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Chapter 1

Introduction

What is good programming? Apart from writing programs which are understandable
and reusable by other people, above all it is being able to write programs without
errors. But how do you know whether a program has no error? By proving it. In
other words, to program well requires doing mathematics.

But how do you know whether a proof that a program has no error itself has no
error? By writing a proof which can be checked by a computer. In other words, to
program well requires doing formal mathematics.

This is the subject of our thesis : defining a formal system in which one can
program and prove that a program is correct.

However, it is not the case that work is duplicated : programming and proving.
In fact, from a proof that a program specification is correct, one can extract an error-
free program! This is due to the termination of “cut elimination” in intuitionist logic
discovered by G. Gentzen in 1933 [57].

More precisely, we will consider a particular class of formal systems, the type
systems. We will study their properties when they are extended with definitions by
rewriting. Rewriting is a simple and general computation paradigm based on rules
like z + 0 — =z, that is, if one has an expression of the form z + 0, then one can
simplify it to x.

But for such a system to serve in proving the correctness of programs, one must
make sure that the system itself is correct, that is, that one cannot prove something
which is false. This is why we will give conditions on the rewriting rules and prove
that these conditions indeed ensure the correctness of the system.

First, let us see how type systems appeared, what results are already known and
what our contributions are (they are summarized in Section 1.4).

1.1 Some history

This section is not intended to provide an absolutely rigorous historical summary.
We only want to recall the basic concepts on which our work is based (type theory,
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A-calculus, ete.) and show how our work takes place in the continuation of previous
works aiming at introducing more programming into logic, or dually, more logic into
programming. We will therefore take some freedom with the formalisms used.

The reader familiar with these notions (in particular the Calculus of Construc-
tions and the Calculus of Inductive Constructions) can directly go to Section 1.2
where we present our motivations for adding rewriting in the Calculus of Construc-
tions both at the object-level and at the predicate-level.

Set theory

One of the first formal system enabling one to describe all mathematics was the set
theory of E. Zermelo (1908) later extended by A. Fraenkel (1922). It was followed by
the type theory of A. Whitehead and B. Russell (1911) [120], also called higher-order
logic. These two formal systems were introduced to avoid the inconsistency of the
set theory of G. Cantor (1878).

In first-order logic, in which the set theory of E. Zermelo and A. Fraenkel is
generally expressed, the objects of the discourse are defined from constants and
function symbols (0,+,...). Then, some predicate symbols (€, ...), the logical
connectors (V,A,=, ...) and the universal and existential quantifiers (V,3) enable
one to express propositions in these objects.

One of the axioms of G. Cantor’s set theory is the Comprehension Aziom which
says that every proposition defines a set :

(F2)(Vy) y € 2 & P(y)

From this axiom, one can express Russell’s paradox (1902). By taking P(z) =
x ¢ x, one can define the set R of the z’s which do not belong to themselves. Then,
R € R < R ¢ R and one can deduce that any proposition is true. To avoid this
problem, E. Zermelo proposed to restrict the Comprehension Axiom as follows :

(Vz)(Fz)(Vy) y ez y € 2 A P(y)

that is, one can define by comprehension only subsets of previously well-defined sets.

Type theory

In type theory, instead of restricting the Comprehension Axiom, the idea is to forbid
expressions like @ ¢ x or & € x by restricting the application of a predicate to an
object. To this end, one associates to each function symbol and predicate symbol
(except €) a type as follows :

— to a constant, one associate the type ¢,

— to a function symbol taking one argument, one associates the type ¢ — ¢,

— to a function symbol taking two arguments, one associates the type ¢t — ¢ — ¢,

— to a proposition, one associates the type o,
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— to a predicate symbol taking one argument, one associates the type ¢ — o,
— to a predicate symbol taking two arguments, one associates the type ¢+ — ¢ — o,

Then, one can apply a function f taking n arguments to n objects tq,...,¢, if
the type of fis ¢ — ... — ¢ — ¢ and every ¢; is of type ¢. And one can say that n
objects ty,...,t, satisfy a predicate symbol P taking n arguments if the type of P
is ¢ —...—= ¢t —o0and every t; is of type ¢.

Finally, one considers that a set is not an object anymore (that is, an expression
of type ¢) but a predicate (an expression of type : — o). And, for representing = € F,
which means that x satisfies I, one writes Ez (application of F to ). Hence, one
can easily verify that it is not possible to express Russell’s paradox : one cannot
write za for representing z € x since then z is both of the type ¢ — o and of the
type ¢ which is not allowed. In the following, we write ¢ : 7 for saying that ¢ is of

type 7.

Now, to represent natural numbers, there are several possibilities. However it is
always necessary to state an axiom of infinity for ¢ and to be able to express the set
of natural numbers as the smallest set containing zero and stable by incrementation.
To this end, one must be able to quantify on sets, that is, on expressions of type
Lt — o.

Now, one is not restricted to objects and predicate expressions as described
before, but can consider all the expressions that can be formed by applications
which respect types :

— The set of the simple types is the smallest set T containing ¢, 0 and ¢ — 7
whenever ¢ and T belong to 7.

— The set of terms of type 7 is the smallest set containing the constants of type 7
and the applications tu whenever ¢ is a term of type ¢ — 7 and u a term of type
.

Finally, one introduces an explicit notation for functions and sets, the A-abstrac-
tion, and considers logical connectors and quantifiers as predicate symbols by giving
them the following respective types: V:io w0 —0,A:0—=>0—0,Y,: (T = 0) —
o, ...For example, if + denotes the set of natural numbers then one can represent the
predicate “is even” (of type ¢ — 0) by the expression pair = Az :0.3,(Ay: .2 = 2 x y)
that we will abbreviate by Az :¢.3y:1.2 = 2 X y. The language we obtain is called
the simply-typed A-calculus A~

But what can we say about (pair2) and Jy:¢.2 =2 xy ? The second expression
can be obtained from the first one by substituting z by 2 in the body of pair. This
operation of substitution is called S-reduction. More generally, Az :7.t applied to
u f-reduces to t where z is substituted by w : Az:7.t v —p t{z — u}.

It is quite natural to consider theses two expressions as denoting the same propo-
sition. This is why one adds the following Conversion Aziom

PsQ if PosQ
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One then gets the type theory of A. Church (1940) [30].

In this theory, it is possible to quantify over all propositions : VP :0.P = P.
In other words, a proposition can be defined by quantifying over all propositions,
including itself. If one allows such quantifications, the theory is said to be impred-
icative, otherwise it said predicative.

Mathematics as a programming language

The g-reduction corresponds to the evaluation process of a function. When one has
a function f defined by an expression f(z) and wants its value on 5 for example,
one substitutes by 5 in f(z) and simplify the expression until one gets the value
of f(5).

One can wonder which functions are definable in Church’s type theory. In fact,
very few. With Peano’s natural numbers (i.e. by taking 0 : ¢ for zeroand s : ¢+ — ¢ for
the successor function), one can express only constant functions or functions adding
a constant to one of its arguments. With Church’s numerals, where n is represented
by Ax:e.Af:e — o.f... fa with n occurrences of f, H. Schwichtenberg [105] proved
that one can express only extended polynomials (smallest set of functions closed
under composition and containing the null function, the successor function, the
projections, the addition, the multiplication and the test for zero).

Of course, it is possible to prove the existence of numerous functions, that is,
to prove a proposition of the form (Vz)(3y) Pzxy where P represents the graph of
the function. In the intuitionist type theory for example (i.e. without using the
Excluded-middle Axiom PV—P), it is possible to prove the existence of any primitive
recursive function. But there is no term f : ¢ — ¢ enabling us to compute the powers
of 2 for example, that is, such that fn —s ... =5 2"

Representation of proofs

G. Frege and D. Hilbert proposed to represent a proof of a proposition ¢ as a
sequence Py, ..., P, of propositions such that P, = @) and, for every i, either P; is
an axiom, either F; is a consequence of the previous propositions by modus ponens
(from P and P = @ one can deduce @) or by generalization (from P(z) with
arbitrary one can deduce (Vz)P(z)). However, to do such proofs, it is necessary to
consider many axioms, independent of any theory, which express the sense of logical
connectors.

Later, in 1933, G. Gentzen [57] proposed a new deduction system, called Natural
Deduction, where logical axioms are replaced by introduction rules and elimination
rules for the connectors and the quantifiers :

(axiom)

TPl P
TFP THQ TFPAQ IT-PAQ

-intro) ————— -élim1 -élim2
(A-intro) TFPAQ (A-élim1) TP (A-élim2) TFQ
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(=-intro) IPEQ (s dl vﬂTNqu© I'-pP

-intro FFP=0 -€élim IFo
I'=P(t '=@3z)P I'PE

(F-intro) ) (3-élim)! (5e) a @

I'F (3z)P(x) I'FQ

where I' is a set of propositions (the hypothesis). A pair I' F @ made of a set of
hypothesis I' and a proposition ) is called a sequent. Then, a proof of a sequent
I' - @ is a tree whose root is I' + (), whose nodes are instances of the deduction
rules and whose leaves are applications of the rule (axiom).

Cut elimination
G. Gentzen remarked that some proofs can be simplified. For example, this proof

of () :

I,PHQ

—— (=-intro)

I'FP=Q IHP
I'HQ

(=-élim)

does a detour which can be eliminated. It suffices to replace in the proof of I', P - )
all the leaves (axiom) giving ', P,T' + P (I are additional hypothesis that may
be introduced for proving ()) by the proof of I' F P where I' is also replaced by
[',I7. In fact, at every place where there is a cut, that is, an introduction rule
followed by an elimination rule for the same connector, it is possible to simplify
the proof. G. Gentzen proved the following remarkable fact : the cut-elimination
process terminates.

Hence, any provable proposition has a cut-free proof. But, in intuitionist logic,
any cut-free proof of a proposition (32)P(z) must terminate by an introduction rule
whose premise is of the form P(t). Therefore, the cut-elimination process gives us a
witness ¢ of an existential proposition. In other words, any function whose existence
is provable is computable.

If one can express the proofs themselves as objects of the theory, then it becomes
possible to express many more functions than those allowed in the simply-typed A-
calculus.

The isomorphism of Curry-de Bruijn-Howard

In 1958, Curry [41] remarked that there is a correspondence between the types of
the simply-typed A-calculus and the propositions formed from the implication =
(one can identify — and =), and also between the terms of type 7 and the proofs
of the proposition corresponding to 7. In other words, the simply-typed A-calculus
enables one to represent the proofs of the minimal propositional logic. To this end,
one associates to each proposition P a variable zp of type P. Then, one defines the
A-term associated to a proof by induction on the size of the proof :

'If & does not occur neither in I nor in Q.
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— the proof of I' = P obtained by (axiom) is associated to zp;

— the proof of I' F P = () obtained by (=-intro) from a proof = of I', P - Q is
associated to the term Azp:P.t where t is the term associated to 7;

— the proof of I' - ) obtained by (=-elim) from a proof # of ' F P = ) and a
proof ©’ of T' P is associated to the term fu where ¢ is the term associated to 7
and u the term associated to 7’

The set of A-terms that we obtain can be directly defined as follows. We call an
environment any set I' of pairs « : P made of a variable 2 and a type P (representing
a proposition). Then, a term t is of type P (a proof of P) in the environment I'
(under the hypothesis I') if ' = ¢ : T' can be deduced by the following inference
rules :

(axiom) Nz:Pl'"kFx:P

Nz:PHt:Q
'EXe:Pt:P=Q

(=-intro)

'=t:P=Q l'ktu:P
FFitu:@

(=-elim)

In 1965, W. W. Tait [110] remarked that S-reduction corresponds to cut-elimina-
tion. Indeed, if one annotates the example of cut previously given then one gets :

Nz:PHt:Q
(=-intro)
PEXe:Pt:P=Q FFwu:P
F'FXz:Ptu:@Q

(=-elim)

If one fS-reduces Az : P.t u to t{z — wu}, then one exactly obtains the term
corresponding to the cut-free proof of I' = (). Hence, the existence of a cut-free
proof corresponds to the weak normalization of S-reduction, that is, the existence
for any typable A-term ¢ of a sequence of S-reductions resulting in a S-irreducible
term (we also say in normal form ). This is why normalization has such an important
place in the study of type systems.

In 1968, N. de Bruijn [42] proposed a system of dependent types extended the
simply-typed A-calculus and in which it was possible to express the propositions
and the proofs of intuitionist first-order logic. This system was the basis of one
of the first programs for doing formal proofs : AUTOMATH. A dependent type is
simply a function which associates a type expression to each object. It enables one
to represent predicates and quantifiers. In 1969, W. A. Howard [69] considered a
similar system but without considering it as a logical system in its own right.
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In a dependent type system, the well-formedness of types depends on the well-
formedness of terms. It is then necessary to consider environments with type vari-
ables and to add typing rules for types and environments (the order of variables now
matters). Finally, it is necessary to add a conversion rule for identifying S-equivalent
propositions. One then gets a set of typing rules similar to the ones of Figure 1.1

(this is a modern presentation which emerged at the end of the 80’s only).
centering

Figure 1.1: Typing rules of AP

(ax) Fx:0
) [T :se {0}
vat Nx:TkFx:T
. I'Et:T THU:se{x0}
(weak) Diz:UFt:T
do PET:x Da:THU:%
(prod-A~) 'k (z:T)U : %
AP PET:x ye:THU:O
(prod-AP) ' (z:T)U : O
(abs) Pe:Thu:U I'F(2:1)U:se{x0}
s I'EXxe:Tow: (2:T)U
P'bt:(z:U)V TI'ku:U
(app) I'Ftu:V{z— u}
( v r=¢:T HAIVWH\ CET : %
conv

et

In this system, x is the type of propositions and of the sets of the discourse
(natural numbers, etc.), and O is the type of predicate types (of which x is). For
example, the set of natural numbers nat has the type %, the predicate even has
the type (n : nat)x that we abbreviate by nat — x since n does not occur in *
(non-dependent product) and nat — % has the type O. Starting from the rule
(ax), the rules (var) and (weak) enables one to build environments. The rule (prod-
A7) enables one to build propositions and the rule (prod-AP) enables one to build
predicate types. In the case of a proposition, if the product is not dependent (z does
not occur in U) then it is an implication, otherwise it is a universal quantification.
In other words, without the rule (prod-AP), we get the simply-typed A-calculus.
The rule (abs) enables one to build a function (if s = %) or a predicate (if s = O).
Finally, the rule (app) enables the application of a function or a predicate to an
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argument. In other words, the rules (abs) and (app) generalize the rules (=-intro)
and (=-elim) of the simply-typed A-calculus.

From the point of view of programming, dependent types enables one to have
more information about data and hence to reduce the risk of error. For example,
one can define the type (list n) of lists of natural numbers of length n by declaring
list : nat — *. Then, the empty list nil has the (list 0) and the function cons
which adds a natural number z at the head of a list £ of length n has the type
nat — (n:nat)(list n) — (list (s n)). One can then verify if a list does not exceed
some given length.

Inductive definitions

In higher-order logic, the induction principle for natural numbers can be proved
only if natural numbers are impredicatively defined. In other words, if one prefers
to stay in a predicative framework, it is necessary to state the induction principle
for natural numbers as an axiom.

This is why, in 1971, P. Martin-L6f [84] extended the calculus of N. de Bruijn by
including expressions for representing inductive types and their induction principles.
For example, the type of natural numbers is represented by the symbol nat : x, zero
by 0 : nat, the successor function by s : nat — nat and a proof by induction for a
predicate P : nat — o by rec”’ : PO — (Vn:nat.Pn — Ps(n)) — Vn:nat.Pn. In
the conversion rule (conv), to the S-reduction, P. Martin-L6f adds the t-reduction
which corresponds to the elimination of induction cuts :

PEt:T T T THT i«
TFi:T

(conv)

In the case of nat, the rules defining the i-reduction are those of K. Godel’s
System T [65] :
ﬁ@ﬁﬁ@uoa@maov —. Po

wcco%ﬁmﬂ:vv —, Ps M ﬁmmwﬂ

rec Po; Ps, 3

where pg is a proof of P0 and p, a proof of Vn:nat.Pn — Ps(n). From these rules,
by taking P = Az :nat.nat, it is possible to define functions on natural numbers like
the addition and the multiplication :

z+y = rect(y, \u.rv.s(v), )
exy = rect (0, \uAvw+y,z)

To convince oneself, let f = Au.Av.s(v) and let us show that 2+ 2 rewrites to 4 :
242 =rec(2, f,2) =, f2rec(2, f,1) =5 s(rec(2, f,1)) —, s(f2 rec(2, f,0)) —3
s(s(rec(2, £,0))) —, s(s(2)) = 4.

In fact, in this theory, it is possible to express by a term any function whose
existence is provable in predicative intuitionist higher-order arithmetic (and these
functions are also those that are expressible in K. Godel’s System T).



1.1. SOME HISTORY 15

Polymorphism

The termination problem of cut-elimination in intuitionist impredicative higher-
order arithmetic was solved by J.-Y. Girard [63] in 1971. To this end, he introduced
a polymorphic type system Fw (J. Reynolds [103] introduced independently a similar
system for second-order quantifications only). A polymorphic type is a function
which, to a type expression, associates a type expression. And for representing
the proofs of impredicative propositions, one also needs the terms themselves to
be polymorphic, that is, it must be possible for a term to be applied to a type
expression. Formally, for second-order quantifications (i.e. on propositions), this
requires the replacement of the rule (prod-AP) in Figure 1.1 by the rule :

7.0 Ia:THU :x

(prod-¥) ' (2:T)U : %

which for example allows one to build the type (P:x)P — P corresponding to the
proposition VP : 0.P = P in higher-order logic. For higher-order quantifications,
one must add the following rule :

rr.0 Iyz:THU:O

d-F
(prod-Fo) I'E(z:T)U :O

which allows the formation of predicate types like for example x — x which corre-
sponds to o = o in higher-order logic.

In this system, it is then possible to express any function whose existence is
provable in impredicative intuitionist higher-order arithmetic.

From the point of view of programming, polymorphism enables one to formalize
generic algorithms with respect to data types. For example, one can speak of the
type (list A) of lists of elements of type A, for any type A, by declaring list : x — *.

In 1984, T. Coquand and G. Huet [37] defined a system, the Calculus of Con-
structions (CC), which makes the synthesis of the systems of N. de Bruijn and J.-Y.
Girard (it contains all the product-formation rules we have seen) and in which it is
then possible to express all the higher-order logic (but it does not allow to express

more functions than Fw). This system served as a basis for the proof assistant Coq
[112].

Pure Types Systems (PTS)

At the end of the 80’s, H. Barendregt [9] remarked that many type systems (A, AP,
F, Fw, CC, etc.) can be characterized by their product-formation rules. This led to
the presentation we adopted here. By considering the following general typing rule
parametrized by two sorts sy, sy € {*,0} :

'ET:sy Lyz:THU: s
I'E(z:T)U : s9

(s1,82)
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it is possible to have 4 different rules ((x,*) corresponds to (prod-A7), (x,0) to
(prod-AP), (O,%) to (prod-F), and (O,0) to (prod-Fw)) and hence to have, from
(%, %), 8 different systems that one can organize in a cube whose directions correspond
to the presence or the absence of dependent types (rule (x,0)), polymorphic types
(rule (O,%)) or type constructors (rule (O, 0)) (see Figure 1.2).

Figure 1.2: Barendregt’s Cube

Fow CC
O, x)'polymorphic types
(3, %) polymorphic typ
F
(O, 0) type cpnstructors
A~ LF, AP
(%, %) simple types (%, 0) dependent types

— A7 denotes the simply-typed A-calculus of A. Church [30],

— LF (Logical Framework) denotes the system of R. Harper, F. Honsell and G.
Plotkin [68],

— AP denote the AUTOMATH system of N. de Bruijn [42],

— F and Fw respectively denote the second-order and higher-order polymorphic A-
calculus of J.-Y. Girard [64],

— CC denotes the Calculus of Constructions of T. Coquand and G. Huet [38].

This led S. Berardi [19] and J. Terlouw [113] to a more systematic study of
type systems with respect to expressible types until the definition by H. Geuvers
and M.-J. Nederhof of the Pure Type Systems (PTS) [59] which are type systems
parametrized by :

— a set of sorts S representing the different universes of discourse ({x, 0} in the
Cube),

— a set of azioms A C S? representing how these universes are included in one
another ({(x,0)} in the Cube) and the rule :

(ax) ((s1,52) € A)

Fsp:sy

— a set of product-formation rules B C 8 representing the possible quantifications
({ (%, %, %), (%, 3,0), (O, %,%), (3,3,0)} in the Cube) and the rule :
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T :sy Lyz:THU: s
I'E(z:T)U : s3

(prod) ((s1,52,53) € B)

Calculus of Inductive Constructions (CIC)

We have seen that the Calculus of Constructions is a very powerful system in which it
is possible to express many functions. However, these functions cannot be defined as
one would like. For example, it does not seem possible to program the predecessor
function on natural numbers such that its evaluation takes a constant time [64].
This is not the case in P. Martin-L6f’s system where natural numbers and their
induction principle are first-class objects while, in the Calculus of Constructions,
natural numbers are impredicatively defined.

This is why, in 1988, T. Coquand and C. Paulin proposed the Calculus of In-
ductive Constructions (CIC) [39] which makes the synthesis between the Calculus
of Constructions and P. Martin-Lo6f’s type theory, and hence enable one to write
more efficient programs. In 1994, B. Werner [119] proved the termination of cut-
elimination in this system. (In 1993, T. Altenkirch [2] proved also this property but
for a presentation of the calculus with equality judgments.)

