x and y accessible in x + y since nat occurs
only positively in the types of  and y. So, + can be seen as a constructor too.

With this approach, we can safely take:

or ={t e SN |Vf,t = fu=Vje Acc(f),u; € [[Uj]]ée}

where f : (y : U)Cv and 6 = {y — wu}, whenever an appropriate assignment
¢ for the predicate variables of U; can be defined, which is possible only if the
condition (I6) is satisfied (see the type fin in Section [I).

4 Extended recursors

As we introduced an extended notion of constructor for dealing with the intro-
duction-based method, we now introduce an extended notion of recursor for
dealing with the elimination-based method.

Definition 1 (Extended recursors). A pre-recursor for a constant predicate
symbol C : (z : V)x is any symbol f such that:

o the type of f is of the form* (z: V)(z: Cz)W,

3 Mendler proved that recursors for negative types are not normalizing [@] Take for
instance an inductive type C' with a constructor ¢ : (C' — nat) — C. Assume now
that we have p : C — (C — nat) defined by the rule p(cz) — z (case analysis).
Then, by taking w = [z : C](pz)z, we get w(cw) —g p(eaw)(cw) — wlcw) —4 ...

4 Our examples may not always fit in this form but since, in an environment, two
types that do not depend on each other can be permuted, this does not matter.



o cvery rule defining f is of the form fztu — v with FV(r)Nn{z} =10
o futu is head-reducible only if t is constructor-headed.

A pre-recursor f is a recursor if it satisfies the following positivity conditions:®

e no constant predicate D > C or defined predicate F occurs in W,
e cvery constant predicate D ~ C' occurs only positively in W .

A recursor of sort x (resp. O) is weak (resp. strong). Finally, we assume that
every type C has a set Rec(C) (possibly empty) of recursors.

For the types C whose set of recursors Rec(C) is not empty, we define the
interpretation of C' with the elimination-based method as follows. For the other
types, we keep the introduction-based method.

Definition 2 (Interpretation of inductive types). If every t; has a normal
form t; then oL (¢, S) is the set of terms t such that, for all f € Rec(C) of type
(z:V)(z:C2)(y: UV, y& and yb, if 3,0t =y : U then ft*tyd € [[V]]gfﬂii'
Otherwise, pL(t,S) = SN.

The fact that ¢ is monotone, hence has a least fixpoint, follows from the
positivity conditions. One can easily check that goé is stable by reduction: if
t — t' then pL(t,S) = pL(t',S). We now prove that ¢L(t, S) is a candidate.

Lemma 3. L (t,S) is a candidate.

Proof. (R1) Let t € R. We must prove that t € SN. Since Rec(C) # (), there
is at least one recursor f. Take y;0 = y; and y;§ = Ty,. We clearly have
€30t =y : U. Therefore, ft*ty € S = [[V]]gs gr¢- Now, since S satisfies
(R1), ft'ty € SN and t € SN.
(R2) Let t € R and t' € —(t). We must prove that ¢’ € R, hence that ft*t'yf
= [[V]]ésﬁtt. This follows from the fact that ft*tyf € S (since t € R) and
S satisfies (Iz%zQ)

(R3) Let ¢ be a neutral term such that —(¢) C R. We must prove that t € R,
hence that u = ft*tyf € S = [[V €S ote Since u is neutral and S satisfies
(R3), it suffices to prove that —(u) C S Since y0 € SN by (R1), we proceed
by induction on yf with — as well-founded ordering. The only difficult case
could be when u is head-reducible, but this is not possible since t is neutral,
hence not constructor-headed. ad

5 Admissible recursors

Since we changed the interpretation of constant predicate symbols, we must
check several things in order to preserve the strong normalization result of [ﬂ]

e We must make sure that the interpretation of primitive types is still SA/
since this is used for proving the computability of first-order symbols and the
interpretation of some defined predicate symbols (see Lemma E)

5 In Section E, we give weaker conditions for dealing with inductive-recursive types.



e We must also prove that every symbol is computable.

— For extended recursors, this follows from the definition of the interpretation
for constant predicate symbols, and thus, does not require safety.

— For first-order symbols, nothing is changed.

— For higher-order symbols distinct from recursors, we must make sure that
the accessible arguments of a computable constructor-headed term are com-
putable.