But, even in this system, some algorithms may be inexpressible. L. Colson [32]
proved for example that, if one uses a call-by-value evaluation strategy (reduction
of the arguments first) then the minimum function of two natural numbers cannot
be implemented by a program whose evaluation time is relative to the minimum of
the two arguments.

1.2 Motivations

We said at the beginning that rewriting is a simple and general computation para-
digm based on rewrite rules. This notion is of course very old but it was seriously
studied from the 70’s with the works of D. Knuth and D. Bendix [18]. They studied
rewriting for knowing whether, in a given equational theory, an equation is valid or
not. Then, rewriting was quickly used as a programming paradigm [96, 67, 55, 71, 31]
since any computable function can be defined by rewrite rules (Turing-completeness).

Let us see the case of addition and multiplication on natural numbers defined
from 0 for zero and s for the successor function :

O+z — =z

s(z)+y — s(z+y)
Oxz — 0
s(r) xy — (zxy)+y

These rules completely define these two arithmetic operations : starting from
two arbitrary natural numbers p and ¢ (expressed with 0 and s), p+ ¢ and p x ¢
rewrite in a finite number of steps to a term which cannot be further rewritten, that
is, to a number representing the value of p + ¢ and p X ¢ respectively.
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Higher-order rewriting

We can also imagine definitions using functional parameters or abstractions : this
is higher-order rewriting as opposed to first-order rewriting which does not allow
functional parameters or abstractions. For example, the function map which to a
function f and a list of natural numbers (aq,...,a,) associates the list (f(a1),...,
f(ay,)), can be defined by the following rules :

map(f,nil) — nil
map(f,cons(xz,l)) — cons(fz,map(f,{))

where n:l stand for the empty list and cons for the function which adds an element
at the head of a list.

Hence, the rules defining the recursor of an inductive type (the t-reduction) are
a particular case of higher-order rewriting.

Easier definitions

One can see that definitions by rewriting are more natural and easier to write
than the ones based on recursors like in P. Martin-L6f type theory or in the Calculus
of Inductive Constructions. For example, the definition by recursion of the function
< on natural numbers requires two levels of recursion :

Az.rec(x, \y.true, Anzy.rec(y, false, \n'z'.zn', y))

while the definition by rewriting is :

0
s(2)
<

s(2)

s(y) <y

More efficient definitions

From a computing point of view, definitions by rewriting can be made more
efficient by adding rules. For example, with a definition by recursion on its first
argument, n+0 requires n+ 1 reduction steps. By simply adding the rule 2 +0 — z,
this takes only one step.

However, it can become more difficult to ensure that, for any sequence of argu-
ments, the definition always leads, in a finite number of steps (property called strong
normalization), to a unique result (property called confluence) that we call the
normal form of the starting expression.

Quotient types

Until now we have always spoken of natural numbers but never of integers.
Yet they have an important place in mathematics. One way to represent integers
is to add a predecessor function p beside 0 and s. Hence, p(p(0)) represents —2.
Unfortunately, in this case, an integer can have several representations : p(s(0))
or s(p(0)) represent both 0. In fact, integers are equivalent modulo the equations

pls(2)) =« and s(p(x)) = .
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However, it is possible to orient these equations so as to have a confluent and
strongly normalizing rewrite system : p(s(z)) — 2 and s(p(z)) — z. Then, each
integer has a unique normal form. Therefore, we see that rewriting enables us to
models quotient types without using further extensions [14].

More typable terms

The introduction of rewriting in a dependent type system allows one to type
more terms and therefore to formalize more propositions. Let us consider, in the
Calculus of Inductive Constructions, the type listn : nat — % of lists of natural
numbers of length n with the constructors niln : listn(0) for the empty list and
consn : nat — (n:nat)listn(n) — listn(s(n)) for adding an element at the head
of a list. Let appn : (n:nat)listn(n) — (n':nat)listn(n’) — listn(n + n’) be the
concatenation function. Like 4+, appn can be defined by using the recursor associated
to the type listn. Assume furthermore that 4+ and appn are defined by induction
on their first argument. Then, the following propositions are not typable :

appn(n, (,0,0")y = (
appn(n+n',appn(n, 0 ), 0" ") = appn(n, ;0" + 0" appn(n’, ;0" ("))

In the first rule, the left hand-side is of type listn(n+0) and the right hand-side
is of type listn(n). We can prove that (n:nat)n + 0 = n by induction on n but
n+ 0 is not Si-convertible to n since + is defined by induction on its first argument.
Therefore, we cannot apply the (conv) rule for typing the equality.

In the second rule, the left hand-side is of type listn((n + »n') + »n”) and the
right hand-side is of type listn(n 4+ (n’ + n”")). Again, although we can prove that
(n+n")+n" = n+(n'+n") (associativity of +), the two terms are not Si-convertible.
Therefore, we cannot apply the (conv) rule for typing the equality.

This shows some limitation of the definitions by recursion. The use of rewriting,
that is, the replacement in the (conv) rule of the t-reduction by a reduction relation
—r generated from a user-defined set R of arbitrary rewrite rules :

PHt:T T T DRI %
TEt:1" a

(conv)

allows us to type the previous propositions which are not typable in the Calculus of
Inductive Constructions.

Automatic equational proofs

Another motivation for introducing rewriting in type systems is that it makes
equational proofs much easier, which is the reason why rewriting was studied initially.
Indeed, in the case of a confluent and strongly normalizing rewrite system, to check
whether two terms are equal, it suffices to check whether they have the same normal
form.

Moreover, it is not necessary to keep a trace of the rewriting steps since this
computation can be done again (if the equality is decidable). This reduces the size
of proof-terms and enable us to deal with bigger proofs, which is a critical problem
now in proof assistants.
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Integration of decision procedures

One can also imagine defining predicates by rewriting or having simplification
rules on propositions, hence generalizing the definitions by strong elimination of
the Calculus of Inductive Constructions [99]. For example, one can consider the set
of rules of Figure 1.3 [70] where xor (exclusive “or”) and A are commutative and
associative symbols, L represents the proposition always false and T the proposition
always true (by taking a constant I of type T).

Figure 1.3: Decision procedure for classical propositional tautologies

Pxorl — P
PxorP — 1 -P — PxorT
PAT = P Pv@ — (PAQ)xorPxor@Q
PAL — L P=0Q — (PAQ)xorPxorT
PAP — P P& (@ — (PxorQ)xorT
PA(@QxorR) — (PAQ)xor(PAR)

J. Hsiang [70] showed that this system is confluent and strongly normalizing and
that a proposition P is a tautology (i.e. is always true) if P reduces to T. This
system is therefore a decision procedure for classical propositional tautologies.

Hence, type-level rewriting allows the integration of decision procedures. Indeed,
thanks to the conversion rule (conv), if P is a tautology then I, the canonical proof
of T, is a proof of P. In other words, if the typing relation is decidable, to know
whether a proposition P is a tautology, it is sufficient to propose I to the verification
program.

We can also imagine simplification rules for equality like the ones of Figure 1.4
where + and x are associative and commutative, and = is commutative.

Figure 1.4: Simplification rules for equality

x+0 — =z r=x — T
r+sy) — s(z+y) s(z)=s(y) — z=y
tx0 — 0 s(z)=0 — L
rXs(y) — (rxXy)+z r+y=0 — 2=0Ay=0
tX(y+z) — (zxy)+(zxz) tXy=0 — z=0Vy=0

1.3 Previous works

The first works on the combination of typed A-calculus and (first-order) rewriting
were due to V. Breazu-Tannen in 1988 [25]. They showed that the combination
of simply-typed A-calculus and first-order rewriting is confluent if the rewriting is
confluent. In 1989, V. Breazu-Tannen and J. Gallier [26], and M. Okada [97] in-
dependently, showed that the strong normalization is also preserved. These results
were extended by D. Dougherty [47] to any “stable” set of pure A-terms.
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In 1991, J.-P. Jouannaud and M. Okada [74] extended the result of V. Breazu-
Tannen and J. Gallier to higher-order rewrite systems satisfying the General Sche-
ma, a generalization of the primitive recursion schema. With higher-order rewriting,
strong normalization becomes more difficult to prove since there is a strong inter-
action between rewriting and fS-reduction, which is not the case with first-order
rewriting.

In 1993, M. Fernandez [54] extended this method to the Calculus of Constructions
with object level rewriting and simply typed symbols. The methods used for first-
order rewriting and non dependent systems [26, 47] cannot be applied to this case
since rewriting is not just a syntactic addition : since rewriting is included in the
type conversion rule (conv), it is a component of typing (in particular, it allows more
terms to be typed).

Other methods for proving strong normalization appeared. In 1996, J. van de Pol
[116] extended to the simply-typed A-calculus the use of monotone interpretations.
In 1999, J.-P. Jouannaud and A. Rubio [76] extended to the simply-typed A-calculus
the method RPO (Recursive Path Ordering) [100, 44]. This method (HORPO) is
more powerful than the General Schema since it is a recursively defined ordering.

In all these works, even the ones on the Calculus of Constructions, function
symbols are always simply typed. It was T. Coquand [34] in 1992 who initiated the
study of rewriting on dependent and polymorphic symbols. He studied the complete-
ness of definitions on dependent types. For the strong normalization, he proposed
a schema more general than the schema of J.-P. Jouannaud and M. Okada since it
allows recursive definitions on strictly positive types [39] but it does not necessary
imply strong normalization. In 1996, E. Giménez [62] defined a restriction of this
schema for which he proved strong normalization. In 1999, J.-P. Jouannaud, M.
Okada and 1 [23, 22] extended the General Schema, keeping simply typed symbols,
in order to deal with strictly positive types. Finally, in 2000, D. Walukiewicz [118]
extended J.-P. Jouannaud and A. Rubio’s HORPO to the Calculus of Constructions
with dependent and polymorphic symbols.

But there still is a common point between all these works : rewriting is always
confined to the object level.

In 1998, G. Dowek, T. Hardin and C. Kirchner [50] proposed a new approach to
deduction for first-order logic : the Natural Deduction Modulo (NDM) a congruence
= on propositions. This deduction system consists of replacing the rules of usual
Natural Deduction by rules equivalent modulo =. For example, the elimination rule
for = (modus ponens )is replaced by :

li dul Ler TEP if R=PA
(=-elim-modulo) ~Tro if R= Q

They proved that the simple theory of types and the skolemized set theory can
be seen as first-order theory modulo some congruences using explicit substitutions.
In [51], G. Dowek and B. Werner gave several conditions ensuring the strong nor-
malization of cut elimination.
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1.4 Contributions

Our main contribution was establishing very general conditions for ensuring the
strong normalization of the Calculus of Constructions extended with type level
rewriting [20]. We showed that our conditions are satisfied by a large subsystem
of the Calculus of Inductive Constructions (CIC) and by Natural Deduction Modulo
(NDM) a large class of equational theories.

Our work can be seen as an extension of both the Natural Deduction Modulo and
the Calculus of Constructions, where the congruence not only includes first-order
rewriting but also higher-order rewriting since, in the Calculus of Constructions,
functions and predicates can be applied to functions and predicates.

It can therefore serve as the basis of a powerful extension of proof assistants like
Coq [112] and LEGO [82] which allow definitions by recursion only. Indeed, strong
normalization not only ensures the logical consistency (if the symbols are consistent)
but also the decidability of type checking, that is, the verification that a term is the
proof of a proposition.

For deciding particular classes of problems, it may be more efficient to use spe-
cialized rewriting-based applications like CIME [33], ELAN [24] or Maude [31]. Fur-
thermore, for program extraction [98], we can use rewriting-based languages and
hence get more efficient extracted programs.

To consider type-level rewriting is not completely new : a particular case is the
“strong elimination” of the Calculus of Inductive Constructions, that is, the ability
to define predicates by induction on some inductive data type. The main novelty
here is to consider any set of user-defined rewrite rules.

The strong normalization proofs with strong elimination of B. Werner [119] and
T. Altenkirch [2] use in an essential way the fact that the definitions are inductive.

Moreover, the methods used in case of first-order rewriting [26, 4, 47] cannot
be applied here. Firstly, we consider higher-order rewriting which has a strong
interaction with S-reduction. Secondly, rewriting is part of the type conversion rule,
which implies that more terms are typable.

For establishing our conditions and proving their correctness, we have adapted
the method of reductibility candidates of Tait and Girard [64] also used by F. Bar-
banera, M. Ferndndez and H. Geuvers [7, 6, 5] for object-level rewriting and by B.
Werner and T. Altenkirch for strong elimination. As candidates, they all use sets
of pure (untyped) A-terms and, except T. Altenkirch, they all use intermediate lan-
guages of type systems. By using a work by T. Coquand and J. Gallier [36], we use
candidates made of well-typed terms and do not use intermediate languages. We
therefore get a simpler and shorter proof for a more general result.

We also mention other contributions.

For allowing quotient types (rules on constructors) and matching on function
symbols, which is not possible in the Calculus of Inductive Constructions, we use a
notion of “constructor” more general than the usual one (see Subsection 6.2).

For ensuring the subject reduction property, that is, the preservation of typing
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under reduction, we introduce new conditions more general than the ones previously
used. In particular, these conditions allow us to get rid of many non-linearities due
to typing, which makes rewriting more efficient and confluence easier to prove.

1.5 Outline of the thesis

Chapter 3 : We study the basic properties of Pure Type Systems whose type
conversion relation is abstract. We call such a system a Type System Modulo (TSM).

Chapter 4 : We study the properties of a particular class of TSM’s, those whose
conversion relation is generated from a reduction relation. We call such a system a
Reduction Type System (RTS). An essential problem in these systems is to make
sure that the reduction relation preserves typing (subject reduction property).

Chapter 5 : We give sufficient conditions for ensuring the subject reduction
property in RTS’s whose reduction relation is generated from rewrite rules. We call
such a system an Algebraic Type System (ATS).

Chapter 6 : In this chapter and the following ones, we consider a particular
ATS, the Calculus of Algebraic Constructions (CAC). We give sufficient conditions
for ensuring its strong normalization.

Chapter 7 : We give important examples of type systems satisfying our strong
normalization conditions. Among these systems, we find a sub-system with strong
elimination of the Calculus of Inductive Constructions (CIC) which is the basis of
the proof assistant Coq [112]. We also find Natural Deduction Modulo (NDM) a

large class of equational theories.

Chapter 8 : We prove the correctness of our strong normalization conditions
and clearly indicate which conditions are used. An index enables one to find where
each conditions is used.

Chapter 9 : We finish by enumerating several directions for future research
which could improve or extend our strong normalization conditions.
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Chapter 2

Preliminaries

In this chapter, we define the syntax of the systems we will study and recall a few
elementary notions about A-calculus, Pure Type Systems (PTS) (see [10] for more
details) and relations. This syntax simply extends the syntax of PTS’s by adding
symbols (nat, 0, 4+, >, ...) which must be applied to as many arguments as are

required by their specified arity (see Remark 10 for a discussion about this notion).

Definition 1 (Sorted A-systems) A sorted A-system is given by :

— a set of sorts S,

— a family F = (F2)*S$ of sets of symbols,

— a family X = (X'*)*€® of infinite denumerable sets of variables,

such that all sets are disjoint. A symbol f € F? is of arity ay = n and of sort s.
We will denote the set of symbols of sort s by F* and the set of symbols of arity n
by F,.

Definition 2 (Terms) The set 7 of terms is the smallest set such that :

— sorts and variables are terms;

— if z is a variable and ¢ and u are terms then the dependent product (x:t)u and
the abstraction [x:t]u are terms;

— if t and w are terms then the application tu is a term;

—if f is a symbol of arity n and t1,...,t, are terms then f(¢1,...,t,) is a term
(some binary symbols like 4, X, ... will sometimes be written infix).

Free and bound variables

A variable z in the scope of an abstraction [z:7] or a product (z:7') is bound.
As usual, it may be replaced by another variable of the same sort. This is «-
equivalence. A variable which is not bound is free. We denote by F'V(t) the set of
free variables of a term ¢ and by FV?(t) the set of free variables of sort s. A term
without free variables is closed. We often denote by U — V a product (z:U)V such
that 2 ¢ FV(V) (non dependent product).

25
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Vectors
We will often use vectors (f,,...) for sequences of terms (or anything else).

—
—

The size of a vector ¢ is denoted by |t]. For example, [# : T]u denotes the term
[x1:T1]...[xn:Ty]u where n = |Z].

Definition 3 (Positions) To designate a subterm of a term, we use a system of
positions. Formally, the set Pos(¢) of the positions in a term ¢ is the smallest set of
words over the alphabet of positive integers such that :

— Pos(s) = Pos(z) = {¢},
— Pos((z:t)u) = Pos([z:t]u) = Pos(tu) = 1 - Pos(t) U 2 - Pos(u),
~ Pos(f(®) = {=} U U{i-Postts) | 1< i < ay),
where ¢ denotes the empty word and - the concatenation. We denote by ¢|, the
subterm of ¢ at the position p and by t[u], the term obtained by replacing ¢|, by u
in £. The relation “is subterm of” is denoted by <.

Let ¢ be a term and f be a symbol. We denote by Pos(f,t) the set of the positions

p in ¢t where t|, is of the form f(). If 2 is a variable, we denote by Pos(z,t) the set
of the positions p in ¢ such that ¢|, is a free occurrence of z.

Definition 4 (Substitution) A substitution 6 is an application from X" to 7 whose
domain dom(f) = {x €X' | 0 # x} is finite. Applying a substitution 6 to a term ¢
consists of replacing all the free variables of ¢ by their image in # (to avoid variable
captures, bound variables must be distinct from free variables). The result is denoted
by tf. We let dom®(#) = dom(8)NA'*. We denote by {# ++ £} the substitution which
associates t; to z; and by 8 U {z — t} the substitution which associates ¢ to 2 and

yd to y # .

Relations
We now recall a few elementary definitions on relations. Let — be a relation on
terms.

— < is the inverse of —.

— —7 is the smallest transitive relation containing —.

— —* is the smallest reflexive and transitive relation containing —.

— &* is the smallest reflexive, transitive and symmetric relation containing —.
— | is the relation —* *¢ (¢ | u if there exists v such that ¢ —=* v and u —* v).

If t — ', we say that ¢ rewrites to t'. If t —* ¢/, we say that ¢ reduces to t'.

The relation — is stable by context if v — ' implies t[u], — t[v/], for all term ¢
and position p € Pos(t).

The relation — is stable by substitution if ¢ — t’ implies t0 — '8 for all substi-
tution 6.

The B-reduction (resp. n-reduction) relation is the smallest relation stable by
context and substitution containing [z : Ut u —g t{z +— u} (resp. [z:Ulte —, ¢
if « ¢ FV(t)). A term of the form [z : U]t u (resp. [z:Ulte with z ¢ FV(1)) is a
B-redex (resp. n-redex).
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Normalization

The relation — is weakly normalizing if, for all term ¢, there exists an irreducible
term ¢’ to which ¢ reduces. We say that ¢ is a normal form of t. The relation —
is strongly normalizing (well-founded, ncetherian) if, for all term ¢, any reduction
sequence issued from ¢t is finite.

Confluence

The relation — is locally confluent if, whenever a term ¢ rewrites to two distinct
terms u and v, then u | v. The relation — is confluent if, whenever a term ¢ reduces
to two distinct terms u and v, then u | v.

If — is locally confluent and strongly normalizing then — is confluent [94]. If —
is confluent and weakly normalizing then every term ¢ has a normal form denoted

by t |.

Lexicographic and multiset orderings

Let >1,...,>, be orderings on Fi,...,FE, respectively. We denote by (>;
v+« oy >n)lex the lexicographic ordering on Fy x ...Xx E, from >1,...,>,. For exam-
ple, for n =2, (2, y)(>1, >2)1ex (@', ) if & >y 2" or, 2 =1 2" and y > y'.

Let I be a set. A multiset M on E is a function from F to N (M (z) denotes the
number of occurrences of z in M). We denote by M (F) the set of finite multisets on
E. Let > be an ordering on F, the multiset extension of > is the ordering >, on
M(FE) defined as follows : M >, N if there exists P,Q € M(FE) such that P # 0,
PCM,N=(M\P)UQ and, for all y € @, there exists € P such that > y.

An important property of these extensions is that they preserve the well-founded-
ness. For more details on these notions, one can consult [3].
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Chapter 3

Type Systems Modulo (TSM’s)

In this chapter, we consider an extension of PTS’s with function and predicate sym-
bols and a conversion rule (conv) where ¢ is replaced by an arbitrary conversion
relation C.

There has already been different extension of PTS’s, in particular :

— In 1989, Z. Luo [81] studied an extension of the Calculus of Constructions with
a cumulative hierarchy of sorts (x < O =0y < Oy < ...), the Extended Calculus
of Constructions (ECC) : C is the smallest quasi-ordering including 73, < and
which is compatible with the product structure (U' C U and V C V' implies
(z:U)V C (2:U")V").

— In 1993, H. Geuvers [58] studied the PTS’s with n-reduction : C =7, .

— In 1993, M. Fernandez [54] studied an extension of the Calculus of Constructions
with higher-order rewriting @ la Jouannaud-Okada [74], the AR-cube : C = —5R
U Spé—-

— In 1994, E. Poll and P. Severi [101] studied the PTS’s with abbreviations (let x=
... in ...) 1 € =65 U 5 where — is the replacement of an abbreviation
by its definition.

— In 1994, B. Werner [119] studied an extension of the Calculus of Constructions
with inductive types, the Calculus of Inductive Constructions (CIC), introduced
by T. Coquand and C. Paulin in 1988 [39] : C =%, where —, is the reduction
relation associated with the elimination schemas of inductive types.

— Between 1995 and 1998, G. Barthe and his co-authors [15, 16, 17, 13] considered
different extensions of the Calculus of Constructions or of the PTS’s with con-

version relations more or less abstract, often based on rewriting @ la Jouannaud-
Okada [74], hence extending the work of M. Fernandez [54].

In all this work, basic properties well known in the case of PTS’s must be proved
again since new constructions or a new conversion rule C is introduced. This is why
it appears useful for us to study the properties of PTS’s equipped with an abstract
conversion relation C.

Such a need is not new since it has already been undertaken in formal develop-

29
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ments :

— In 1994, R. Pollack [102] formally proved in LEGO [82], an implementation of
ECC with inductive types, that type checking in ECC (without inductive types)
is decidable (by assuming of course that the calculus is strongly normalizing).
Type checking is saying if, in some environment I', a term ¢ is of type T' (i.e. is
a proof of T'). To this end, he showed many properties of PTS’s in the case of
a conversion relation C = < reflexive, transitive and stable by substitution and
context.

— In 1999, B. Barras [11] formally proved in Coq [12], another implementation of
ECC with inductive types, that type checking of Coq (so, with inductive types) is
decidable (again of course by assuming that the calculus is strongly normalizing).
To this end, he also showed some properties of PTS’s in the case of a conversion
relation C = < also reflexive, transitive and stable by substitution and context.
In fact, he considered an extension of PTS’s with a schema of typing rules for
introducing new constructions in a generic way (abbreviations, inductive types,
elimination schemas).

Hence, on the one hand, we make fewer assumptions on the conversion relation
C than R. Pollack or B. Barras. This is justified by the fact that, in the work of M.
Fernandez [54] for example, to prove that reduction preserves typing, they use the
fact that the conversion relation is not transitive. On the other hand, our typing
rule for function symbols is not as general as the one of B. Barras.

3.1 Definition

Definition 5 (Environment) An environment I' is a list of pairs #;:T; made of
a variable z; and a term T;. We denote by () the empty environment, by £ the
set of environments and by x;I' the term 7T associated to x; in I'. The set of free
variables of an environment I' is FV(I') = [J{FV(2I') | € dom(I')}. The domain
of an environment I is the set of variables to which I' associates a term. Given two
environments I' and T, T' is sncluded in T', written I' C T, if all the elements of T’
occur in IV in the same ordering.

Definition 6 (Type assignment) A type assignment is a function 7 from F to
T which, to a symbol f of arity n, associates a closed term 7 of the form (& :7)U

—

where |Z| = n. We will denote by I'¢ the environment & : 7.

Definition 7 (TSM) A Type System Modulo (TSM) is a sorted A-system (S, F, X))
with :

— a set of azioms A C S?,

— a set of product formation rules B C S3,

— a type assignment T,

— a conversion relation C C T2.

A BTSM (resp. nT'SM) is a TSM such that {3C C (resp. |,C C).
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Definition 8 (Typing) The typing relation of a TSM is the smallest ternary re-
lation FC & x T x T defined by the inference rules of Figure 3.1. Compared with
PTS’s, we have a new rule, (symb), for typing the symbols and, in the conversion
rule (conv), instead of the S-conversion, we have an abstract conversion relation C.
A term t is typable if there exists an environment I' and a term T such that ' ¢ : 7T
(T is a type of t in I'). An environment I' is valid if there exists a term typable in
I'. In the rule (symb), the premise “I' valid” is therefore useful only if f is of null
arity (n =0).
~T={teT |Are&,AT €T, T'tt:T} is the set of typable terms,
~Te={TeT | €& I'T:s}is the set of predicates of sort s,
-T{={teT | e&ITeT, TEt:Tand T F T :s}is the set of objects of
sort s,

~E={l'e& |3, TeT, I't:T}is the set of valid environments.

Figure 3.1: TSM typing rules

A@Xv ﬂ AA.wT .wwv S .\C
Frpis I ovalid s
Dbty :Tyy ... Dht, T, (f € P,
(symb) il i = (Z:T)U.
Uk f(i): Uy N,
y=A{i—~1})
'=T:s
(var) T oTra:T (z € 4%\ dom(I))
F=t:7T I'EU:s
(weak) T2 UE: T (z € X°\ dom(I))
'ET:sy Lyz:THU: s
(prod) I'E(x:T)U : s3 (51,82, 3) € B)
b Pe:ThHuw:U 'k (2:1)U:s
(abs) 'z Tu: (2:T)U
P'bt:(z:U)V TI'ku:U
(app) I'Ftu:V{z— u}
FEt:T THT ¥
(conv) i (rct

et
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Remark 9 (Conversion)

It might seem more natural to define (conv) in a symmetric way by adding the
premise I' = T : s or the premise I' - 7' : s’. We have chosen this definition for two
reasons. First, it is defined in this way in the reference papers on PTS’s [59, 10].
Second, from a practical point of view, for type checking, this avoids an additional
test. However, we will see in Lemma 37 that, for many TSM’s, we have I' = T : ¢'.
We will denote by F; the typing relation defined by the same inference rules as for
F but with (conv) replaced by :

'et:T TTHET:s T'HT :s
| A
We will show the equivalence between  and I in Lemma 43.
In the same way, in full TSM’s (Vs1,s2 € S,3s3 € S, (51, 52,53) € B), the rule
(abs) can be replaced by :

(rcT)

(conv’)

Fa:Thkwu:U
'z Tu: (2:T)U

(abs’) (U ¢ Sordse§, (U,s) € A

Finally, we will denote by F, the typing relation defined by the same inference

rules as for F but with (weak) replaced by :

'-¢:T I'HU:s
Dz:UFt:T

(weak’) (z € X*\dom(['), t € YUS)
that is, where weakening is restricted to variables and sorts (t € X US). We will
show the equivalence between |, and I in Lemma 19.

Remark 10 (Arity)

On can wonder why symbols are equipped with a fixed arity since, in general,
in A-calculus, one is used to consider higher-order constants. Of course, having an
arity is not a restriction since, to a symbol f of arity n and type (& : mqua one
can always associate a curried version f¢ of null arity defined by the rewrite rule
fe—=1: ﬂi@ Furthermore, in practice, the existence of arities can be masked by
doing n-expansions if f is not applied to sufficient arguments, or by doing additional
applications if f is applied to too many arguments. However, without arities, we

would have a simpler presentation where the rule (symb) would be reduced to :

Frpos

(symb’) [y

(feF?)

To our knowledge, except the works of Jouannaud and Okada [75] and of G.
Barthe and his co-authors [15, 16, 17, 13], most of the other works on the combination
of typed A-calculi and rewriting [25, 26, 54] do not use arities for typing symbols.
We have chosen to use arities for technical reasons. With the method we use for
proving strong normalization, we need an application uv not to be a rewriting redex
(see Chapter 5 for an explanation of these notions and Lemma 121, case 7' = (:
U)V, (b), (R3) for the use of this property). The introduction of arities enable
us to syntactically distinguish between the application of the A-calculus and the
application of a symbol. But one may wonder whether this notion is really necessary.
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Definition 11 (Well-typed substitution) Given two valid environments I' and
A, a substitution 6 is well typed between I' and A, 6 : ' — A if, for all # € dom(T'),
AF 2z 2l6.

—

For example, in the rule (symb), we have v : 'y — I where I'y = &' : T".

3.2 Properties

In this section and the following one, we prove some properties of TSM’s that are
well known for PTS’s (except Lemma 22). Apart from the new case (symb) that we
will detail each time, proofs are identical to the ones for PTS’s. The fact that, in
(conv), Alvm is replaced by an arbitrary relation C is not important. For more details,
the reader is invited to look at [59, 10, 58].

Lemma 12 (Free variables) Let I' = 7 : T be an environment. If T'+¢ : T then :
(a) the z;’s are distinct from one another,

(b) FV(t) UFV(T) C dom(I'),

(¢) for all 7, FV(T}) C {z1,...,2i_1}.

Proof. By induction on I' ¢ : T. We only detail the new case (symb). (a) and
(c) are true by induction hypothesis. Let us see (b) now. By induction hypothesis,
FV(rs) = 0 and, for all i, FV(¢;) C dom(I"). Therefore, FV(f(f)) C dom(T'). Hence,
FV(U~) C dom(T) since FV(U) C {&#} and v = {# + {}. |

Lemma 13 (Subterms) If a term is typable then all its subterms are typable.

Proof. By induction on I' ¢ : 7. In the case of (symb), by induction hypoth-
esis, for all ¢, all the subterms of #; are typable. Therefore, all the subterms of \A&
are typable. |

Lemma 14 (Environment) Let I' = &: T be a valid environment.
(a) If z; is of sort s then ay: Ty, ..., 2,011 FT; 0 s.
(b) For all ¢, &q:Ty,...,¢;:T; a2 T,

Proof. By (var), (b) is an immediate consequence of (a). We prove (a) by
induction on I' ¢ : T. In the case (symb), as I' is valid, there exists v and V such
that ' v : V. Therefore, by induction hypothesis, (a) is true. |

The following lemma is a form of a-equivalence on the variables of an environ-
ment.

Lemma 15 (Replacement) If T, y: W, T'Ft: T,y € X° and z € X*\ dom(T, y:
W, ') then I', 2. W, I'{y — z} Ft{y — 2z} : T{y — z}.

Proof. By induction on I',y : W, Tt :T. Let 6 = {y — 2z}, A=T,y: W, T'
and A" =T, z: W, 1”6. In the case (symb), by induction hypothesis, we have A’ valid
and, for all i, A’ t;0 : Tiyf. Therefore, by (symb), A’ F f(8) : U~8. [ |
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Lemma 16 (Weakening) If 'F¢: T and ' C TV € E then "¢ : T

Proof. By induction on I't=¢: 7. In the case (symb), by induction hypothesis,
we have I' valid and, for all i, IV - ¢; : T;y. Therefore, by (symb), IV F f() : Uy. R

Lemma 17 (Transitivity) Let I' and A be two valid environments. If ' ¢ : T
and, for all 2 € dom(I'), At z : zI', that we will denote by A+ I', then A ¢ :T.

Proof. By induction on I't=¢: 7. In the case (symb), by induction hypothesis,
we have A valid and, for all 4, A - t; : T;y. Therefore, by (symb), AF f(#): Uy. R

Lemma 18 (Weak permutation) If I'y: A, z: B,I"+¢: T and T' - B : s then
Iz:B,y:AT"Ht:T.

Proof. Let A =T,y:A,z:B,T" and A' =T,z:B,y:A,T'. By transitivity,
it suffices to prove that A’ is valid and that A’ = A. And to this end, it suffices
to prove that A’ is valid. By the Environment Lemma, we have I' F A : s’ and,
by hypothesis, we have I' = B : s. Therefore, by weakening, I')z : B,y : A is
valid. Assume that IV = 7 : T and let A; = Ny:A,z:B,zi:T1,...,2;:T; and
Al =T,z:B,y: A jx:Th, ..., 2;:T;. We prove by induction on i that Al is valid. We
have already proved that Aj is valid. Assume that A’ is valid. By the Environment
Lemma, A; = Tipq : sip1. As AfE Ay, AlETiyy 2 siqq and Al is valid. Therefore,
A’ is valid and A" ¢ : T. [ |

Lemma 19 (Equivalence of 5, and ) K, =F.

Proof. First of all, it is clear that 5, CF. We prove the reverse by induction on
't :T. The only difficult case is of course (weak) : from 'F¢: T and ' U : s,
we get I'yz: Ut :T. By induction hypothesis, we have I' 5, ¢t : T"and I' i, U : s.
One has to modify the proof of I' 5, ¢ : T by adding «:U at the appropriate places
in order to obtain a proof of I'y2:U k, t : T. See Lemma 4.4.21 page 102 in [58] for
more details. |

Now, let us see what we can do about the derivations of I' - ¢ : T" and the form
of T' with respect to t. To this end, we introduce relations related to the rule (conv).

Definition 20 (Conversion relations)

=T Cr T iff TC T and there exists ¢, t’ and s’ such that ' H¢: T, 't : T’ and
r=1":4,

— T Cr T iff T Cr T’ and there exists s such that ' =7 : s,

~PCIif D=&:T,I"=7:T and, either || = 0, or there exists j such that
T; ﬁaiﬁ:jﬁL“ﬁL mw and, for all ¢ # j, T; =T.

We have Cr C Cr but, as opposed to Cr, Cr is not defined in a symmetric way.
This comes from the asymmetry of the rule (conv) which requires I' 77 : ¢’ but
not I' =T : s. However, we will see in Lemma 37 that, for many TSM’s, these two
relations are equal.

Lemma 21 (Inversion) Assume that I'1¢: 7.
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— If t = s then there exists ¢ such that (s,s') € A and &' Cf: T

~Ift=f{), feF, rp=(@:T)Uand y={T—i} then F7;:5,v: (F:T) =T
and Uy Cp T.

- Ift=2¢€ X% then '~ 2@ : s and 2" C T.

—If t = (2:U)V then there exists (sq,52,53) € P such that ' - U : s, ['2: U +
V isyand s3 Cf 7T

— If ¢t = [2:U]v then there exists V such that I'yz:UF v :V and (2:U)V C T.

— If t = uv then there exists V and W such that ' - w: (2: V)W, ' v :V and
W{z— v} CLT.

Proof. A typing derivation always finishes by a rule distinct from (weak) and
(conv) followed by a possibly empty sequence of (weak)’s and (conv)’s. We hence
get the term to which T is convertible. For typing judgments, it suffices to do a
weakening to express them in I'. |

Lemma 22 (Environment conversion) If 'F¢:7T and T' C T then IV ¢ : T.

Proof. We have I' = 7 : T, I' = 7 : T" and there exists j such that T; Ca T
with A = 2y : Th,...,2;_1 : T;_1 and, for all « # j, T; = T!. By transitivity, it
suffices to prove that, for all ¢, I"Fa; : T;. Let n = 2|, Ty = a1 :Th, ..., 251 : T4
and I'y =241 : 141, ..., 2,:T,. We proceed by induction on the size of I';.

If Ty is empty then I' = I'y,2;: T; and IV = I'y,2;: T]. Since I is valid, I' is
valid and, for all ¢« < j, I'y = 2; : T;. Since T; Cr, ﬁf there exists s and s’ such
that I'y =7 : s and I'y = T} : 8. By (weak), we get, for all ¢ < j, I F a; : T}, and
by (var), we get I = ; : T]. From I'y =T} : s, by (weak), we also get I'" =1 : s.
Therefore, by (conv), I z; : T}.

assume now that I'y; =T's,2,,:T,. Let A=Ty,2,:7;,'s and A" = ﬂ?ﬁ;ﬁfﬂw.
By induction hypothesis, for all i < n, A’ F a; : T;. Since T' is valid, there exists s
such that A F T, : s. By transitivity, we get A’ T, : s. Therefore, by (var), we
get Iz, : Ty, and by (weak), I - z; : T}. [ |

3.3 TSM’s stable by substitution

Definition 23 (TSM stable by substitution) A TSM is stable by substitution
if its conversion relation C is stable by substitution.

Lemma 24 (Substitution) If C is stable by substitution, ' ¢ : 7T and 6 : ' = A
then A =16 :79.

Proof. By induction on I't¢: 7. In the case (symb), by induction hypothesis,
we have A I t;0 : Tyv6. Therefore, by (symb), A+ f(i0) : U~9. |

Corollary 25 If C is stable by substitution, I',z: U,I" ¢ : T and I' - u : U then
e = ul Ft{e — u}: T{z — u}.

Proof. We have to prove that § = {z — u} is a well-typed substitution from
I'oz:U, T to I', '6. We proceed by induction on the size of I, If I is empty, this is
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immediate since I' is valid and I' - u : U. Assume now that IV =T",y:V. Let A =
[ya:U, T and A’ =T,1"6. By induction hypothesis, § : A — A’. Since AFV :s,
by substitution, we get A’ F V6 : s. Therefore, by (var), A" y:VOF y: V. Now,
let z € dom(A). As A+ z: zA, by substitution, A’ F z : zAf#. Then, by (weak),
A y: Vot z: zA6. [ |

Corollary 26 If C is stable by substitution, 6y : 'y — I'y and 65 : I'y — 'y then
%H%w : HJO — HJM.

Proof. Let 2 € dom(I'g). Since 6 : I'g — 'y, by substitution, we get I'; F 26, :
xl'gfy, and since @5 : I'y — ['y, by substitution again, we get I'y - 26165 : 21'g6,6,.1

Definition 27 (Maximal sort) A sort s is mazimal if there does not exist any
sort ' such that (s,s') € A.

Lemma 28 (Correctness of types) If C is stable by substitution and I' ¢ : T

then, either T is a maximal sort, or there exists a sort s such that I' F 7T : s. In
other words, T = J{TgUT; | s € S}.

Proof. By induction on I' F ¢ : 7. In the case (symb), we have - 77 : 5. By
inversion, there exists s’ such that I'y - U : s. As v : 'y — T', by substitution,

FU~y:s. [ |

Lemma 29 (Inversion for TSM’s stable by substitution) Assume that [' F

t:T.

— If t = s then there exists s’ such that (s,s') € A and &' Cf T

~Ift=f0), feF, rp=F:T)Uand y ={F i} then k- 1p:5, v: (F:T) =T
and Uy G T.

~lft=2€ X then I'-2I":sand 2I' C& T

—If t = (2:U)V then there exists (sq,52,53) € P such that ' U : s, ['2: U +
V isyand s3 Cf 7T

— If t = [2:U]v then there exists V such that I'z:UFv:V and (2:U)V Gt T.

— If t = wv then there exists V and W such that ' - w: (2: V)W, ' v :V and
Wiz —v} G T.

Proof. Only the cases t = f(f) and t = uv have been modified.

— t = f(f). By inversion, 7 : s, v : (7 : muv — I"and Uy Cf T'. By inversion again,
there exists s such that #: T + U : s'. Therefore, by substitution, I' F Uy : &
and Uy G T.

—t = wv. By inversion, there exists V and W such that I' - w : (2 : V)W,
I'=v:Vand W{z — v} Cf T. By correctness of types, there exists s such
that I' B (2 : V)W : s. By inversion, there exists s’ such that T2 :V F W : ¢
Therefore, by substitution, I' - W{z — v} : s’ and W{z — v} C; T. [
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3.4 Logical TSM’s

We now introduce an important class of TSM’s for which S-reduction preserves
typing.

Definition 30 (Logical TSM) A TSM is logical if its conversion relation is prod-
uct compatible

(¢: 1)U Cp (2":T")U" implies T Cr T" and U Cf. | U'{a" — z}.

T G T" means that there exists a sequence of terms T such that To=T Cr T}
...T,-1 Cr T, = T'. So, there is no reason a priori to take U Cf . U'{a' — 2}
instead of U Cf .7 U'{z' — 2} with i # 0. However, as T' C3. 1", by environment
conversion, this ‘choice is not important.

Product compatibility is not a new condition and appears in all the previously
cited works but, to our knowledge, it has never received any special name.

All the TSM’s cited at the beginning of this chapter are logical. In the case
where ¢ =¢* with — a confluent reduction relation, it is clear that C is product
compatible. To prove this property without using confluence is more delicate. This
is the case of PTS’s with n-reduction [58] or of the AR-cube [54], an extension of the
Calculus of Constructions with higher-order rewriting & la Jouannaud-Okada at the
object-level.

Lemma 31 (Subject reduction for 5) In a logical STSM,if ¢ : T and t —4
t' then T ¢ :T.

—

Proof. We will say that an environment & : T S-rewrites to an environment
@1, written @ T —p @ 17, if ¥ = &' and there exists j such that 7; —5 T
and, for all ¢ # j, T; = T!. We simultaneously prove that :

(a) if t =gt then T Ht' : T,
(b) if I' =g I then V¢ : T,
by induction on I' ¢ : 7.
(ax) F sy 82 ((s1,82) € A)

No SB-reduction is possible in sy orin I' = ().

Frpes Dvalid 'ty Ty It i Ty Qm\.‘mu
(symb) TFE T 7= (Z:T)U,
- 7=A{7 1)

(a) If f(f) —p t' thent' = f(') with j such thatt; —p ti and, forall ¢ # j, t; = t}.
By induction hypothesis, we have, for all i, I' - . : Tiy. Let v/ = {% — #'}.
We have Uy« U~y and, for all ¢, Tiy =5 T;7'. As {5C C, Uy’ C Uy and
Tiv C Ty'. If we prove that every Tyy' is typable in T' by a sort then, by
(conv), we have I' -t/ : T;" and, by (symb), I' = ¢': U4’. It then suffices to
prove that U~ is typable by a sort in I' to apply again (conv) and conclude
that I'=¢ : Uy.
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Let us begin by verifying that U~ is typable by a sort. We have - 7; : s.
By inversion, v : (% : muv — I and there exists s’ such that #: T+ U : &' By
substitution, we therefore get I' = U~y : .
Now, we are going to prove that every 7;v’ is typable by a sort. To this
end, it suffices to prove that 4/ : (& : muv — I'. Indeed, since = 74 : s, by
inversion, every 7} is typable by a sort in I'j_y = ¢ : Ty, ...,2;_1:Ti_1. Let
us prove by induction on 7 that ' : T'; — T.
For ¢ = 0, there is nothing to prove. Assume therefore that v : I'; — T.
Then o' : [iyq — Tif I' F 2, @ Tipry'. We know that I' = ¢, : Tipyy,
Tiv1y |vm Ti117" and that there exists s such that I'; = T;1y : s. Therefore,
by substitution, I' = T3419" : s and, by (conv), I' =], : Ti417".
(b) If I' —5 I then, by induction hypothesis, [ is valid and [ F t; : T}y.
Therefore, by (symb), ' - f(f) : Uy.