— For constructors, this does not follow from the interpretation for constant
predicate symbols anymore. We therefore have to prove it.

We now define general conditions for these requirements to be satisfied.

Definition 4 (Admissible recursors). Assume that every constructor is
equipped with a set Acc(c) C {1,...,a.} of accessible arguments. Let C : (z :
V)x be a constant predicate symbol. Rec(C) is complete w.r.t. accessibility if,
for all ¢ : (x : T)Cv, j € Acc(c), zn and xo, if n = I., vo € SN and
cxo € [Cv],o then zjo € [T}]y,0-

A recursor f : (z : V)(z : Cz)(y : U)V is head-computable w.r.t a con-
structor ¢ : (& : T)Cv if, for all xn, xo, Y&, yb, S = [v]ye, if n,0 = I
and £5,0°°® = y : U, then every head-reduct of fvo(cxo)yl belongs to
[[V]]gzs,ggagwa. A recursor is head-computable if it is head-computable w.r.t. every
constructor. Rec(C) is head-computable if all its recursors are head-computable.

Rec(C) is admissible if it is head-computable and complete w.r.t. accessibility.

We first prove that the interpretation of primitive types is SN.

Lemma 5 (Primitive types). Types equivalent to C are primitive if, for all
D ~C,D:*and foralld: (x:T)D, Acc(d) = {1,...,aq} and every T}
is a primitive type E < C. Let C' : x be a primitive symbol. If recursors are
head-computable then Ic = SN .

Proof. By definition, Ic € SAN. We prove that, if t € SN then t € Ig, by
induction on ¢t with — U > as well-founded ordering. Let f: (z: C)(y : U)V be
a recursor, y& and y6 such that £, 0L =y : U. We must prove that v = ftyf €
S = [V]e .6t - Since v is neutral, it suffices to prove that —(v) C S. We proceed
by induction on tyf with — as well-founded ordering (y8 € SN by R1). If the
reduction takes place in ty#, we can conclude by induction hypothesis. Assume
now that v’ is a head-reduct of v. By assumption on recursors (Definition m), tis
of the form cu with ¢: (z : T')C. Since C is primitive, every u; is accessible and
every T is a primitive type D < C'. By induction hypothesis, u; € Ip. Therefore,
0,{x — u} | I'. and, since &, 0! = y : U and recursors are head-computable,
v es. O

Theorem 6 (Strong normalization). Assume that every constant predicate
symbol C' is equipped with an admissible set Rec(C) of extended recursors distinct
from constructors. If — is confluent and strong recursors and symbols that are
not recursors satisfy the conditions given in /ﬁ/ then BUR is strongly normalizing.



Proof. Let Fy (resp. l—?) be the typing relation of the CAC whose symbols are
(resp. strictly) smaller than f. By induction on f, we prove that, if 'y ¢ : T
and &, 0 = I' then t0 € [T]¢ 0. By (symb), if g < f and by g : 75 then 5 75 : s,
Therefore, the induction hypothesis can be applied to the subterms of 7,.

We first prove that recursors are computable. Let f : (z : V)(z : Cz)(y : U)V
be a recursor and assume that £,0 = I'y. We must prove that v = fz020y0 €
S = [V]¢,0. Since v is neutral, it suffices to prove that —(v) C S. We proceed by
induction on 26020yf with — as well-founded ordering (20z0y8 € SN by R1).
If the reduction takes place in z0z0yf, we conclude by induction hypothesis.
Assume now that we have a head-reduct v'. By assumption on recursors (Def-
inition [l), 26 is of the form cu with ¢ : (z : T)Cwv, and v’ is a head-reduct of
vo = fz0*20y6 where z0* are the normal forms of z6. Since &, 0 |= I'y, we have
20 = cu € [Cz]¢p = Ic(20, z€). Therefore, vy € S and, by (R2), v’ € S.

We now prove that constructors are computable. Let ¢ : (x : T)Cv be a
constructor of C' : (z : V)%, zn and xo such that n,0 = I'.. We must prove
that cxo € [Cv],,» = Ic(vo, S) where § = [v],,,. By induction hypothesis,
we have vo € SN. So, let f: (2: V)(z : Cz)(y : U)V be a recursor of C, y¢&
and y6 such that £5,0%7¢®° =y : U. We must prove that v = fvo*(cxo)yl €
S = [V]es gpocwo. Since v is neutral, it suffices to prove that —(v) C S. Since
y0 € SN, we can proceed by induction on yf with — as well-founded ordering.