PET:s
Nx:TkFx:T

(a) No B-reduction is possible in z.

(var)

(b) There is two cases, depending on where takes place the S-reduction :

—~ I =3 I''. By induction hypothesis, I = T : s. Therefore, by (var), I,z :
THaz:T.

- T —s T'. By induction hypothesis, I' = 77 : s. Therefore, by (var),
Dya:T'Fa:T. As[gCC, T"CT. AsT T :s, by (conv), I a:T"Fa:T.

I'tet:T T'HU :s

k
(weak) Dz:UFt:T
(a) If t =g t' then, by induction hypothesis, I' =/ : T. As I' - U : s, by (weak),
a:URE:T.

(b) There is two cases, depending on where takes place the S-reduction :
— I' =3 I'". By induction hypothesis, [Vt ¢ : T and I" F U : s. Therefore, by
(weak), IV, 2:UFt:T.
— U —3 U'. By induction hypothesis, I' = U’ : s. Therefore, by (weak),

Coa:U Ft:T.
d F'ET:sy Liae:THU: s 3
(prod) I'E(2:T)U : s3 ((s1,52,55) € B)

(a) There is two cases, depending on where takes place the S-reduction :
- T —p5 T'. By induction hypothesis, I' = 77 : sy and ',z : T = U : s,.
Therefore, by (prod), we get I' = (2:1")U : s3.
— U =3 U'. By induction hypothesis, I, 2:T + U’ : s3. Therefore, by (prod),
I'F(2:T)U' : s3.
(b) If I' 5 I then, by induction hypothesis, I =T : sy and IV, 2:T F U : s,.
Therefore, by (prod), I'" F (2:T)U : ss.
Pe:ThHuw:U 'k (2:1)U:s
'z Tu: (2:T)U

(a) There is two cases, depending on where takes place the S-reduction :

(abs)
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— T —5 T'. By induction hypothesis, I'a:T'F u : U and I' - (2:T")U : s.
By (abs), I' = [z : 1" w : (z:T")U. As (2 :T")U ¢ B(z:T)U and [3C C,
(2:TYU C (2:T)U. AsT - (2:T)U : s, by (conv), I' - [2:Tu: (x:T)U.

— u —p u'. By induction hypothesis, I'yz: T+ o' : U. As I' = (2:T)U : s, by
(abs), T'F [a:T]u : (x:T)U.

(b) IfI' =5 I'" then, by induction hypothesis, IV, 2:TFw: Uand I" F (z:T)U : s.
Therefore, by (abs), I' F [z:T]u: (z:T)U.
P'bt:(z:U)V TI'ku:U
I'Ftu:V{z— u}
(a) There is three cases, depending on where takes place the S-reduction :

— t —p t'. By induction hypothesis, I' =/ : (2:U)V. As I' - u : U, by (app),
I'Etu:V{e— u}.

— u —p u'. By induction hypothesis, I' =o' : U. By (app), I' -t : V{z —
u'}. As V{z — o'} pV{z — u} and |gC C, V{z — v’} C V{z — u}. By
inversion, there exists s such that ' = V{z — u} : s. Therefore, by (conv),
I'Ftu :V{z — u}.

—t=[2:U'lv and tu —g v{z — u}. By inversion, there exists V' such that
Fya:U' Fo:Viand (2:U)V' C (x:U)V. By product compatibility,
U'Cr Uand V! Cf 1y V. By environment conversion, I',z:U v : V' and,
by (conv), I'yz: Ut v: V.

(b) If I' —5 I then, by induction hypothesis, I" = ¢ : (z : U)V T'F u : U.

Therefore, by (app), I Ftu: V{z — u}.

'et:T TCT THT:S
| R A
(a) If t =5 t' then, by induction hypothesis, I'+¢ :T. AsT CT and T FT": ¢,
by (conv), ['+=¢:T".
(b) If T' —p I’ then, by induction hypothesis, IV F ¢ : T and I - T" : .
Therefore, by (conv), I ¢ : 7", |

(app)

(conv)
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Chapter 4

Reduction Type Systems
(RTS’s)

Now, we are going to study the case of TSM’s whose conversion relation C is of
the form | with — a reduction relation. We shall call such systems Reduction
Type Systems (RTS). Except for ECC [81] which uses a notion of subtyping, all
the systems previously mentioned at the beginning of Chapter 3 are RTS’s, either
because they are defined in this way [54, 15], or because they are defined with C =«*
and — confluent, which is equivalent [99, 58, 119, 101]. The general study of such
systems is justified by the fact that, in [54], the proof that reduction preserves typing
uses the fact that C is of the form |.

The proofs of the Lemmas 41, 47, 50 and 52 are widely inspired from the ones
given by H. Geuvers and M.-J. Nederhof [59] or H. Geuvers [58].

4.1 Definition

Definition 32 (RTS) A pre-RTS is a TSM whose conversion relation C is of the
form | with — a relation stable by substitution and context. The relation — is
called the reduction relation of the pre-RTS. A pre-RTS is confluent if its reduction
relation is confluent. An RTS is a pre-RTS which is admissible, that is, whose
reduction relation preserves typing : ' ¢t : T and t — ¢/ imply ' ' : T, a
property often called subject reduction.

Any pre-RTS satisfies the following elementary properties :

Lemma 33 The relation C =] is :

— symmetric : T'C T' implies T" C T.

— stable by substitution : 7" C T’ implies 76 C T"8.
— stable by context : T'C T implies C[T], C C[T"],.
— preserves sorts : s C s implies s = ¢'.

In ECC, the conversion relation C is not symmetric and does not preserve sorts.
It would be interesting to try to formulate some properties below in the more general
framework of Cumulative pure Type Systems (CTS) to which belongs ECC. To this

41
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end, the reader is refered to the works of Z. Luo [81], R. Pollack [102] and Barras
[11].

Subject reduction can be extended to types, environments and substitutions :

Definition 34 A substitution 6 rewrites to a substitution €', § — €', if there exists

x such that 26 — 26 and, for all y # =, y8 = y#'. An environment I' = 7 : T

—

rewrites to an environment I, I' — I, if IV = & : T" and there exists i such that
T; = T/ and, for all j # 4, T; =T].

Lemma 35 In an RTS :

(a) fI'Ft:T and T — T then T' ¢ : T,
(b) if:T — A and § — ¢ then ¢ : ' = A,
(c)if 't :T and I' — I then IV ¢ : T

Proof.

(a) By correctness of types, either 7' = s or I' F T : s. The case T" = s is not
possible since s is not reducible. Therefore, I' =T : s and, by subject reduction,
['ET":s. Hence, by (conv), 't :T".

(b) By induction on the size of I'. If I' is empty, this is immediate. Assume then
that ' =I",2:T. Since 6 : I" — A, by induction hypothesis, 6’ : I — A. Then
it suffices to prove that A+ a6 : T8'. As:T — A, we have A+ z6 : Td. By
subject reduction, A - 26’ : T6. After the Environment Lemma, there exists s
such that I' = T : s. By substitution, A+ T8 : s. Since T —*T¢', T6 C T¢
and, by subject reduction, A+ T8¢ : s. Therefore, by (conv), A+ 26 :T¢.

(¢) Assume that T' = I'y,2 : T,y and TV = T'y,2 : T",T3. By the Environment
Lemma, I'y £ T : s. By subject reduction, I'y = 7" : s. Therefore, I' C I and,
by the Environment conversion Lemma, [V ¢ : 7. |

Lemma 36 (Inconvertibility of maximal sorts) In an RTS, if s Cf2 T then
s G T. Therefore, if s is maximal then 7" = s.

Proof. By case on the number of conversions between s and T'. If s = T, this
is immediate. Assume then that s Cr T Cf: T. By definition of Cr, there exists s’
such that I' = 7" : s'. As C =] and s is irreducible, 77 —* s. By subject reduction,
I'Es:s and s G T. [ |

Hence we get the equivalence of the two relations Cr and Cr, and a refinement
of the Inversion Lemma for RTS’s.

Lemma 37 (Equivalence of Cr and Cr) In an RTS, Cr = Cr.

Proof. First of all, we have Cp C Cr. We prove the reverse. Assume that
T Cr T'. As there exists t such that I' = ¢ : T, by correctness of types, either T is
a maximal sort, or there exists s such that I' = T : s. After the previous lemma, T
cannot be a maximal sort. Therefore, there exists s such that ' =T : s and T Cp T".
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Definition 38 (Regular sort) A sort s is regular if, for all (s, s2,5) € B, s3 = s.
A TSM is regular if all its sorts are regular.

Most of the PTS’s that one can find in the literature are regular. For these
systems, it is often made use of the abbreviation (s1,s2) € B for (s, s2,82) € B

[59, 10].

Lemma 39 (Inversion for RTS’s) Assume that I'-1¢: 7.

— If t = s then there exists s’ such that (s,s’) € A and ' Cf T.

~Ift=f@), feF, rp=F:T)Uand y ={F i} then k- 1p:5, v: (F:T) =T
and U~y C; T. Moreover, if s is regular then I' = U~y : s.

~Ift=2¢€ &% then I'-2':s and 2I' C& T

—If t = (2:U)V then there exists (sq,52,53) € P such that ' - U : s, ['2: U +
V:isyand s3 G- T.

— If t = [2:U]v then there exists V such that I'z:UFv:V and (2:U)V C: T.

— If t = wv then there exists V and W such that ' - w : (z: V)W, ' F o V

and W{z — v} Cf T. Moreover, if I' F (2 : V)W : s and s is regular then
I'FW{zw— v}:s.

Proof. The modifications of the cases t = s and ¢t = (2:U)V are a consequence
of the inconvertibility of maximal sorts. Hence, we are left to prove the additional
properties in case of regular sorts. The property for ¢ = \A& can be obtained by
iteration from the one for ¢ = uv.

Assume that I' = (2 : V)W : s. By inversion, there exists (sq, s2,53) € P such
that I'yz:V = W : sy and s3 Cf+ s. By preservation of sorts, s3 = s. By regularity,
s = s3. Therefore, 'y 2:V = W : s and, by substitution, I' - W{z — v} : s. |

4.2 Logical and functional RTS’s

Definition 40 (Functional TSM) A set of rules B is functional if (s1, s3,53) € B
and (sq, s2,55) € B imply s5 = sh. A TSM is functional if A is a functional relation
and B is functional.

Most of the PTS’s one can encounter in the literature are functional.
In a regular TSM, B is functional. Therefore, for a regular TSM to be functional,
it suffices that A is a functional relation.

Lemma 41 (Convertibility of types) In a logical and functional RTS,if I' ¢ :
Tand 't :T" then T G T'.

Proof. By induction on t. We follow the notations of the Inversion Lemma.
—t = s. By inversion, there exists s] and s, such that (s,s]) € A, (s,s}) € A,
sy C& T and s, C; T'. By functionality, s] = s}. Therefore, by symmetry,
T Cr T
~ t = f(f). By inversion, Uy Cy T and Uy G 1'. Therefore, by symmetry, T G5 1.
— t = 2. By inversion, 2" Cft T and «T' Cf- T'. Therefore, by symmetry, T C. T".
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—t = (2:U)V. By inversion, there exists (sy, s2,s3) € P and (s}, s5,s5) € P such
that ' U s, TFU 8}, a:UFV s, Ia:UFV s, s3 C T and
st G T'. By induction hypothesis, s; Cf s} and s; Cf .1y 5. By preservation of
sorts, s1 = s} and sy = s5. Therefore, by functionality, ww = s4 and, by symmetry,
T CrT.

—t = [ :Ulv. By inversion, there exists V and V' such that I'az: U F v : V|
Fa:UbFov:V, (2:U)V C T and (2:U)V’ C T'. By induction hypothesis,
V Cf,.r V. By stability by context, (z : U)V Cf (z : U)V'. Therefore, by
m%BBMS% T C T

— t = wv. By inversion, there exists V, V', W and W' such that T F w : (2 : V)W,
F'Ewe (2 VY)W, Wiz — v} C T and W/{z — v} C: T’. By induction
hypothesis, (z:V)W Ci (2:V')W'. By product compatibility, W Cf. ..., W'. By
substitution and stability by substitution, W{z — v} G W'{z — @%. Therefore,
by symmetry, T Cp T". [ |

Lemma 42 (Conversion correctness) In alogical and functional RTS,if I't+1T7":
sand T Cr T’ then ' =17 : s.

Proof. By definition of Cr, there exists s’ such that ' =77 :s'. As C =, there
exists U such that T" —* U and T’ —* U. By subject reduction, I' - U : s and
I' = U : s'. By convertibility of types and preservation of sorts, s = s and ' HT" : s.

|

Lemma 43 (Equivalence of I and ) In a logical and functional RTS, K =F.

Proof. First of all, it is immediate that 5 CF. We show the inverse by induction
on I' ¢ :T. The only difficult case is of course (conv). By induction hypothesis,
we have I' Kt : T and ' K77 : /. Tt is easy to verify that the Substitution Lemma
and the correctness of types are also valid for . Hence, by correctness of types,
either 7' is a maximal sort, or there exists s such that I' 5,7 : s. If T is a maximal
sort s then 7" —* s and s is typable, which is excluded. Therefore, I' 5T : s. By
convertibility of types and preservation of sorts, s = s’ and, by (conv’), I' ¢ : 77.1

Lemma 44 (a-equivalence) In a logical and functional RTS, if (2 :T)U Cr (2’:
T"U' then z and 2’ are of the same sort and (2' : T")U’ is a-equivalent to (z :

THU {2’ — z}.

Proof. Assume that z is of sort s and 2’ is of sort s’. By definition of Cr, we
have I' = (z:T)U : s3 and ' = (2/:T")U’ : s§. By inversion, we have I'2: T F U : 5¢
and T'ya’' : T+ U’ : s|. By the Environment Lemma, we have I' = T : s and
I' =T’ :s'. By conversion correctness and preservation of sorts, s = s’. Therefore x
and 2’ are of the same sort and (2':7")U" is a-equivalent to (2:T")U'{a' — z}. W

Lemma 45 (Maximal sort) In a logical and functional RTS, if s is a maximal
sort and I' - ¢ : s then ¢ is of the form (' : )s’. Moreover, if ¢ C; ' then #' is of the
form (7 : #)s" with || = |Z].
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Proof. We prove the first assertion by case on t. Note first of all that there is
no s such that I' b s : s’. Otherwise, by inversion, there would exist s” such that
(s,8") € Aand ¢ C ¢, which is excluded since s is maximal.

—t=f(#). Let 7y = (&: T)U and 4 = {Z — t}. By inversion, there exists s’ such
that I' = Uy : s’ and Uy Cf s. By conversion correctness, I' s : s'. This case is
therefore impossible.

—t=2a € X*. By inversion, I' F 2T : ¢’ and 2T C s. By conversion correctness,
I' - s:s’. This case is therefore impossible.

—t = [#: Ulv. By inversion, there exists V and s’ such that T,z : U F v : V,
' (z:U)V 8 and (2:U)V Cf s. By conversion correctness, I' = s : s’. This
case is therefore impossible.

— t = wv. By inversion, there exists V, W and s’ such that I' - W{z — u} : s’ and
WH{z — u} Cf s. By conversion correctness, I' = s : s'. This case is therefore
impossible.

We are left with the cases t = (2:U)V and t = §’. Therefore ¢t must be of the
form (7 : ).

We now show the second assertion. By conversion correctness, I' = ¢' : s. After
the first assertion, ¢’ is of the form (7 : #)s”. By product compatibility and a-
equivalence, and by exchanging the roles of ¢ and ', we can assume that 7 = %
and ¢ = {u. Hence, s’ C5, (7 : i0)s” where [ = & : £. We then prove by induction
on the number of conversions between s’ and (Z : @)s” that |Z] = 0 and s’ = §".
If & = (Z: w)s", this is immediate. Assume then that &' Cp v Cf, (¥ : @)s”. By
conversion correctness, IV = v : s. Therefore, after the first assertion, v is of the form
(2 2 4@)s". As C =| and ¢ is irreducible, v —* §’. Therefore |Z'| = 0 and s = §'.

So, v = ¢ and, by induction hypothesis, |Z] =0 et s/ = 5. |

4.3 Logical and injective RTS’s

Definition 46 (Injective TSM) A set of rules B is injective if (s1, s3,53) € B and
(s1,85,83) € Bimply sz = s,. A TSM is injective if A is a functional and injective
relation and B is functional and injective.

In a regular TSM, B is functional and injective. Therefore, for a regular TSM to
be injective, it suffices that A is a functional and injective relation.

Lemma 47 (Separation) In a logical and injective RTS, if s; # s then, for all
ie€{0,1}, T*NT>=0.

Proof. We show that ¢t € T?* N T;? implies 51 = s3, by induction on ¢.

Case i = 0. There exists ['; such that I'; - ¢ : s;.

\HHm.w%wsz\ﬁ.wwosagﬁ.m@am%&w:nwﬁwmﬁﬁmamwvm\—m:a& AOW .&.w%
functionality, s; = s}. Let s’ be the sort s; = 3. Then, s’ C. ;. Therefore,
by preservation of sorts, s; = s3 = 5.

—t=f{), feFadr =@ :TVU. Let T =& :T and y = {F — i}. By

inversion, =77 s, v : ' = I'; and Uy G s;. By inversion again, there exists s’
J
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such that T' U : ¢'. By substitution, I'; - Uy : §’. By conversion correctness,
I'; Fs; : . By inversion and preservation of sorts, (s;,s’) € A. Therefore, by
injectivity, s1 = s3.

t = x € A°. By inversion, I'; = 2I'; : s and zI; AOW s;. By conversion
correctness, I'; F s; : s. By inversion and preservation of sorts, (s;,s) € A.
Therefore, by injectivity, s; = ss.

t=(2:U)V. w% inversion, there exists (s}, s?,s?) € P such that I'; - U :
Ij,z:UFV: mA and mA Cr, .&; By induction E\@o;m@m st = sl and s = mw.
Therefore, by ?525595% s7 = s3. Let s be the sort s7 = s3. Then, s AO_J 55
and, by preservation of sorts, s; = s9 = s.

t = [z :Ulv. By inversion, there exists V; and mw such that I';,z: U F v : V},
[; F (z:U)V; 2 st and (2 : U)V; @ﬁ s;. By inversion again, there exists

AmHm mvmﬁm:nw;mﬁﬂ U : ﬂ?& QT<”m m:am Cr, st. By

77 J

preservation of sorts, .& = mw. By Easnﬁos hypothesis, m# = s} and s? = si.
Therefore, by functionality, sj = s3. Let s be the sort s{ = s3 = s{ = sj.

By conversion correctness, I' = s; : s. By inversion and preservation of sorts,
(sj,s) € A. Therefore, by injectivity, s; = s.

t = wv. By inversion, there exists V; and W; such that ['; = u : (2;: V;)W;,
'y Fo:V;and Wi{z; — v} Cr, sj. Let [ =Tj,2;:V; and 8; = {z; — v}.
By correctness of types, there exists mw such that I'; & (z; : V))W; : mw. By
induction E\@o;mmwm on u, s; = sh. Let s = s] = s,. By inversion, there
exists (s},s%, s?) € P such that I'; £ Vj @ st I W @ 52 and s? G, s’. By
Emmmj\mﬁos Ow sorts, .& = 5. By induction hypothesis on v, st = sl. Therefore,
by injectivity, s? = s3. Let s/ = s = s3. As 6, : [+ T';, by substitution,
[; = W;8; : s”. By conversion correctness, I'; - s; : s”. By inversion and
preservation of sorts, (s;,s”) € A. Therefore, by injectivity, s; = sg.

Case ¢ = 1. There exists I'; and T} such that I'; =¢ : 7, and I'; = T}

t = s. After case 1 = 0, there exists s’ such that &' ﬁwh T;. By conversion
correctness, I'; = s’ : s;. By inversion and preservation of sorts, (¢',s;) € A.
Therefore, by functionality, s; = ss.

= \A& After case i = 0, there exists s’ such that I'; = T} : s’. By convertibility
of types and preservation of sorts, s; = 55 = s'.
t=x¢€ X® After case 1 =0, I'; = T} : s. Therefore, by convertibility of types
and preservation of sorts, s1 = sg = s.
t = (2:U)V. After case ¢ = 0, there exists s such that s Cr, Tj. By conversion
correctness, I'; = s : s;. By inversion and preservation of sorts, (s,s;) € A.
Therefore, by functionality, s; = ss.
t =[x : Ulv. After case 1 = 0, there exists s such that I'; = 71 : s. By
convertibility of types and preservation of sorts, s1 = s9 = s.

t = uv. After case i = 0, there exists s” such that I'; - T} : s”. By convertibility
of types and preservation of sorts, s; = 55 = s'. |
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Lemma 48 (Classification) In a logical and injective RTS, either (sq,s2) € A
and Tg' C T2, or (s1,s2) ¢ A and Ty NT2 = 0.