In the case of a reduction in yf, we conclude by induction hypothesis. In
the case of a head-reduction, we conclude by head-computability of f. And, in
the case of a reduction in cxo, we conclude by the computability lemmas for
function symbols in [E] if the strong normalization conditions are satisfied and
accessibility is correct w.r.t. computability, then every reduct of cxo belongs to
[Cv];,o. The fact that accessibility is correct w.r.t. computability follows from
the completeness of the set of recursors w.r.t. accessibility. a

6 The Calculus of Inductive Constructions

As an example, we prove the admissibility of a large class of weak recursors for
strictly positive types, from which Coq’s recursors [@] can be easily derived.
This can be extended to strong recursors and to some non-strictly positive types
(see Section ).

Definition 7. Let C : (z : V)% and ¢ be strictly positive constructors of C, that
is, if ¢; is of type (x : T)Cv then either no type equivalent to C' occurs in T}
or Tj is of the form (o : W)Cw with no type equivalent to C occurring in W.
The parameters of C' is the biggest sequence q such that C: (q : Q)(z : V)x and
each ¢; is of type (q : Q)(x : T)Cqu with T; = (v : W)Cqw if C occurs in T;.

The canonical weak recursor® of C w.r.t ¢ is reci : (q : Q)(z : V)(z :
Cqz)(P: (2 :V)Cqz = *)(y : U)Pzz with U; = (z : T)(z' : T')Pv(ciqz),
T = (a: W)Pw(z;a) if Tj = (a : W)Cqw, and T; = T} otherwise, defined
6 Strong recursors cannot be defined by taking P : (z : V)Cqz = O instead since

(z: V)Cqz = O is not typable in CC. They must be defined for each P.



by the rules rec;qz(ciq'x)Py — yixt’ where t; = [o : Wl(reciqw(z;a)Py) if
Tj = (a: W)Cqw, and t; = z; otherwise.”

Lemma 8. The set of canonical recursors is complete w.r.t. accessibility.®

Proof. Let ¢ = ¢; : (@ : Q)(x : T)Cqv be a constructor of C : (g : Q)(z :
V)%, qn, xn, gqo and xo such that govoe € SN and cqoxo € [Cqu],, =
Ic(govo,gé[v],,0). Let @ = gz and A = QT. We must prove that, for all
J, ajo € [Aj]y,o. For the sake of simplicity, we assume that weak and strong
recursors have the same syntax. Since govo have normal forms, it suffices to find
u; such that rec.qu(cqx)Pju; — ujxt’ —7% a;. Take uj =[x : T)[x' : T'Ja;. O

Lemma 9. Canonical recursors are head-computable.

Proof. Let f: (q: Q)(z : V)(z:Cqz)(P:(z:V)Cqz = *)(y : U)Pzz be
the canonical weak recursor w.rt. ¢, T = (z: V)Cgz =, c=¢;: (q: Q)(x:
T)Cqu, qn, qo, xn, xo, PE, PO, y&, yb, R = [v],.0, & = &8 and 0/ = 0275,
and assume that 1,0 = I, and n¢’,00’ E P : T,y : U. We must prove that
yibxot' o0 € [Pzz]e o

We have y;0 € [Ui]¢r o, Ui = (z : T)(z' : T')Pv(cqz) and zjo € [T}],0 =
[Ti]yer 000 We prove that 00 € [T]],¢r 00r. If Tj = Tj then t00 = xj0 and
we are done. Otherwise, T; = (o : W)Cqw, T} = (o : W)Pw(r;c) and
ti = [a: W|fqw(z;a)Py. Let a( and avy such that n¢'¢, 00y = o : W. Let
t = zjoory. We must prove that v = fgowoytPOyl € S = [Pw(z;c)]perc,000-
Since v is neutral, it suffices to prove that —(v) C S.