Proof. If (s1,s2) € A, it is clear that T' C T7?. We then prove that t € Tj'NT7?
implies (s1,s2) € A, by induction on ¢. Let I', I'" and T'such that ' H ¢ : sq, [V ¢ : T
and TV F T : s9.

—t = s. By inversion, there exists s and s} such that (s,s]) € A, sf C& sy,
(s,85) € Aand s C, T. By preservation of sorts, s{ = s;. By functionality,
sy = s,. By conversion correctness, I' b s} : s3. Therefore, by inversion and

preservation of sorts, (s}, sz) € A and (sq, s2) € A.

—t = f(i). Let 7y = (F: T)U and v = {7 — }. By inversion, there exists |
and s5 such that I' = Uy : sy, Uy C¢ s1, I'' = Uy : s, and Uy G, T. By
conversion correctness, I' = s; : s|. Therefore, by inversion and preservation of
sorts, (s, s]) € A. By separation, s§ = s,. By conversion correctness, IV - T : s,.
Therefore, by separation, s, = sz and (s1, s2) € A.

—t =2 € X° By inversion, I' - 2l : 5, 2I' Cf sy, I' = 21" : s and 21" G, T.
By conversion correctness, I' F sy : s. By inversion and preservation of sorts,
(s1,s) € A. By conversion correctness, IV = T : s. Therefore, by separation,
s = sy and (s1,s2) € A.

— ¢t = (2:U)V. By inversion, there exists (s,, s3,5.) and (s, s},s.) € P such that
TEU s, Ta:URV sy, s.Chos1, I'FU s, ", 2:UFV s and s, C, T.
By preservation of sorts, s. = s;. By conversion correctness, [V - s. : s5. By
inversion and preservation of sorts, (s, sz) € A. By separation, s, = s/, and
sy = s;. Therefore, by functionality, s, = s, and (s1, s9) € A.

— t = [2:U]v. By inversion, there exists V, s, V/ and ¢ such that I'yz:UF v : V|,
' (@: U)WV s, (2:U)VC s, Ma:UkFv:V TV (2:U)V @ s and
(x : U)V' Ci, T. By conversion correctness, I' = sy @ s and IV =T : s'. By
inversion and preservation of sorts, (s1,s) € A. By separation s’ = s3. By
inversion again, there exists (sq,sp,5.) and (s}, s}, s.) € P such that I' = U : s,
Le:UFRV s, s C s, I"FU:s,and I"2:UFV': 5 and s. C, s'. By
preservation of sorts, s, = s and s. = s’. By separation, s, = s, and s, = s.
Therefore, by functionality, s. = s, and (sy, s3) € A.

-t = uv. By inversion, there exists V, W, s, V/ and W' and s’ such that I" -
w:(x: VW, I'EW{x — v} s, W{z — v} C s, I Fu: (z: V)W,
I"EW'{z —v}:s and W{z — v} C, T. By conversion correctness, I' - 51 : s
and [V =T : s'. By inversion and preservation of sorts, (s1,s) € A. By separation,
s =" and s’ = sy. Therefore, (s1,s2) € A. [ |

Remark 49 (Typing classes)

With the correctness of types, we have seen that a typable term is necessarily in
one of the sets T? where ¢ € {0,1} and s € §. With the Separation and Classification
Lemmas, we can describe the relations between these sets more precisely.

In an injective TSM, the set of axioms A is necessarily an union of disjoint
maximal “chains”, that is, sets A’ such that :
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— if (s1,82) € A" and (s2,83) € A then (s2,s3) € A,
— if (sg,s3) € A" and (s1,s2) € A then (s1,s7) € A.

For example, in the case where A is finite, a maximal chain is of the form {(s1, s2),
(S2,83), -y (Sn, Spg1)} With s1, ..., s, distinct from one another. For such a chain,
we obtain n classes T{', T{?, ..., T;", plus two classes T;"t' and Tyt if s,41 is
distinct from the other s;’s. Finally, a sort s which does not belong to any axiom
gives two classes, T; and T§,.

4.4 Confluent RTS’s

In the following, we prove results about the dependence of types with respect to
variables and symbols. The first result, dependence with respect to variables, is
better known under the name of “Strengthening Lemma”. We give a proof of this
lemma in the case of a functional (and confluent) RTS inspired from the one of H.
Geuvers and M.-J. Nederhof [59]. L. S. van Benthem Jutting [115] proved the same
lemma for all PTS’s. It would be interesting to examine his proof to adapt it to the

case of RTS’s.

Lemma 50 (Dependence w.r.t. variables) In a confluent and functional RTS,
if Ayz: VA"t :T and z ¢ FV(A', ) then there exists 7’ such that 7" —* 7" and
AA BT

Proof. By induction on A, z:V,A'F¢:T.

(ax) Impossible.

(symb) Let I' = A, z:V,A’. We prove the property for U~ itself. By induction
hypothesis, for all ¢, there exists T such that Ty —* T/ and A, A" F ¢, @ T,
We prove that v : I'y — A, A", Let v, = {2y — ty,...,2; = t;} and T'; = 27 :
Ti,...,x; : T;. We prove that v; : I'; = A, A’ by induction on i. For i = 0,
there is nothing to prove. Assume then that v; : I'; — A, A’ and let us prove
that v,41 : 'igy — A, AL As 7y 1 s, by inversion, for all j, there exists s; such
that I';_; =T} : s;. Hence, by the Environment Lemma, FV(7;) C {zy,..., 2,1}
Therefore, for all j < i+1, Tjvit1 = Tjvi. So, vix1 : I's — A, A’ and we are left to
prove that A, A"ty : Tipyy;. We have A A"ty T As Ti =Ty sip
and v; : I'; = A, A’, by substitution, A; A" F Ti417; : $i41. Therefore, by (conv),
ANty Ty and 4 0 Uipp — AJA' Finally, v =4, : 'y = A A’ As
[y U : s, by substitution, A, A" U~ : s.

(var) Let ' = A, z:V, A’. By induction hypothesis, A A’ = T : s. Therefore, by
(var), AJAJa :ThHa:T.

(weak) If z = 2, T itself satisfies the property since I' - ¢t : T. Otherwise, let
I' = A,z:V,A’. By induction hypothesis, there exists 7’ such that T —* T’,
AA"F T and A, A" U s, Therefore, by (weak), A A" a: Ukt : T

(prod) Let I' = A, z:V, A’. By induction hypothesis, A, A’ T : sy and A A’ 2
T F U : sy. Therefore, by (prod), A A" (2:T)U : ss.

(abs) Let ' = A,z : V,A’. By induction hypothesis, there exists U’ such that
U—=*U"and A;AJa:T Fu:U'. We prove that A;A" F (2 : TY)U' : s. Then,
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by (abs), A,A"F [ :TJu: (2:T)U'. As T+ (2:T)U : s, by inversion, there
exists (s1,52,5) € P such that ' 7 : sy and ['a: T U :s3. As 2z ¢ FV(T),
by induction hypothesis, A, A’ T :s;. As A, A" x:T F w:U’, by correctness
of types, either U' = ¢ or AJA o : T F U’ : s. Assume that U’ = §/. As
[yo: T E U : sg, by subject reduction, Ty :T = U’ : s3. Therefore (s',s9) € A
and A, A x: T F U @ sy, If now AAJx: T F U’ : s then, by convertibility
of types, s = sy. Hence, in all cases, I'ya: T F U’ : s3. Therefore, by (prod),
AN (2:THU' ¢ s,

(app) Let I' = A,z : V, A’. By induction hypothesis, there exists U], U} and V
such that U =»* U, U =* UL, V =* VI, ANt e (2:U))V and A, A" = US.
By confluence, there exists U” such that U] —* U” and U}, —* U"”. By subject
reduction, AJA" F ¢t ¢ (2 : U”")V' and A A" = u : U”. Therefore, by (app),
AA it Vi{z— u}.

(conv) By induction hypothesis, there exists T” such that T —* T" and A, A" F
t : T". By confluence, there exists T’ such that 7" —* T and T' —* T"'. By
subject reduction, A, A’ ¢ : T, |

Corollary 51 In a confluent and functional RTS, if A, z: VA’ ¢t : T and z ¢
FV(A')t,T) then A,A"F¢:T.

Proof. After the lemma, there exists T’ such that T —* T’ and A, A"t : T,
By correctness of types, either T'is a maximal sort and 77 =T, or A, z: V, A’ T : s.
Then, after the lemma, A; A"+ T :s. Therefore, by (conv), A, A" ¢ :T. [ |

Lemma 52 (Strong permutation) If I',y: A,z: B, I+t : T and y ¢ FV(B)
then I', z:B,y: A, T"+¢: T.

Proof. Let A =T,y:A,z:B,IVand A’ =T1,2:B,y: A, I'. By transitivity, it
suffices to prove that A’ is valid and that A’ = A. To this end, it suffices to prove
that A’ is valid. By the Environment Lemma, we have ' - A:sand I',y: A+ B : s'.
After the previous lemma, I' = B : s’. Therefore, I', z: B is valid and, by weakening,
I',z:B,y: A too. Assume that IV = Z: T and let A; = Dy:A z:B,z:Th, ..., 2T,
and Al =T,z:B,y: A, 21:T,...,2;:T;. We prove by induction on 7 that Al is
valid. We have already proved that Af is valid. Assume that A’ is valid. By the
Environment Lemma, A; = Tipy @ s, As ALE Ay, AL ETiqy 2 sq and Al s

K3

valid. Therefore, A’ is valid and A’ ¢:T. |

Definition 53 (Compatibility w.r.t. a quasi-ordering) Let > be a quasi-
ordering on F. Given a symbol ¢, we will denote by -, the typing relation of the
RTS whose symbols are strictly smaller than g¢.

— — is compatible with > if, for all symbol ¢ and all term ¢, ¢, if all the symbols in
t are strictly smaller than g and ¢ — ¢’ then the symbols in ¢’ are strictly smaller
than g¢.

— 7 is compatible with > if, for all symbol g, all the symbols in 7, are smaller than

q.
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Lemma 54 (Dependence w.r.t. symbols) Consider a confluent and functional
RTS and > a quasi-ordering on F such that — and 7 are compatible with >. If
'+t :7 and the symbols in I" and ¢ are strictly smaller than ¢ then there exists 7’
such that 7' —* 7" and ', ¢ : T".

Proof. By induction on I' ¢ : T,

(ax) Immediate.

(symb) We prove that I' I, f(£) : Uy. By induction hypothesis, for all i, there
exists T/ such that T;y —* T and I' &, t; : T/. We prove that v : I'y — [' in
Fg. Let v, = {21 — ty,...,2; — t;} and I'; = 1 : Ty, ...,2;: T;. We prove that
~; : I'y = I’ by induction on ¢. For ¢ = 0, there is nothing to prove. Assume then
that v; : I'; — " and let us prove that v;11 : I';41 — ['. As 7 is compatible with >,
by induction hypothesis, i, 7/ : s. By inversion, for all 7, there exists s; such that
I';_y &, T; : s;. Hence, by the Free variables Lemma, FV(T}) C {zq,...,2;-1}.
Therefore, for all 7 <741, Tiv,41 = Ty So, vit1 : I's = I' and we are left to
prove that I' =4 ;41 @ Tipq1y;. We have I' Fy £ ¢ s.\+H. As Iy By Tigq : si4a
and v; : It — I', by substitution, I' F; Ti41v; @ s;41. Therefore, by (conv),
Iy tivn : Tigryi and vyipq 1 Uiypg — I Finally, y =, : 'y =T As 'y =, U : s,
by substitution, I' =, U~y : s.

(var) By induction hypothesis, I' =, T : s. Therefore, by (var), I';z: Tk, 2 : T

(weak) By induction hypothesis, there exists T’ such that T —* T/, T' -, t : T’
and [', U : s. Therefore, by (weak), I'yz:U b, ¢ : 1",

(prod) By induction hypothesis, I't-;, T': sy and I',z: T+, U : s5. Therefore, by
(prod), ', (2z: 1)U : s3.

(abs) By induction hypothesis, there exists U’ such that U —* U" and I', 2: T F, w :
U’'. We prove that I' k-, (2:T)U’ : s. Then, by (abs), I' b, [a:Tu: (2:T)U'. As
I'F (z:T)U : s, by inversion, there exists (s1,s2,s) € P such that I' =7 : s; and
['a:TF U : sy By induction hypothesis, ' b, T :s9. As T a:T F, u: U', by
correctness of types, either U’ = s or I';2:T k-, U’ : s'. Assume that U’ = 5. As
[2:TEU: sy, by subject reduction, T'ya:T = U’ : s5. Therefore (¢, s5) € A and
Dya:ThH, U sy Ifnow I'ya: T+, U : &' then, by convertibility of types, s’ = s,.
Hence, in all cases, I', 2:T F, U’ : s3. Therefore, by (prod), I' k-, (z:T)U" : s.

(app) By induction hypothesis, there exists U{, U} and V such that U —* U7,
U—=*ULV =*V Tkt (2:U)V and I' -, u : U). By confluence, there exists
U” such that U] —* U"” and U) —* U”. By subject reduction, I' F, ¢ : (z:U")V’
and I' =, u : U”. Therefore, by (app), ', tu : V/{z — u}.

(conv) By induction hypothesis, there exists 7" such that T —* T" and I' -, ¢ : T".
By confluence, there exists 7" such that 7" —* T"" and T’ —* T"". By subject
reduction, I' =, ¢ : T". As — is compatible with >, the symbols in 7" are strictly
smaller than g. |



Chapter 5

Algebraic Type Systems (ATS’s)

Now, we are going to study the case of RT'S’s whose reduction relation is made of
f-reduction and rewrite rules. But, before, we must properly define what rewriting
means in a strongly typed higher-order framework.

In first-order frameworks, that is, within a first-order term algebra, a rewrite
rule is generally defined as a pair [ — r of terms such that [ is not a variable and the
variables occurring in r also occur in [ (otherwise, rewriting does not terminate).
Then, one says that a term ¢ rewrites to a term ¢ at position p if there exists a
substitution o such that t|, = lo (one says that t|, matches [) and ¢’ = t[ro], (the
subterm of ¢ at position p, (o, is replaced by ro). The reader is invited to look at,
for example, [46, 3] to get more details on first-order rewriting.

Here, we are going to consider a very similar rewriting mechanism by restricting
left-hand sides of rules to belong to the first-order-like term algebra generated from
F and X. On the other hand, right-hand sides can be arbitrary. This is a particular
the case of Combinatory Reduction System (CRS) ! of W. Klop [79] for which it is
not necessary to use higher-order pattern matching a la Klop or a la Miller [91, 95].

However, we proved in [21] that a weaker version of the termination criteria that
we are going to present in next chapter can be adapted, in case of simply-typed
A-calculus, to rewriting with higher-order matching a la Klop or a la Miller. It
would therefore be interesting to try to define a notion of rewriting with higher-
order matching in case of polymorphic and dependent types, and to study if our
termination criteria can also be adapted to this notion of rewriting.

Definition 55 (Algebraic terms) A term is algebraic if it is a variable or of the
form f(f) with all the #;’s themselves algebraic. We denote by 7 (F,X’) the set of
algebraic terms built from F and X', and by T(F,X) the set of typable algebraic
terms.

Definition 56 (Rewriting) A rewrite rule is a pair of terms [ — r such that {
is an algebraic term distinct from a variable and FV(r) C FV(l). A rule [ — ris
left-linear if no variable occurs more than once in /.

'To see this, it suffices to translate [z : T]u by A(T,[z]u), (= : T)U by II(T,[¢]U) and uv by
@(u,v), where A, IT and @ are symbols of arity 2 and []_is the abstraction operator of CRS’s.
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Given a set of rewrite rules R, R-reduction —p is the smallest relation containing
R and stable by substitution and context. A term of the form lo with [ - r € R
and o a substitution is an R-redez.

Given a set of symbols G, we denote by R¢ the set of rules which define a symbol
in G, that is, the set of rules such that the head symbol of the left-hand side is a
symbol of G.

A symbol [ is constant if Ry = (0, otherwise it is (partially) defined. We
denote by CF the set of constant symbols and by DF the set of defined symbols.

Definition 57 (ATS) An ATS is a pre-RTS whose reduction relation — is of the
form —r U —5 with R a set of rewrite rules.

Now that we have introduced our notion of rewriting, we can wonder under which
conditions it has the subject reduction property.

With first-order rewriting in sorted algebras, for rewriting to preserve the sort
of terms, it suffices that, for all rules, both sides of the rule have the same sort.

Carried over to type systems, this condition gives : there exists an environment
I' and a type T such that ' F{ :7T and I' = r : T". This condition is the one which
has been taken in all previous work combining typed A-calculus and rewriting.

However, this condition has an important drawback. With polymorphic or de-
pendent types, it leads to strongly non-left-linear rules. This has two important
consequences. First, rewriting is strongly slowed down because of the necessary
equality tests. Second, it is more difficult to prove confluence with non-left-linear
rules.

Let us take the example of the concatenation of two polymorphic lists in the Cal-
culus of Constructions (8 = {x,0}, A = {(x,0)} and B = {(sy, s2,83) € S | 55 =
s3}) ¢
— list € F{' with 75 = x — % the type of polymorphic lists,

— nil € F{ with 7,5 = (A:x)list(A) the empty list,

— cons € F§ with Teons = (A :%)A — list(A) — list(A) the function adding an
element at the head of a list,

—app € Fj with 74, = (A : %)list(A) — list(A) — list(A) the concatenation
function.

A usual definition for app is :
— app(A, nil(A), ') = U
— app(A, cons(A, z, ), ") — cons(A, z,app(A, L, 1))

This definition satisfies the usual condition; it suffices to take I' = A:x,z: A, {:
list(A),0':list(A) and T = list(A). But one may wonder whether it is really neces-
sary to do an equality test between the first argument of app and the first argument
of cons when one wants to apply the second rule. Indeed, if app(A, cons(A’, z, (), ')
is well typed then, by inversion, cons(A’, z, () is of type list(A) and, by inversion
again, list(A") is convertible to list(A). Hence, to allow the reduction even though
A’ is different from A does not seem to be harmful since list(A’) is convertible to

list(A).



53

In fact, what is important is not that the left-hand side of a rule is typable, but
that, if an instance of the left-hand side of a rule is typable, then the corresponding
instance of the right-hand side has the same type. We express this by requiring
that there exists an environment I' in which the right-hand side is typable, and a
substitution p which replaces the variables of the left-hand side not belonging to I
by terms typable typable in I'. Hence, one can consider the following rules :

— app(A, nil(A'), l") =

— app(A, cons(A',z,0), ') — cons(A, z,app(A, L))

by taking I' = A : x,x: A€ : list(A), 0 : list(A) and p = {A" — A}. In [20],
we give 5 conditions, (S1) to (S5), which must be satisfied by the rule [ — r, I
and p. Assume that [ = f(I), 7; = (£ : T)U and v = {7 ~ [}. Then, (S1)
is dom(p) C FV(I) \ dom(I') and (S2) is I' - Ip : Uyp. Although these two first
conditions are often true, they are not necessary for proving the subject reduction
property. This is why, in the following definition, they are not written. However,
we will see that (S2) is necessary for proving the strong normalization property (see
Definition 81).

Definition 58 (Well-typed rule) A rule | — r is well-typed if there exists an
environment I' and a substitution p such that, if { = f({), 7/ = (& : T)U and

v = {Z+ [} then :

(S3) ' r:U~yp,

(S4) forall A, o and T, if AFlo:T then o: ' — A,

(S5) for all A, o and T',if A lo: T then, for all z, zo | zpo.

In the following, we will write (I — r,I',p) € R when the previous conditions are
satisfied.

An example using a dependent type is given by the concatenation of two lists

of given length and the function map which, to a function f and a list a;...a,,

associates the list f(a1)...f(an) :

— T € F§ with 77 = % a type constant,

— nat € F5 with 7,,; = % the type of natural numbers,

- 0 € Fy with 19 = nat zero,

— s € F; with 7, = nat — nat the successor function,

— + € F5 with 74 = nat — nat — nat the addition on nat,

— listn € w.wu with 7j;56, = nat — x the type of lists of given length,

— niln € Fy with 7, = listn(0) the empty list,

— consn € Fi with Teonsn = T — (n : nat)listn(n) — listn(s(n)) the function
adding an element at the head of a list,

— appn € Fy with 74, = (n:nat)listn(n) — (n':nat)listn(n') — listn(n + n’) the
concatenation function,

—mapn € Fi with Tpupn = (I = 1) — (n: nat)listn(n) — listn(n) the func-
tion which, to a function f : T — T and a list a;...a,, associates the list

flay) ... f(an),
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where +, appn and mapn are defined by :

- 4(0,n") = n'

— +(s(n),n’) = s(n+n')

—appn(0, 4,0’ ") = 0

— appn(p, consn(x,n, L), n’ ') — consn(x,n+n', appn(n, ,n’ )

— mapn(f,0,0) = (

— mapn(f, p, consn(z,n,l)) — consn(fx,n, mapn(f,n,())

— mapn(f, p,appn(n,l,n', ")) — appn(n, mapn(f,n,0),n', mapn(f,n', ')
For the second rule of appn, we take I' = o : T, n:nat,( : listn(n),n’ : nat, (' :

listn(n’) and p = {p+— s(n)}. This avoids checking that p is convertible to s(n).
For the third rule of mapn, we take I' = f:T — T, n:nat,(:listn(n), n':nat, ('

listn(n') and p = {p — n+n'}. This avoids checking that p is convertible to n+ n’.
The reader will find other examples in Section 7.2.

Lemma 59 (Subject reduction for rewriting) If R is a set of well-typed rules
then —x preserves typing.

Proof. We proceed as for the correctness of —3 and only consider case (symb) :

Frpes Dvalid 'ty Ty It Ty Cﬁmlﬁwm
7= (Z:T)U,

LEf0: U y={T—1})

Let (I = r, To,p) € R with [ = f(I), 7/ = (F : T)U and 7o = {& — I}.
Assume that t = lo. We prove that I' - ro : Uy. By (S4), 0 : I'o — I'. By
(S8), 'y F r : Uypp. Therefore, by substitution, I' = ro : Uygpo. By (S5),
for all z, zpo and zo have a common reduct that we will call ¢,. Therefore, by
successively reducing in U+ygpo each zpo to t,, and in Uygo each zo to t,, we
obtain Uxygpo | Uvpo. But Uygo = U~y and, by inversion, there exists s’ such
that ['+ U~y : §'. Therefore, by (conv), I' Fro : Uygo. |

(symb)

Theorem 60 (Admissibility) A logical ATS whose rules are well-typed is an RTS,
i.e. its reduction relation preserves typing.

Proof. It is true for —3 since we assume that the ATS is logical. For —x, this
comes from the correctness of rewriting. |

How to check the conditions (S3), (S4) and (S5) ? In all their generality, they
are certainly undecidable. On the one hand, we do not know whether - and | are
decidable and, on the other hand, in (S4) and (S5), we arbitrarily quantify on A, o
and T. It is therefore necessary to make additional hypothesis. In the following, we
successively consider the three conditions.

Let us look at (S3). In practice, the symbols and their defining rules are often
added one after another (or by groups but the following argument can be general-
ized). Let (F,R) be a system in which F is decidable (for example, a functional,
confluent and strongly normalizing system), f ¢ F and Ry a set of rules defining f
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and whose symbols belong to F/ = F U {f}. Then, in (F',R), I is still decidable.
One can therefore try to check (S3) in this system. This does not seem an important
restriction : it would be surprising if the typing of a rule required the use of the rule
itself !

We now consider (S4).

UmmsmﬂosmuAOmsosmnm_msmQmiﬁwmﬁu\@mmvhmﬁwvmmﬁmHBoﬁ,;m?wBNq
with [ = f(I) algebraic, 7y = (Z : T)U and vy = {Z ~ [}. The term Uyo will be
called the canonical type of t.

Let p € Pos(l) with p # . We define the type of t|, derived from t, 7(t,p), as

follows :
—if p =i then 7(t,p) = Tivyo,
—if p=riq and q # < then 7(t,p) = 7(t;, q).

In fact, the type of ¢|, derived from ¢ only depends on the term just above ¢, in

The following lemma shows that the canonical type of ¢ and the type of ¢,
derived from ¢ are indeed types for t and t|, respectively.
Lemma 62 Let ¢ be a term of the form lo with [ = ,2& algebraic and I' = ¢ : T,
V' the canonical type of t and p € Pos({) with p # . In any TSM, I' ¢ : V and
L't - 7(t, p).

Proof. From I' =t : T, by inversion, we immediately obtain I' = ¢ : V. Let us
consider I' - t|, : 7(¢, p) now. As p # ¢, we have p = ¢i, t|, of the form g(ko) with

g(k) algebraic and t|, typable in . Assume that 7, = (Z: T)U and v = {Z — k}.
Then, 7(t,p) = T;yo and, by inversion, I' - ¢, : Tyvyo. |

Lemma 63 (S4) Let [ — r be a rule and I be an environment. If, for all z €
dom(I'), there exists p, € Pos(z,[) such that 7(/, p;) = 2, then (S4) is satisfied.

Proof. Assume that A F lo : T. As [ is algebraic, by inversion, A F zo
T(lo,pe) = 7(l, ps)o = zlo. [ |

On the other hand, for (S5), we have no general result. By inversion, (S5) can
be seen as a problem of unification modulo |*. The confluence of — (which implies
1*=]) can therefore be very useful. Unfortunately, there are very few general results
on the confluence of -z U —3 (see the discussion after Definition 91). On the other
hand, one can easily prove that the local confluence is preserved.

Lemma 64 (Local confluence) If — is locally confluent on 7(F, X) then —=
—r U —3 is locally confluent on 7.

Proof. We write t —” ¢ when there exists u such that ¢[, — u and t' = t[v],
(reduction at position p). Assume that t —? ¢; and ¢ —9 t;. We prove by induction
on ¢ that there exists ¢’ such that ¢; —* ¢/ and ¢t3 —* t'. There is three cases :
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e pand ¢ have no common prefix. The reductions at p and ¢ can be done in parallel :
ty =T, ty =Pt and ¢ = 1),
e p=ip and ¢ = i¢’. We can conclude by induction hypothesis on ¢|;.

e p==c or g =¢c. By exchanging the roles of p and ¢, we can assume that p = e.
Then, there is two cases :

—t=[z:V]uvand t; = u{z — v}. One can distinguish three sub-cases :

o qg=11¢' and V =7 V'. Then t' = t; works.
o q=12¢" and u =7 '. Then t = v'{z — v} works.
o ¢ =2¢ and v =7 v'. Then t' = u{z — v} works.

—t=lo,l - r € R and t; = ro. There exists an algebraic term u of maximal
size and a substitution # such that ¢t = uf and z6 = y# implies z = y (u and 6
are unique up to the choice of variables and » has the same non-linearities than
t). As the left-hand sides of rules are algebraic, v = lo’ and ¢ = ¢’6. Now, one
can distinguish two sub-cases :

o q € Pos(u). As the left-hand sides of rules are algebraic, we have u —g ro’
and © =g v. By local confluence of —x on 7(F,X), there exists v’ such that
ro’ —* v’ and v —* «'. Hence, t; = ro’'0 —* v'6 and t, = vf == 0.

o ¢ =qq and ul, = z. Let ¢q, ..., q, be the positions of the other occurrences
of  in w. If one reduces ty at each position g;¢’, one obtains a term of the
form [o’0’ where @’ is the substitution equal to § but for x where it is equal to
the reduct of 2. Then , it suffices to take t' = ro’¢’. [ |



Chapter 6

Conditions of Strong
Normalization

In this chapter, we are going to give strong normalization conditions for ATS’s based
on the Calculus of Constructions.

Definition 65 (CAC) A Calculus of Algebraic Constructions (CAC) is an ATS
(S, F, X, A,B,7,R) such that § = {x,0}, A = {(x,0)} and B = {(s1,52,83) €
%w _ 89 = .wwuv.

A CAC is injective and regular.

6.1 Term classes

After the Separation and Classification Lemmas, typable terms can be divided into
three disjoint classes : Tg, T and T}. For denoting them, we introduce more
explicit notations.

Definition 66 (Typing classes)

— Let K= T§ be the class of predicate types.
— Let P = TY be the class of predicates.

— Let O = T7 be the class of objects.

That a well-typed term belongs to one of these classes can be easily decided by
introducing the following syntactic classes :

Definition 67 (Syntactic classes)
e The syntactic class K of predicate types :
- x €K,
—ifeeX, T €T and K € K then (z:T)K € K.
e The syntactic class P of predicates :
— a8 cp,
—ifeeX, T €T and P € P then (2:T)P € P and [2:T]P € P,
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—if PePandt €T then Pt € P,

—if ¥ ¢ FP and ty,...,t, € T then F(f) € P.
e The syntactic class O of objects :

- Co,

—ifeeX, T €T and u € O then [z:T]u € O,

—ifue OandteT then ut € O,

—if fe€ Frand ty,...,t, € T then f(f) € O.

Lemma 68 Syntactic classes are disjoint from one another and each typing class is
included in its corresponding syntactic class : KC K, PC P and O C O.

Proof. That the syntactic classes are disjoint from one another comes from
their definition. We prove that if I' - ¢ : T then t belongs to the syntactic class
corresponding to its typing class by induction on I' = ¢ : T. We follow the notations
used in the typing rules.

(ax) As A = {(x,0)}, we necessarily have s; = % and sy = 0. But, x € KN K.

(symb) By inversion and regularity, I' - U~ : 5. Therefore, if f € F* then f(i) €
0N O, and if f € FO then f(f) € PNP.

(var) If 2 € X* then 2 € ON O, and if 2 € X" then z € PN P.

(weak) By induction hypothesis.

(prod) By regularity, U and (2:T)U have the same type. We can therefore con-
clude by induction hypothesis on U.

(abs) By inversion and regularity, (z:T)U and U have the same type. We can
therefore conclude by induction hypothesis on u.

(app) By inversion and regularity, V{z — u} and (2 : U)V have the same type.
We can therefore conclude by induction hypothesis on ¢.

(conv) By conversion correctness, T and T’ have the same type. We can therefore
conclude by induction hypothesis. |

6.2 Inductive types and constructors

Until now we made few hypothesis on symbols and rewrite rules. However N. P.
Mendler [90] showed that the extension of the simply-typed A-calculus with recursion
on inductive types is strongly normalizing if and only if the inductive types satisfy
some positivity condition.

A base type T occurs positively in a type U if all the occurrences of T in U are
on the left of a even number of —. A type T is positive if T occurs positively in
the type of the arguments of its constructors. Usual inductive types like natural
numbers and lists of natural numbers are positive.

Now let us see an example of a non-positive type T. Let U be a base type.
Assume that T has constructor ¢ of type (I' — U) — T'. T is not positive because
T occurs at a negative position in T" — U. Consider now the function p of type
T — (I' = U) defined by the rule p(c(z)) — 2. Let w = Az.p(z)x of type T — U.
Then the term we(w) of type U is not normalizable :
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we(w) —g ple(w))e(w) —r we(w) —p

In the case where U = %, we can interpret this as Cantor’s Theorem : there is
no surjection from a set T' to the set of its subsets T" — . In this interpretation,
p is the natural injection between T and T — x. Saying that p is surjective is
equivalent to saying (with the Axiom of Choice) that there exists ¢ such that po ¢
is the identity, that is, such that p(c(z)) — . In [49], G. Dowek shows that such an
hypothesis is incoherent. Here, we show that this is related to the non-normalization
of non-positive inductive types.

N. P. Mendler also gives a condition, strong positivity, in the case of dependent
and polymorphic types. A similar notion, but more restrictive, strict positivity, is
used by T. Coquand and C. Paulin in the Calculus of Inductive Constructions [39].

Hereafter we introduce the more general notion of structure inductive admissible .
In particular, we do not consider that a constructor must be constant : it will be
possible to have rewrite rules on constructors. This will allow us to formalize quotient
types as the type tnt of integers :

— int € F§ with 7;,; = % the type of integers,

— 0 € Fy with 79 = int the constant zero,

— s € F; with 7, = int — int the successor function,

— p € Fy with 7, = int — int the predecessor function,

where s and p are defined by :

- s(p() =@
- p(s(x)) =2

Definition 69 (Constructors) Let C' be a constant predicate symbol. A symbol
[ is a constructor of C'if 74 is of the form (y: U)C(7) with af = |7].

Our notion of constructor not only includes the usual (constant) constructors
but also any symbol producing terms of type C'. For example :

— + € F with 7y = int — int — int the addition on integers,
- X € Fj with 7 = nt — int — int the multiplication on integers,

or with polymorphic lists :

—app € Fj with 74, = (A : *)list(A) — list(A) — list(A) the concatenation
function.

A constant predicate symbol having some constructors cannot have any arity :

Definition 70 (Maximal arity) A predicate symbol F is of mazimal arity if T =
(@:T)x and ap = |7].

Lemma 71 Let C' be a constant predicate symbol and ¢ a constructor of C'. In a
logical CAC, if - 7¢ : O and F 7. : s then s = x and C' is of maximal arity.



60 CHAPTER 6. CONDITIONS OF STRONG NORMALIZATION

—

Proof. Assume that 7o = (Z: V)W and 7. = (7 : U)C(7). Let v = {7 — &}.
As O is a maximal sort and - 7o : O, after the lemma on maximal sorts, W is of
the form (&' : ﬂ\sv*. Now, from F 7. : s, by inversion and regularity, on deduce that
L. B C@) s, Ie B C@) : Wy and Wy G s. As I'. = Wy 1 O, by conversion
correctness, I'. = s : O and, by inversion, s = x. Therefore, after the lemma on
maximal sorts, |Z'| =0 and W = x. [

Definition 72 (Inductive structure) An inductive structure is given by :

e a quasi-ordering >¢ on CFY whose strict part >¢ is well-founded;

e for every constant predicate symbol C' of type (7 : muvf a set Ind(C) C {i <
ac | ; € AP} for the inductive positions of C'

e for every constructor ¢, a set Acc(c) C {1,...,a.} for the accessible positions of
c.

The accessible positions denote the arguments that one wants to use in the
right hand-sides of rules. The inductive positions denote the parameters in which
constructors must be monotone.

Definition 73 (Positive and negative positions) Let 7' € 7 \ O. The set of
positive positions in T, Pos™(T), and the set of negative positions in T, Pos™(T),
are simultaneously defined by induction on the structure of T :

~ Pos*t(s) = Post(F(f)) = Post (X) = ¢,

~ Pos™(s) = Pos™ (F(f)) = Pos™ (X) = 0,

~ Pos®((2: V)W) = 1.Pos™® (V) U 2.Pos® (W),

~ Pos®([:V]W) = 1.Pos(V)) U 2.Pos® (W),

~ Pos?(Vu) = 1.Pos’® (V) U 2.Pos(u),

~ Pos’(VU) = 1.Pos’ (V)

~ Post(C (1)) = {e} U {i.Post(t;) | i € Ind(C)},
— Pos™(C(f)) = J{i.Pos™(t;) | i € Ind(C)},

where § € {—,+}, —+ = —, —— = + (usual rule of signs). The set of neutral
positions in T is Pos?(T) = Pos™(T) N Pos™(T). The set of non-neutral positions
in T is Pos?*(T) = (Post(T) UPos™(T)) \ Pos’(T).

The positive and negative positions do not form two disjoint sets. Their inter-
section forms the neutral positions. For example, all the positions of v in Vu or
all the positions of V in [z:V]W are neutral. We will see in Section 8.3 that these
subterms are not taken into account into the interpretation of a type.

In [20], we give 6 conditions, (I1) to (16), for defining what is an admissible
inductive structure. But we found that (I1) can be eliminated if we modify (I12) a
little bit. That is why, in the following definition, there is no (I1) and (I2) is placed
after (16).

Definition 74 (Admissible inductive structures)  An inductive structure is
admissible if for all constant predicate symbol C| for all constructor ¢ of type (7 : U)

C'(7) and for all j € Acc(e) :
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(I3) VD € CF°, D =¢ C = Pos(D, U;) C Pos™ (U;) (symbols equivalent to C' must
be at positive positions),

(I4) VD € CFU, D >¢ C = Pos(D,U;) C Pos®(U;) (symbols greater than €' must
be at neutral positions),

(I5) VF € DFP Pos(F,U;) C Pos?(U;) (defined symbols must be at neutral posi-
tions),

(I6) VY € FV2(U;), 3y < ag,v,, =Y (every predicate variable in U; must be a
parameter of ('),

(I2) VY € FVR(U;), 1y € Ind(C) = Pos(Y,U;) C Post(U;) (every predicate vari-
able in U; which is an inductive parameter of C' must be at a positive position).

For example, Ind(list) = {1}, Acc(nil) = {1} and Acc(cons) = {1,2,3} is an
admissible inductive structure. Assume we add :
— tree € w.‘ou with 74... = x the type of finite branching trees,
— node € Ff with 7,,q4. = list(tree) — tree its constructor.

Since 1 € Ind(list), if Ind(tree) = 0 and Acc(node) = {1} then we still have an
admissible structure.

To allow greater or defined symbols does not matter if these symbols are at
neutral positions since neutral subterms are not taken into account into the inter-
pretation of a type.

The condition (16) means that the predicate arguments of a constructor must be
parameters of their type. A similar condition appears in the works of M. Stefanova
[108] (“safeness”) and D. Walukiewicz [118] (“x-dependency”). On the other hand,
in the Calculus of Inductive Constructions (CIC) [99], there is no such restriction.
However, because of the typing rules of the elimination scheme, no very interesting
function seems to be definable on a type not satisfying this condition.

For example, let us take the type of heterogeneous non empty lists (in the CIC
syntax) :

— listh = Ind(X : x){C1|C3} where Cy = (A:x)(2:4)X and Cy = (A:x)(2: )X —
ka

— endh = Constr(1, listh),

— consh = Constr(2, listh).

The typing rule of the non dependent elimination scheme (Nodep, ) is :

CEC:listh THEQ:x TF fi:Ci{listh,Q} Tk fo:Cy{listh,Q}
L= Elim(GQ){ fil f2} : Q

where Cy{listh,Q} = (A:%)(z: A)Q and Co{listh,Q} = (A:x)(x: A)listh — Q —
Q. So, @, fi and f; must be typable in I'. The result of f; or f; cannot depend on
A or z. This means that, for example, it is possible to compute the length of such
a list but one cannot extract an element of such a list. We think that the length of
such a list is an information that can surely be obtained without using such a data

type.
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We can distinguish several kinds of inductive types.

Definition 75 (Primitive, basic and strictly positive predicates)
A constant predicate symbol C'is :

— primitive if for all D =¢ C, for all constructor d of type (7 : QVU?& and for all
j € Acc(d), U; is either of the form F() with F <¢ D and E primitive, or of the
form @a with F =¢ D.

— basic if for all D =¢ C, for all constructor d of type (7 : U)D(F) and for all
j € Ace(d), if E =¢ D occurs in U; then U; is of the form F(#).

— strictly positive if for all D =¢ C| for all constructor d of type (¥ :
for all j € Ace(d), if £ =¢ D occurs in U; then U; is of the form (Z
no D! = D occurs in the V;’s.

7)D() and
;\v@@msa

It is easy to see that a primitive predicate if basic and that a basic predicate is
strictly positive. The type listn of lists of length n» is primitive. The type list of
polymorphic lists is basic and not primitive.

The strictly positive predicates are the predicates allowed in the Calculus of
Inductive Constructions (CIC). For example, the type of well-founded trees or
Brouwer’s ordinals :

— ord € F§ with 7,,4 = x the type of Brouwer’s ordinals,

— 0 € F§ with 79 = ord the ordinal zero,

— s € F} with 7, = ord — ord the successor ordinal,

~ lim € Ff with 7, = (nat — ord) — ord the limit ordinal.!

Another example is given by the following process algebra which uses a choice
operator X other some data type data [107] :
— data € w.‘ou with 74414 = * a data type,
— proc € F§ with 7,.,. = x the type of processes,
— o € Fy with 7o = proc — proc — proc the sequence,
- + € F5 with 74 = proc — proc — proc the parallelization,
— 6 € F} with 75 = proc the deadlock,
— X € Fy with 7 = (data — proc) — proc the choice operator.

A last example is given by the first-order predicate calculus :

— term € w.‘ou with Tyer, = % the type of terms,

— form € F5 with Tfo0m = x the type of formulas,
-V € Fjy with v = form — form — form the “or”,
— - € Ff with 7 = form — form the “not”,

LA term of type ord does not necessary correspond to a true ordinal. However, if one carefully
chooses the functions f for the limit ordinals then one can represent an initial enumerable segment
of the true ordinals.
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— V€ Ff with v = (term — form) — form the universal quantification.

For the moment, we do not forbid non-strictly positive predicates but the con-
ditions we will describe in the next section do not allow one to define functions by
recursion on such predicates.

Yet these predicates can be useful as shown by the following breadth-first label
listing function of binary trees defined with the use of continuations [88] :

— tree € F§ with 7,.. = x the type of binary labeled trees,
— L € F} with 77, = nat — tree the leaf constructor,
- N € Fj with v = nat — tree — tree — tree the node constructor,

— cont € w.‘ou with 7., = * the type of continuations,
- D € F§ with 7p = cont,
- C € Ff with ¢ = ((cont — list) — list) — cont its constructors,

— @ e F3 with e = cont — (cont — list) — list the application on continuations
defined by :

- Q(D,g)—¢g D
- QC(f),9) =1y

— ex € F| with 7., = cont — list the iterator on continuations defined by :
—ex(D) — nil
—ex(C(f)) — f [k:contlex(k)

— br € F3 with 7, = tree — cont — cont,

— br_fst € F{ with 7y, sr = tree — list the breadth-first label listing function
defined by :

— br_fst(t) — ex(br(t, D))

—br(L(z),k) = C([g:cont — list]cons(z,Q(k, g)))

— br(N(z,s,t), k) = C([g:cont — listlcons(z, Q(k, [m:cont]g br(s,br(t,m))))

This function is strongly normalizable since it can be encoded into the polymor-
phic A-calculus [86, 87]. However, it is not clear how to define a syntactic condition,
a schema, ensuring the strong normalization of such definitions. Indeed, in the right
hand-side of the second rule defining ez, ex is explicitly applied to no argument
smaller than f. However ex can only be applied to subterms of reducts of f. But

not all the subterms of a computable term are a priori computable (see Subsec-
tion 6.3.2).