We proceed by induction on qowoytPyf € SN with — as well-founded
ordering (we can assume that woy € SN since I—Jf 77 s¢). In the case of a
reduction in gowoytPOyl, we conclude by induction hypothesis. Assume now
that we have a head-reduct v’. By definition of recursors, v’ is also a head-reduct
of vg = fqo*woy*tPOyd where gqo*wovy* are the normal forms of qowo~y. If
vo € S then, by (R2), v’ € S. So, let us prove that vy € S.

By candidate substitution, S = [Pzz]¢s gwore with § = [w]yerco0y =
[w]yec,00, for FV(w) C {q, P,x,a}. Since zj0 € [T;]qer 000 and né'¢, 00"y =
a: W, te [Cqwlycooy = Ic(qowoy, g€S). Since n¢’, 00" =P : T,y : U
and FV(TU) C {q, P}, we have n¢,00 |= P : T,y : U and n¢S,00%°7 = P :
T,y : U. Therefore, vy € S. a

It follows that CAC essentially subsumes CIC as defined in [@] Theorem
E cannot be applied to CIC directly since CIC and CAC do not have the same
syntax and the same typing rules. So, in [E}, we defined a sub-system of CIC,
called CIC™, whose terms can be translated into a CAC. Without requiring
inductive types to be safe and to satisfy (I6), we think that CIC™ is essentially
as powerful as CIC.

Theorem 10. The system CIC™ defined in /ﬂ/ (Chapter 7) is strongly normal-
izing even though inductive types are unsafe and do not satisfy (I16).

" We could erase the useless arguments t; = z; when T} = Tj.
8 In [E] (Lemma 4.35), Werner proves a similar result.



7 Non-strictly positive types

We are going to see that the use of elimination-based interpretations allows us to
have functions defined by recursion on non-strictly positive types too, while CIC
has always been restricted to strictly positive types. An interesting example
is given by Abel’s formalization of first-order terms with continuations as an
inductive type trm : x with the constructors [EI]

var:nat = trm
fun:nat = (list trm) = trm
mu : —trm = trm

where list : x = x is the type of polymorphic lists, =X is an abbreviation for
X = L (in the next section, we prove that — can be defined as a function), and
L : % is the empty type. Its recursor rec : (A : x)(y1 : nat = A) (y2 : nat =
list trm = listA = A)(ys : ~—trm = -—A = A)(z : trm)A can be defined by:

rec Ayr y2 ys (varn) — y1n
rec Ayr y2 ys (funnl) — yanl (maptrm A (rec A y1 ya2 y3) 1)
rec Ayi ya ys (mu f) — ys [z :2A](f [y:trm](z (rec A y1 y2 y3 y)))

where map : (A: x)(B: x)(A = B) = list A= list B is defined by:

map A B f (nil A') — (nil B)
map A B f (cons A" zl) — cons B (f ) (map A B 1)
map A B f (app A’ 11U') — app B (map AB f1l) (map AB fl)

We now check that rec is an admissible recursor. Completeness w.r.t. acces-
sibility is easy. For the head-computability, we only detail the case of mu. Let
fo,t =mu fo, A¢, AG and y6 such that 0,0 = I, and &,00L =T = A : %,
y : U where U; is the type of y;. Let b = recAfyf, ¢ = [y : trm|(z(by)) and
a = [z :=A0]|(foc). We must prove that yzf foa € [A]¢ 500 = AE.

Since &, 00 = I, y36 € [~—trm = =—A = A]¢g. Since 0,0 = [y, fo €
[-—trm]. Thus, we are left to prove that a € [-—A]¢. 9, that is, focy € I, for all
xy € [~A]e,9. Since fo € [-—trm], it suffices to prove that ¢y € [-trm], that
is, zy(byy) € I, for all yy € Iy, This follows from the facts that xy € [~A]¢0
and byy € A€ since yy € Iipm.

8 Inductive-recursive types

In this section, we define new positivity conditions for dealing with inductive-
recursive type definitions [@] An inductive-recursive type C has constructors
whose arguments have a type F't with F' defined by recursion on ¢ : C, that is,
a predicate F' and its domain C are defined at the same time.