6.3 General Schema

6.3.1 Higher-order rewriting

Which conditions on rewrite rules would ensure the strong normalization of -=—p
U —g 7 Since the works of V. Breazu-Tannen and J. Gallier [26] and M. Okada
[97] on the simply-typed A-calculus or the polymorphic A-calculus, and later the
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works of F. Barbanera [4] on the Calculus of Constructions and of D. Dougherty
[47] on the untyped A-calculus, it is well known that adding first-order rewriting
to typed A-calculi preserves strong normalization. This comes from the fact that
first-order rewriting cannot create new fS-redexes. We will prove that this result can
be extended to predicate-level rewriting if some conditions are fulfilled.

However, there are also many useful functions whose definition do not enter
the first-order framework, either because some arguments are not primitive (the
concatenation function app on polymorphic lists), or because their definition uses
higher-order features like the function map which, to a function f and alist ay...qa,
of elements, associates the list f(ay) ... f(a,) :

— map € Fy with 7,4, = (A:%)(B:x)(A — B) — list(A) — list(B)
— map(A, B, f,nil(A")) — nil(B)

— map(A, B, f,cons(A’,z,()) — cons(B, fa, map(A, B, f,{))

— map(A, B, f,app(A', L, 0")) — app(B, map(A, f, (), map(A, f, ')

This is also the case of recursors :

— natrec € Fy with Thaec = (A:%)A — (nat - A — A) — nat — A the recursor
on natural numbers

— natrec(A, z, f,0) =z

— natrec(A, z, f,s(n)) = f n natrec(A, z, f,n)

- plus € Fy with 7,1,s = nat — nat — nat the addition on natural numbers

— plus — [p:nat][q:nat|natrec(nat, p, [¢': nat][r:nat]s(r), q)

and of induction principles (recursors are just non-dependent versions of the corre-
sponding induction principles)

— natind € Fy with 744000 = (P :nat — x)P0 — ((n:nat)Pn — Ps(n)) — (n:
nat)Pn

— natind(P, hg, hs,0) — hg

— natrec(P, hg, hg, s(n)) — hsn natind(P, ho, hg, n)

The methods used by V. Breazu-Tannen and J. Gallier [26] or D. Dougherty
[47] cannot be applied to our calculus since, on the one hand, in contrast with
first-order rewriting, higher-order rewriting can create S-redexes and, on the other
hand, rewriting is included in the type conversion rule (conv), hence more terms are
typable. But there exists other methods, available in the simply-typed A-calculus
only or in richer type systems, for proving the termination of this kind of definitions :

e The General Schema, initially introduced by J.-P. Jouannaud and M. Okada [74]
for the polymorphic A-calculus and extended to the Calculus of Constructions
by F. Barbanera, M. Fernandez and H. Geuvers [7], is basically an extension of
the primitive recursion schema : in the right hand-side of a rule \a — r, the
recursive calls to f must be done on strict subterms of [. Tt can treat object-level

and simply-typed symbols defined on primitive types. It has been reformulated
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and extended to strictly positive simple types by J.-P. Jouannaud, M. Okada and
myself for the simply-typed A-calculus [23] and the Calculus of Constructions [22].

e The Higher-Order Recursive Path Ordering (HORPO) of J.-P. Jouannaud and A.
Rubio [76] 2 is an extension of the RPO [100, 45] for first-order terms to the terms
of the simply-typed A-calculus. It has been recently extended by D. Walukiewicz
[118] to the Calculus of Constructions with polymorphic and dependent symbols
at the object-level and with basic types. The General Schema can be seen as a
non-recursive version of HORPO.

e It is also possible to look for an interpretation of the symbols such that the in-
terpretation of a term strictly decreases when a rule is applied. This method,
introduced by J. van de Pol for the simply-typed A-calculus [116] extends to the
higher-order the method of the interpretations known for the first-order frame-
work. This is a very powerful method but difficult to use in practice because the
interpretations are themselves of higher-order and also because it is not modular :
adding new rules or new symbols may require finding new interpretations.

For dealing with higher-order rewriting at the predicate-level together with poly-
morphic and dependent symbols and strictly positive predicates, we have chosen to
extend the method of the General Schema. For first-order symbols, we will use other
conditions like in [74, 7].

6.3.2 Definition of the schema

This method is based on Tait and Girard’s method of reductibility candidates [111,
64] for proving the strong normalization of the simply-typed and polymorphic A-
calculi. This method consists of defining a subset of the strongly normalizable terms,
the computable terms, and in proving that each well-typed term is computable.
Indeed, a direct proof of strong normalization by induction on the structure of
terms does not go through because of the application case : if w and v are strongly
normalizable then it is not clear how to prove that uv is also strongly normalizable.

The idea of the General Schema is then, from a left hand-side \a of a rule,
to define a set of terms, the computable closure, whose elements are computable
whenever the [;’s are computable. Hence, to prove the termination of a definition, it
suffices to check that, for each rule, the right hand-side belongs to the computable
closure of the left hand-side.

To build the computable closure, we first define a subset of the subterms of the
[;’s that are computable whenever the [;’s are computable : the accessible subterms
of the [;’s (a priori not all the subterms of a computable term are computable).
Then we build the computable closure by closing the set of the accessible variables
of the left hand-side with computability-preserving operations.

For most interesting functions, we must be able to accept recursive calls. And
to preserve strong normalization, recursive calls must decrease in a well-founded

2This generalizes the previous works of C. Loria-Saenz and J. Steinbach [80], O. Lysne and J.
Piris [83] and J.-P. Jouannaud and A. Rubio [77].
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ordering. The strict subterm relation [> (in fact, restricted to accessible subterms for
preserving computability) is sufficient for dealing with definition on basic predicates.
In the example of map, ¢ and " are strict accessible subterms of app(A’, ¢, ('). But,
for non-basic predicates, it is not sufficient as examplified by the following “addition”
on Brouwer’s ordinals :

- + € F5 with 74 = ord — ord — ord,
— +(2,0) = 2

- +(z,s(y)) = s(+(z,y))

— +(z, lim(f)) = lim([n:nat] + (z, fn))

Another example is given the following simplification rules on the process algebra
proc [107] :

~ +(p,p) = p
- A_IQf%v —p

— o(X(f),p) = X([d:data] o (fd, p))

This is why, in our conditions, we will use two distinct orderings. The first one,
>1, will be used for the arguments of basic type and the second one, >,, will be
used for the arguments of strictly-positive type.

Finally, for finer control over comparing the arguments, to each symbol we will
associate a status describing how to compare two sequences of arguments by a simple
combination of lexicographic and multiset comparisons [75].

Definition 76 (Accessibility relations) Let ¢ be a constructor of type (7 : %v

C'(?), 4 be arguments of ¢, v = {§ — @} and j € Acc(c) be an accessible position of
c. Then :

o u;:U is weakly accessible modulo p in ¢(@):T, ¢(@):T >7 u;:U,if Tp=C(0)yp
and Up = Ujvyp.

e u;:U is strongly accessible modulo p in c¢(@):T, c(@):T >4 u;:U, if Tp = C(0)yp,
Up = U;vp and Uj is of the form (7 : T)D(F).

We can use these relations to define the orderings >; and >;. We have Vm C V%.
For technical reasons, we take into account not only the terms themselves but also
their types. This comes from the fact that we are able to prove that two convertible
types have the same interpretation only if these two types are computable. This
may imply some restrictions on the types of the symbols.

Indeed, accessibility requires the equality (modulo the application of p) between
canonical types and derived types (see Definition 61). More precisely, for having
t:Tr>yu:U, T must be equal (modulo p) to the canonical type of t and U must
be equal (modulo p) to the type of u derived from ¢. In addition, if w : U >y v:V
then U must also be equal (modulo p) to the canonical type of u.
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Definition 77 (Precedence) A precedence is a quasi-ordering > on F whose
strict part > is well-founded. We will denote by = its associated equivalence
relation.

Definition 78 (Status) Let (z;);>; be an indexed family of variables.

Status. A status is a linear term of the form lex(mq, ..., mg) with £ > 1 and each
m; of the form mul(zy,,...,2,) with p > 1. The arity of a status stat is the
greatest indice ¢ such that z; occurs in stat.

Status assignment. A status Qmm@ﬁgmi is an application stat which, to each
symbol f of arity n > 0 and type (7 : HVQ associates a status staty = Nmi ) of
arity smaller than or equal to n such that :

—if 2; € FV(staty) then T; is of the form QWAS with Qw.ﬁ a constant predicate
symbol,
= if m; = mul(xg,, ..., vk,) then Q\S = ...=¢ Qwﬁ.

Strictly positive positions. Let [ be a m%B_oo_ of status lex(m). We will de-
note by SP(f) the set of indices ¢ such that if m; = mul(xy,,...,2x,) then QWH
(therefore also waa .. ;Qwﬁv is strictly positive.

Assignment compatibility. A status assignment stat is compatible with a prece-
dence > if :

— f =7 g implies stat; = stat, and, for all 1, Qw.ﬁ =r Qm.
Status ordering. Let > be an ordering on terms and stat = lex (1) be a status of

arity n. The extension by stat of > to the sequences of terms of length at least
n is the oamism > oar defined as follows :

—

— U >stat U o if 3*& — qu Avgv_mx 3&7&&‘ — Q‘HT
— mul (@) >™ mul(¥) if {4} >mu {0}

For example, if stat = lex(mul(z2), mul(xy, x3)) then @ >4 Tif ({uz}, {u1, us})
(>mul)lex ({2}, {v1,v3}). An important property of >, is that it is a well-founded
ordering whenever > so is.

We now define the orderings >; and >,.

Definition 79 (Ordering on the arguments of a symbol) Let B = (I — r,
Lo, p) be a rule with [ = f(I), 7p = (Z: T)U, 70 = {& — [} and stat; = lex ().
et:T> u:Uift:T (b))t u:U.
o t:T >yu:Uif:
~ tis of the form ¢(i} with ¢ a constructor of type (Z : T)C/(7),
— wis of the form 2@ with 2 € dom(Ly), L of the form (7 : U)D(i5) and D =¢ C,
T (5T @V owith Vp = aly.

Now, we define the ordering > on the arguments of f (in fact the pairs argument-
type w : U). This is an adaptation of > stat s where the ordering > is >; or >,
depending on the type (basic or strictly positive) of the argument. Assume that
staty = lex(mq,...,my). Then :

—

o > if Mm{Tr i} (5. .., > ) e M{T s T,
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° SQNAQV >i SQNAQ‘V if TMHV AV&QEE:_ Twuv with > o) =>2 if2 € ,m@ucav and > (i) =1

otherwise.

One can easily check that, in the third rule of the addition on ordinals, lim(f) :

ord >y fn :

ord. Indeed, for this rule, one can take I'g = & :ord, f:nat — ord

and the identity for p. Then, f € dom(I'g), 7(lim(f),1)p = fI'o = nat — ord and
lim(f) : ord >4 f : nat — ord.

(symb=)

(acc)

(var)

(weak)

(prod)

(abs)

(app)

(conv)

—

Figure 6.1: computable closure of (f(l) — r, g, p)
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Definition 80 (Computable closure) Let R = (I — r,I'o,p) be a rule with [ =
f(), 7 = (£ : TYU and 7o = {T — [}. The computable closure of R w.rt. a
precedence >r and a status assignment stat compatible with >z is the smallest
relation k= C £ x T x T defined by the inference rules of Figure 6.1. We will denote

by K< the restriction of k¢ to the rules distinct from (symb~)

One can easily check that if I' k¢ ¢ : T then I' = T'g,I'". And also that k CH, and
K= Chy

It is important to note that the computable closure can easily be extended by
adding new inference rules. For preserving the strong normalization, it suffices to
complete the proof of Theorem 146 where we prove that the rules of the computable
closure indeed preserve the computability.

—

Definition 81 (Well-formed rule) Let R = (I — r,T'g, p) be a rule with [ = f({),
7= (Z:T)U and vy = {& > [}. The rule R is well-formed if :

—Toblp:Uyop,

— for all @ € dom(I'y), there exists ¢ such that ; : Tiyo (1) @ : 2T,

— dom(p) Ndom(Ty) = 0.

For example, consider the rule :
appn(p, consn(x,n, ), n' ") — consn(x,n+ n' appn(n,l,n' (')

with I'o = z: T, n:nat, (:listn(n), n’:nat, ' :listn(n’) and p = {p — s(n)}. We have
Lo Flp:listn(p+ n')p. For &, we have consn(z,n, () : listn(p) >7 @ : T. One can
easily check that the conditions are also satisfied for the other variables.

—

Definition 82 (Recursive system) Let R = (I — r,['g, p) be a rule with [ = f({),
7; = (Z: T)U and 4o = {Z ~— [}. The rule R satisfies the General Schema w.r.t. a
precedence > and a status assignment stat compatible with > if R is well-formed
and I'g ke 7 : Uyop.

A set of rules R is recursive if there exists a precedence >r and a status as-
signment stat compatible with > for which every rule of R satisfies the General
Schema w.r.t. >z and stat.

Remark 83 (Decidability) A priori, because of the rule (conv) and of the condi-
tion F 7, : s for the rules (symb<) and (symb=), the relation k. may be undecidable.
On the other hand, if we assume F 7, : s and restrict the rule (conv) to a confluent
and strongly normalizing fragment of — then k. becomes decidable (with an algo-
rithm similar to the one for F). In practice, the symbols and the rules are often
added one after the other (or by groups, but the argument can be generalized).

Let (F,R) be a confluent and strongly normalizing system, f ¢ F and Ry a set
of rules defining f and whose symbols belong to 7' = FU{f}. Then (F',R) is also
confluent and strongly normalizing. Thus we can check that the rules of R, satisfy
the General Schema with the rule (conv) restricted to the case where T' | gr T’. This
does not seem a big restriction : it would be surprising that the typing of a rule
requires the use of the rule itself!
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Before to give a detailed example, we are going to show several properties of .
Indeed, to show I'g k& r : Uxgp, knowing that by (S3) we have I'g F r : Uvgp, one
can wonder whether it is possible to transform a derivation of I'g - r : Uygp into a
derivation of I'g kz r : Uygp. The best thing would be that it is sufficient that the
symbols in r are smaller than f and that the recursive calls are made on smaller
arguments. We prove hereafter that it is sufficient when there is no recursive call.

Definition 84 A rule! — r is compatible with > if all the symbols in r are smaller
than or equivalent to [. A set of rule R is compatible with > if every rule of R is
compatible with >r.

Lemma 85 Assume that R and 7 are compatible with >r. Let I' be an environ-
ment with variables distinct from those of I'g. If I' -y ¢ : T then T'p, ' < ¢ : T

Proof. By induction on I' =, ¢ : T, |

Lemma 86 (Substitution for k) If To,' =< ¢ : T and 6 : To,I' — [y, IV in K
(resp. in £<) then g, [V 0 : T9 (resp. Lo, I" &< 0 : T49).

Proof. By induction on I'g, I < ¢ : T. [ |

Lemma 87 If R and 7 are compatible with >r, — is confluent and the symbols of
['g are strictly smaller than f then, for all 2 € dom?(T), ['g K< 2Ty : s.

—

Proof. Assume that I'g = ¢ : U and that y; is of sort s;. We show by induction
on 7 that, for all j <4, I'o K< Uj : s;. If ¢ = 0, this is immediate. So, assume that
i > 0. By induction hypothesis, for all j <4, ['q < U; : s;. So, we are left to show
that To &< U; : ;.

Let I' = yy : Upy.o iy 2 Ui—y, Z be @ — 1 fresh variables, 8 = {§ — Z},
¢ ={Z— gy} and I" = 2 U6. By (S8), 'y is valid. So, by the Environment
Lemma, I' = U; : s;. Since — is confluent and the symbols in I' are strictly smaller
than f, by Lemma 54, T' k¢ U; @ s;. By Replacement, I -y U0 : s;. Therefore, by
Lemma 85, T'p, TV =< U380 : s;.

Now we show that €' : T, I — Iy in E<. For this, it is sufficient to show that,
for all j <4, Io &< 260" : U;06', that is, I'g K< y; : U;. By induction hypothesis, for
all j < i, Tg < Uj:sj. Thus, by (acc), I'o < y; : Uj. So, 8" : T7 — T’y in K< and,
by Lemma 86, I'g < U; : s;. [ |

Lemma 88 If R and 7 are compatible with >z, — is confluent and I'g,I' =y ¢ : T
then To, I < ¢:T.

Proof. By induction on the size of I'. Assume that I'g,[' = § : U. Let Z be
|| fresh variables, 8§ = {¢+— Z}, ' = {Z— ¢} and A = Z: U6. By Replacement,
Aty tf:T6. By Lemma 85, ['g, A < t6 : TH. Now we show that ¢ : T'g, A — Ty, T’
in =< in order to conclude with Lemma 86.

We must show that, for all x € dom(I'g, A), ['g, ' K< 260" : 2(Tg,A). If ¢ €
dom(Ty) then we have to show that I'g,I' K< 2 : 2T, and if 2 = z; € dom(A)
then we have to show that I'o, ' =< 1; : U;. So, it is sufficient to show that T'g, T
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is valid in <. If T is empty, this is immediate since, by Lemma 87, I'g is valid in

E<. Assume now that I' = IV, y: U. Then, A = A’,z:U6. By the Environment

Lemma, I'g, I k¢ U : s. By induction hypothesis, ['g,I" k< U : s. Therefore, by

(var), To, ' <y : U and T, T is valid in F<. [ |
A particular but useful case is :

Corollary 89 If R and 7 are compatible with >z and — is confluent then, for all
g<r f,ift71,:5then Tg <7, :s.

Proof. Since 7 is compatible with >r and — is confluent, by Lemma 54,
b7y :s. Thus, by Lemma 85, I K< 7, s. |

Now, we can detail an example. Let us consider the rule :
appn(p, consn(x,n, ), n' ") — consn(x,n+ n' appn(n,l,n' (')

with I'o = z: T, n:nat, (:listn(n), n’ :nat, U :listn(n') and p = {p — s(n)}. We take
statyppn, = lex(mul(zq)); appn >x consn,+; consn > T and + >r 5,0 >r nat.
We have already seen that this rule is well formed. Let us show that I'g k& r
listn(s(n)). We have R and 7 compatible with >r.

For applying (symb<), we must show b Teonsn @ %, Lo b Teonsn : %, To ke @ T,
Lok n+n':nat and Ty ke appn(n, £,n' 0') : listn(n 4+ n'). Tt is easy to check that
F Teonsn @ *x. Then, by Lemma 89, we deduce that I'g k¢ Teonsn : *. The assertions
I'ob z:T and I'g ke n + 7' : nat come from Lemma 88. We are left to show that
Lo ke appn(n, t,n' ) : listn(n + n').

For applying (symb~=), we must show that = 7,,,, : %, o & Tappn © %, o K
n :nat, U'g ke €2 listn(n), o ke n' @ nat, Ug k& 0 2 listn(n’) and consn(z,n, () :
listn(s(n)) >1 € : listn(n). It is easy to check that - 7,,,, : x. Then, by Lemma 89,
we deduce that ['g bt 7yppn %, The assertion consn(z, n, l) : listn(p) >1 € : listn(n)
has already be shown for proving that the rule is well formed. The other assertions
come from Lemma 88.

6.4 Strong normalization conditions

Definition 90 (Rewrite systems) Let G be a set of symbols. The rewrite system
AQauva Is :
e of first-order if :

— @ is made of predicate symbols of maximal arity or of constructors of primitive
predicates,

— the rules of Rg have an algebraic right hand-side;
o non-duplicating if, for all rule of Rg, no variable has more occurrences in the right
hand-side than in the left hand-side;

o primitive if all the rules of Rg have a right hand-side of the form [# : T]g(@)T
with ¢ a symbol of G or a primitive predicate;

e simple if there is no critical pairs between cRg and R :
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— no matching on defined symbols,

— no ambiguity in the application of rules;

—

e small if, for all rule g(I) — r € Rg and all X € FVT(r), there exists kx such
that I, = X;

e positive if, for all symbol g € G and all rule | — r € Rg, Pos(g,r) C Pos™ (r);

o safe if, for all rule (g(I) = r,T,p) € Rg with 7, = (Z: T)U and y = {# — [} :
~ for all X € FVY(TU), X~p € dom?(T),
—forall X, X' € FVY(TU), Xyp=X'yp= X = X".

Definition 91 (Strong normalization conditions)
(A0) All rules are well typed.

(A1) The relation —=—g U —g3 is confluent on 7.
(A2) There exists an admissible inductive structure.

(A3) There exists a precedence > on DF™ with which Rpza is compatible and
whose equivalence classes form a system which is either :

(p) primitive,
(q) positive, small and simple,
(r) recursive, small and simple.

(A4) There exists a partition FyWF,, of DF (first-order and higher-order symbols)
such that :

(a) (Fu, Ro) is recursive,

(b) (Fu, R.) is safe,

(¢) no symbol of F, occurs in the rules of R4,
(d) (Fi,Rq) is of first-order,

(e) if Ry # 0 then (Fy,Rq) is non duplicating,
(f) —g, is strongly normalizing on T (F;, X).

The condition (A1) ensures, among other things, that S-reduction preserves
typing while (A0Q) ensures that rewriting preserves typing. One can wonder whether
confluence is necessary for proving that S-reduction preserves typing. H. Geuvers
[58] has proved this property for the conversion relation C = % (instead of C = |pr
here) while —3, is not confluent on not well-typed terms. M. Ferndndez [54] has
also proved this property for C = —5r Y R with = being some rewriting at the
object level only, without assuming that —gr is confluent. But this last result uses
in an essential way the fact that rewriting is restricted to the object level. It is not
clear how it can be extended to rewriting on types.