A simple example is the type dlist : (A : %)(# : A = A = x)x of lists made of
distinct elements thanks to the predicate fresh: (A: *)(#: A= A= x)A =
(dlist A#) = x parametrized by a function # to test whether two elements are
distinct. The constructors of dlist are:



nil: (A : %) (#: A= A=) (dlist A#)
cons: (A:*)(#: A= A=x)(x : A)(1: dlist A#)(fresh A # x 1) = (dlist A#)

and the rules defining fresh are:

fresh A# x (nil A') — T
fresh A# x (cons A’ ylh) — a#yA fresh A# xl

where T is the proposition always true and A the connector “and”. Other ex-
amples are given by Martin-Lf’s definition of the first universe d la Tarski [1J]
or by Pollack’s formalization of record types with manifest fields [@]

Definition 11 (Positive/negative positions). Assume that every predicate
symbol f : (x : t)U is equipped with a set Mon™ (f) C {i < ay | »; € X"} of
monotone arguments and a set Mon™ (f) C {i < ay | z; € X} of anti-monotone
arguments. The sets of positive positions Pos™ () and negative positions Pos™ (t)
in a term t are inductively defined as follows:

~ Pos®(s ) Pos( y={e | §=+},

~ Pos’((x: U)V) = 1. Pos*'S(U)uz.Pos’S(V),

fPos([ Ulv) = 2.Pos® (v),

~ Pos® (tu) = 1.Pos (t) if t # ft,

~ Pos’(ft) = {111 | § = +} U U{11-2.Pos (t;) | € € {—,+}, i € Mon*(f)},
where § € {—,+}, —+ = — and —— =+ (usual rule of signs).

Theorem 12 (Strong normalization). Deﬁnitionﬂ is modified as follows. A
pre-recursor f : (z : V)(z: Cz)W is a recursor if:

e no F > C occurs in W,

e cvery F' ~ C occurs only positively in W,

e if i € Mon®(C) then Pos(z;, W) C Pos® (W).
Assume furthermore that, for every rule Fl — r:

e no G > F occurs in r,
e for all i € Mon(F), I; € X" and Pos(l;,r) C Pos®(r).
Then, Theorem Ia’ is still valid.

Proof. For Theorem E to be still valid, we must make sure that ¢ (see Definition
E) is still monotone, hence has a least fixpoint. To this end, we need to prove
that [t]{ 5 is monotone (resp. anti-monotone) w.r.t. z¢ if 2 occurs only positively
(resp. negatively) in ¢, and that [¢]! ¢.6 is monotone (resp. anti-monotone) w.r.t.
Ic if C occurs only positively (resp. negatively) in ¢. These results are easily
extended to the new positivity conditions by reasoning by induction on the well-
founded ordering used for defining the defined predicate symbols.

Let us see what happens in the case where t = F't with F' a defined predicate
symbol. Let <T=< and <~=>. We want to prove that, if &; <, & (i.e. 2&; < 2o
and, for all y # z, y& = y&) and Pos(z,t) C Pos®(t), then Mglﬂ <0 [[t]]é,e
By definition of Ig, if the normal forms of t6 matches the left hand-side of



Fl — r, then [Ft]{ , = [[r]]é/_ , Where ¢ is the matching substitution and, for
all y € FV(r), y& = [tx,]{,  where r, is such that I, =y (see [ for details).
Now, since Pos(z, Ft) C Pos®(Ft), Pos(xz,t.,) C Pos“s(t,iy) for some e. Hence,
by induction hypothesis, £} §§5 &, Now, since Pos(y, r) C Pos®(r), by induction
hypothesis again, [r]¢/ o <o _<h [r]es o O

For instance, in the positive type trm of Section ﬂ, instead of considering
——A as an abbreviation, one can consider — as a predicate symbol defined by
the rule mA — A = L with Mon™ (=) = {1}. Then, one easily checks that A
occurs negatively in A = 1, and hence that trm occurs positively in ——trm
since Pos™ (——trm) = {1} U2.Pos™ (=trm) = {1} U2.2.Pos™ (trm) = {1,2.2}.

9 Conclusion

By using an elimination-based interpretation for inductive types, we proved that
the Calculus of Algebraic Constructions completely subsumes the Calculus of In-
ductive Constructions. We define general conditions on extended recursors for
preserving strong normalization and show that these conditions are satisfied by
a large class of recursors for strictly positive types and by non-strictly posi-
tive types too. Finally, we give general positivity conditions for dealing with
inductive-recursive types.
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