One should remember that hypothesis (Al) and (A3) are useful only in case of
type-level rewriting.

The condition (A1) can seem difficult to fulfill since one often proves confluence
using strong normalization and local confluence of critical pairs (result of D. Knuth
and P. Bendix [18] for first order rewriting extended to higher-order rewriting by T.
Nipkow [95]).
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We know that — 3 is confluent and that there is no critical pair between R and
the S-reduction since the left hand-sides of the rules of R are algebraic.

F. Miiller [92] has shown that, in this case, if —x is confluent and all the rules
of R are left-linear, then —x U — 3 is confluent. Thus, the possibility we have
introduced, of linearizing some rules (substitution p) while keeping subject reduction,
appears to be very useful.

In the case of left-linear rules, and assuming that —%, is strongly normalizing
as it is required in (f), how can we prove that — is confluent? In the case where
—g, is non duplicating if R, # 0, we show in Theorem 144 that —x, U —g, is
strongly normalizing. Therefore, it suffices to check that the critical pairs of R are
confluent (without using any S-reduction).

In (A4), in the case where R, # 0, we require that the rules of R are non-
duplicating. Indeed, with first-order rewriting already, strong normalization is not
a modular property [114], even with confluent systems [53]. On the other hand, it
is modular for disjoint and non duplicating systems [104]. Here, Ry and R, are
not disjoint but hierarchically defined : by (c), no symbol of F, occurs in the rules
of Ry. In [43], N. Dershowitz gathers many results on the modularity of strong
normalization for first-order rewrite systems, especially for hierarchically defined
systems. It would be very interesting to study the modularity of strong normalization
in the case of higher-order rewriting and, in particular, other conditions than non-
duplication which, for example, does not allow us to accept the following definition :

0/y — 0
s()/y = s((e—y)/y)
00—y — 0
s(z) -0 — s(z)
s(z) —s(y) — z—y

This system is a duplicating first-order system not satisfying the General Schema:
it can be put neither in Ry nor in R,,. E. Giménez [61] can deal with this example
by using the fact that the result of z — y is smaller than s(z).

In (A3), the smallness condition for recursive and positive systems is equivalent
in the Calculus of Inductive Constructions to the restriction of strong elimination to
“small” inductive types, that is, the types whose constructors have no other predicate
arguments than the ones of their type. For example, the type list of polymorphic
list is small since, in (A:x)A — list(A) — list(A), the type of its constructor cons,
A is an argument of [ist. On the other hand, a type T having a constructor ¢ of
type x — T is not small. So, we cannot define a function f of type T'— x with the
rule f(e(A)) — A. Such a rule is not small and does not form a primitive system
either. In some sense, primitive systems can always be considered as small systems
since they contain no projection and primitive predicate symbols have no predicate
argument.
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Finally, in (A4), the safeness condition for higher-order symbols means that one
cannot do matching or equality tests on predicate arguments that are necessary
for typing other arguments. In her extension of HORPO [76] to the Calculus of
Constructions, D. Walukiewicz [118] requires a similar condition. She gives several
(pathological) examples of non termination because of non-safeness like J(A, A, a) —
a with J : (A:x)(B:%)B — Aor J(A, A a,b) — b with J : (A:x)(B:x)A - B —
A. On the other hand, the rule map(A, A, [z : A]z,{) — {, which does not seem
problematic, does not satisfy the safeness condition either (note that the left hand-
side if not algebraic).

We can now state our main result :

THEOREM : If a CAC satisfies the conditions of Definition 91 then its reduc-
tion relation -+=—gx U —3 preserves typing and is strongly normalizing.

The proof of this theorem is the subject of Chapter 8. This generalizes the results
of M. Fernandez [54] and of J.-P. Jouannaud, M. Okada and myself [22]. In Chap-
ter 7, we give several important examples of CAC’s satisfying these conditions : an
important subsystem with strong elimination of the Calculus of Inductive Construc-
tions (CIC) and the Natural Deduction Modulo (NDM) a large class of equational
theories.

On the other hand, these conditions do not capture the decision procedure for
classical propositional tautologies of Figure 1.3. Let us see why :

— We did not consider rewriting modulo associativity and commutativity.

— Since the system is not left-linear, we do not know how to prove the confluence
of its combination with 5.

— The system is not primitive since there are projections (Pxor L — P). It is
recursive (and positive also) and small. Unfortunately, it is not simple.

Rewriting modulo AC does not seem to be a difficult extension, except perhaps
in the case of type-level rewriting. On the other hand, confluence and simplicity
are problems which seem difficult but we expect to solve them in the future. In
Section 9, we give other directions for future work but these three problems are
certainly the most important ones.

From strong normalization, we can deduce the decidability of the typing relation,
which is the essential property on which proof assistants like Coq [112] and LEGO
[82] are based.

Theorem 92 (Decidability of F) Let I' be a valid environment and 7 be O or
a term typable in I'. In a CAC satisfying the conditions of Definition 91, checking
whether a term ¢ is of type T in I is decidable.

Proof. Since I is valid, it is possible to say whether ¢ is typable and, if so, it is
possible to infer a type 7" for ¢. Since types are convertible, it suffices to check that
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T and T’ have the same normal form. The reader is invited to look at [35, 11] for
more details. |

Remark 93 (Logical consistency)

In the pure Calculus of Constructions (CC), it is easy to check that, in the empty
environment, no normal proof of L = (P :%)P can exist [10]. Therefore, for CC,
strong normalization is sufficient for proving the logical consistency.

On the other hand, in a CAC, the situation is not so simple. From a logical
point of view, having symbols is equivalent to working in a non empty environment.
Therefore, it is possible that symbols and rules allow one to build a normal proof
of L. In [106], J. Seldin shows the logical consistency of the “strongly consistent”
environments ® by syntactical means. However, for proving the consistency of more
complex environments, it may be necessary to use semantic methods.

#An environment I is strongly consistent if, for all = € dom(TI'), either zI" is a predicate type, or
2T is B-equivalent to a term of the form yi.
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Chapter 7

Examples of CAC’s

7.1 Calculus of Inductive Constructions (CIC)

We are going to show that our conditions of strong normalization capture most
of the Calculus of Inductive Constructions (CIC) of B. Werner [119] which is the
basis of the proof assistant Coq [112]. But, since CIC is expressed in a formalism
different from ours, we need to translate CIC into our formalism in order to check
our conditions. It is a little bit long and painful but not very difficult.

In order to type the strong elimination schema in a polymorphic way, which is
not possible in the usual Calculus of Constructions, B. Werner uses a slightly more
general type system with the sorts § = {x, 0, A}, the axioms A = {(%,0),(0,A)}
and the rules B = {(s1,s2,83) € 8 | 51 € {, 0}, 52 = s3} (in fact, he denotes x by
Set, O by Type and A by Extern).

Then he adds terms for representing inductive types, their constructors and the
definitions by recursion on these types :

e inductive types : An inductive type is denoted by I = ?&Cﬂf&i@ﬁ where the
C’s are the types of the constructors of I. For example, Nat = Ind(X :x){X, X —
X} represents the type of natural numbers (in fact, any type isomorphic to the
type of natural numbers). The term A must be of the form (7 : A)x and the C}’s
of the form (Z: B) X7 with X ¢ FV (). Furthermore, the inductive types must
be strictly positive. In CIC, this means that, if C; = (Z: mvu?& then, for all 7,
either X does not appear in Bj, or B; is of the form A@l@vuﬂmﬂ and X does not
appear neither in D nor in q.

e constructors : The ¢-th constructor of an inductive type I is denoted by
Constr(i,I). For example, Constr(1, Nat) represents zero and Constr(2, Nat)
represents the successor function.

e definitions by recursion : A definition by recursion on an inductive type [ is
denoted by Elim(l,Q,d,c) where ) is the type of the result, @ the arguments of
I and ¢ a term of type Id. The strong elimination (that is, in the case where Q)
is a predicate type) is restricted to “small” inductive types, that is, the types
whose constructors do not have predicate arguments that their type do not have.

More precisely, an inductive type I = Ind(X : ki@w is small if all the types
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—

of its constructors are small and a constructor type C' = (2 : B)Xm is small
if {Z} N XY = 0 (this means that the predicate arguments must be part of the
environment in which they are typed; they cannot be part of C).

For defining the reduction relation associated with Flim, called c-reduction
and denoted —,, and the typing rules of Elim (see Figure 7.1), it is necessary to
introduce a few definitions.

Let C' be a constructor type. We define A{l, X,C,Q,c} as follows :

- A{I, X, Xm,Q,c} = Qnic
- A{I,X,(2:B)D,Q,c} = (2:B)A{l, X, D,Q,cz} if X ¢ FV(B)
- ML X, (::B)D,Q, c} = Am”mﬁN.IVNWVA@JUVQ Jey) = A{I,X,D,Q,cz}
if B=(y:D)X¢q
The t-reduction is defined by the rule :

—

Elim(1,Q, %, Constr(i, I ){f} —. A, X,Cy, fi, FunElim(I,Q, )] Z

— —

where | = ?&Cﬂf&i@f FunElim(1,Q, f) = [Z: Al[y: [Z]Elim(1,Q, 7, ST& and
All, X,C,| f, F] is defined as follows :
- AlLX, Xm, f,F]l=f
- A[l,X,(z:B)D, f,F]=[2z:B]JA[I, X, D, fz, F]if X ¢ FV(B)
- A[l,X,(z:B)D, f, F]= T”mﬁum_lvﬁgbfauﬁUa%&%Uiﬁ@lﬁmgva F]
if B=(7:D)X{

Finally, in the type conversion rule (conv), in addition to S-reduction and ¢-
reduction, B. Werner considers n-reduction : [z:T]uz —, uwif 2 ¢ FV(u). Since —g,
is not confluent on badly typed terms', to consider n-reduction creates important
difficulties [58]. Therefore, since our condition (Al) cannot be satisfied with n-
reduction, we cannot consider n-reduction. To find a condition weaker than (A1)
that would be satisfied even with 5-reduction is a problem that we have temporally
left open.

The t-reduction as defined above introduces many S-redexes and the recursive
calls on Flim are made on bound variables which must be instanciated by strict
subterms (or terms of smaller order in case of a strictly positive inductive type).
So, on one hand, from a practical point of view, this is not very efficient since
these instanciations could be done immediately after the i-reduction, and on the
other hand, the General Schema cannot directly deal with recursive calls on bound
variables, even though these variables must be instanciated with smaller terms.

This is why we are not going to show the strong normalization of the relation
—3, but of the relation —5, where one step of —, corresponds to a ¢-reduction
followed by as many f-reductions as necessary for erasing the fS-redexes introduced
by the t-reduction. Note that this is indeed this reduction relation which is actually
implemented in the Coq system [112].

Definition 94 (//-reduction) The ¢/-reduction is the reduction relation defined by
the rule :

'"Remark due to R. Nederpelt [93] : [x: A]lw g [2: A]([y: Bly ) — [v: Bly.
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Figure 7.1: Typing rules of CIC

-

A=@:A)x I'tA:0 Vi, X:AFC;: %
I Ind(X:A){C}: A

(Ind)

I=Ind(X:A){C} THI:T
I'=Constr(i,I): Ci{ X —1}

(Constr)

-

A= (F: A)x I=Ind(X:A){C}
THQ:(F: AT —*
T =A{I,X,C;,Q,Constr(i,I)}
y=Ad—a} Vjlta;: Ay Tke:la Vi, I'F f;:T;

(x-Elim) =
I'EElim(1,Q,d c){f}: Qdc

A= (Z:A)x I=TInd(X:A){C} is small
I-Q:(7: A)I7 —0O
T =A{I,X,C;,Q,Constr(i,I)}
y={f—a} Vjlta;: Ay Uke:ld Vi,I'tF f:T;}

I+ Elim(1,Q,ad c){f}: Qac

r=¢:7T HAIVMSH\ LT :s
'k¢:T

Elim(1,Q, %, Constr(i, I H){f} —, A, X,Cy, f;,Q, [, 7]

where | = ?&Cﬂf&i@ﬁ and A'[I, X, C, ,ﬁQTN& is defined as follows :
- D%Nakakgf\.QQa.\J@gH.\.
B D%Ndvﬁ AN”vaQ%QQQ.\.QN& HD%NQNQUT\.NQQTM if X m ﬁ/\ﬁmv

- D%Naka Awumvua.\.aQa.\JN& = D%Nakaua.\.\m\ﬁﬁlUQMN@SANaQaWNNQJaQaM
if B= (§:D)X§

We think that the strong normalization of —g,» implies the strong normalization
of —g,. But, since this problem does not seem very easy to solve and is not directly
related to our work, we leave its resolution for the moment.

Conjecture 95 If —3, is strongly normalizing then —g, is strongly normalizing.

Definition 96 (Admissible inductive type) An inductive type I = Ind(X : A)
{C} is admissible if it satisfies the conditions (I5), (16) (adapted to the syntax of
CIC, a strong elimination being considered as a defined predicate symbol) and the
following safeness condition : if A = (Z: A)x and C; = (Z: B)Xm then :

- Va; € .um._ua m; € .um._ua

w . o
-V, z; € X7, my =my = ;= ;.
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Definition 97 (CIC™) The sub-system of CIC that we are going to consider,
CIC™, can be obtained by applying the following restrictions :

We exclude any use of the sort A in order to stay in the Calculus of Constructions.
In the rule (Ind), instead of requiring I = ?&Cﬁki@w to be typable in any en-
vironment ', we require I to be typable in the empty environment since, in CAC,
the types of the symbols must be typable in the empty environment. Moreover,
we require I to be admissible and in normal form.

The restriction to the empty environment is not a real restriction since any
type I = Ind(X : ki@w typable in an environment I' = § : U can be replaced
by a type I' = Ind(X': \»\i@‘@ typable in the empty environment : it suffices
to take A’ = (7 : Q‘vxr Cl=(y: QVQLN — X'y} and to replace I by I'y and
Constr(i, I) by Constr(i, I')y.

But we need to adapt the definition of small constructor type as follows : a
constructor type C' of an inductive type I = Ind(X: A){C} with A = (7: A)x is
small if it is of the form (7 : A)(Z: B)Xm with {Z} n A% = 0.

In the rule (x-Elim), instead of requiring @) to be typable in any environment I',

we require () to be typable in the empty environment. Moreover, we explicitly
require [ and T; = A{l, X, C;,Q,Constr(i,I)} to be typable.

In the rule (O-Elim), instead of requiring - Q : (7 : xﬂ:& — O, which is not possi-
ble in the Calculus of Constructions, we require ) to be of the form [7: A][y: [Z] K
with & : A,y:IZF K : Oand f; tobe of type T; = A{I, X, C;, Zy, K,Constr(i,I)}

where A'{I, X,C, %y, K, c} is defined as follows :

- A1, X, X, Zy, K, c} = K{&— m,y— c},

—if B = (7 : D)X§ then A'{I,X,(z: B)D,#y,K,c} = (z : B{X — I})((7 :
DYK{Z—q,y—zy}) = A{I, X, D, &y, K, cz}.

Moreover, we require ) to be in normal form, 7T; to be typable and the
inductive types that occur in () to be subterms of /. Finally, we take I' F
Elim(I,Q,d, &C& : K{Z — d,y > ¢} instead of I' F Elim(I,Q), d, &C& : Qde.

Requiring Q to be of the form [Z: A|[y: IZ]K is not a real restriction since, as
shown by B. Werner (Corollary 2.9 page 57 of [119]), if I' = @) : O then there exists
Q' of the form (7 : %v* such that @ —7% @'. Hence, if - Q : (7: xﬂ:& — O then

— —

F: Ay 17+ QFy : O. Therefore, there exists Q' of the form (7 : U)* such that

QFy —5 Q. Then, [7: Ally: 1£]Q7y — [£: A[y: 17]Q" and [#: A][y: 17]Q&y —
Q. Therefore, by confluence, there exists Q" of the form meﬁ [y:1Z](7: %Q* such
that @ —7%, Q".

On the other hand, requiring the inductive types occurring in ) to be subterms
of I is a more important restriction. But it is only due to the fact that we restrict
ourself to the Calculus of Constructions in which it is not possible to type the
strong elimination schema in a polymorphic way (that is why B. Werner used a
slightly more general PTS).

In the rule (conv), instead of requiring 7' s T, we require T S5 T’ which is
equivalent to T' |, 1" since — 4, is confluent (orthogonal CRS [79]).

We will denote by — 3,/ the reduction relation of CIC™, by N'F the set of CIC~

terms in normal form for —3,/ (unique by confluence), by ¢ | the normal form of ¢,
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and by - the typing relation of CIC™ (see Figure 7.2).

Figure 7.2: Typing rules of CIC ~

A=(F:A)x FA:O Vi, X:AFCi:ix
Ind I =Ind(X:A){C} € N'F is admissible
(Ind) FT:A
(Consti) I=Ind(X:A){C} THI:T

I'=Constr(i,I): Ci{ X —1}

A=(F: D)% [=Ind(X:A){C} THI:T
FQ: (T AT — %
5.”DA:QNQQ&@“QS\&?QQDW FT;:x
y=Ad—a} Vjlta;: Ay Tke:la Vi, I'F f;:T;

(x-Elim) =
I'EElim(1,Q,d c){f}: Qdc

-

A= (F: A)x I=Ind(X:A){C}
Q=[T:Ay: 1)K e NF F:A,y:IFFK:0O
the inductive types of () are subterms of I
T, = A1, X,Cy, 2y, K,Constr(i,I)} FT;:0
y=Ad—a} Vjlta;: Ay Tke:la Vi, I'F f;:T;

(O-Elim) =
I Elim(1,Q,d c){f}: K{Z— d,y— c}

'e¢:T HAlvmtmi Lr=7:s
'k¢:T

(Conv)

Theorem 98 There exists a CAC T (with typing relation . and reduction relation
—) satisfying the conditions of Definition 91 and a function (_) which, to a CIC~
term, associates a T term such that :

—if 't T then (I') . (t) : (T),
— moreover, if t =3, ' then (t) =T (¢).

Hence, — 3,/ is strongly normalizing in CIC™.
Definition 99 (Translation) We define (¢) on the well-typed terms, by induction
on 'Fi¢:T:

o Let I = Ind(X:A){C} with A = (7 : A)x. We take (I)
Ind; is a symbol of type A\»v

I
B
S
P

—~

3

=
by
—~
2!
S
=
=
]
=
@]

e By hypothesis, C; = (£ : B)Xm. We take (Constr(i,I)) = [Z: (B)]Constr!(3)
where 8’ = {X s (I)}, Constr! is a m%B_oo_ of type (Z: 1\:3&1 my), B = (B;)
if X does not occur in Bj, and B} = (§:(D OV Ind;((7)) if B; = (7: D)X,

—

e Let Q be a term not of the form [#: A][y : IF]K with w‘ = (7 : Uy*. We
take (Elim(1,Q,d, c){f}) = WElim;({(Q), (@), (c), (f)) where WElimy is a sym-
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— —. —

bol of type (Q : (7 (A)) (I)F — #)(&: (A))(y s (NA)(F5 (FQ)dy and Ty =
A{I, X,C;,Q,Constr(i, I)}.

o Let Q be a term of the form [7: A[y : IZ]K with K = (7 : U)x. We take
(Elim(I,Q, @ c){f}) = MMN@.SWA@Y (¢}, (f}) where m@&gw is a symbol of type
(Z:(AN (y (DT (f (DK, Ty = N{I, X, C;, &y, K, Constr(i,I)}.

e The other terms are defined recursively : (uv) = (u)(v),.

Let T be the CAC whose symbols are those just previously defined and whose rules
are :

JV,MVIVD
2.0 = A

where Ay, [, X, C, ,ﬁQTN& and AG[I, X,C, ,ﬁQTN& are defined as follows :
- A 1L X, X, [,Q, [, 2) = AG[1L X, Xin, f,Q, [, 2] = [,
- ALLX (2 mE FQ.F,22) = A1, X, D, f2,Q, f,7]
and Al [, X, (2:B)D, f,Q, f,22) = Ay [1,X, D, f2,Q, f, 2 if X ¢ FV(B)
- ALLX, (22 B)D, f.Q, f.23] = AYLX, D, f2[] : DISElim7(f.7.2). Q. f,7]

@Smby\ﬁ A vua\.QQT\uN&w . .
Dy\ﬁNakaUa.\.NﬁQ”U:\ﬂ\m:SNAQQ.\.aANNSQQQ.\.a& if B= Aﬁluvk@‘

S\@N:Q:A@a Constr!(z
MMN:%S (&, Constr!(

gﬁNaNaQ&a.\?Qa%&
WﬁNaNQQ&a.\?QQ.\.Q&

Since —g,s is confluent, the S-reduction has the subject reduction property in
T. This will be useful for proving that the translation preserves typing :

Lemma 100 If ' = ¢ : T then (I') & (¢) : (T).

Proof. By induction on I' ¢ : T,

(Ind) We have to prove that _(I) : (A). We have (I) = [7: (A)]Ind;(%) with
Indy of type (A) = (Z:(A))*. Since - A : O, by induction hypothesis, we have
k. (A) : O, that is, k77,4, : O. By inversion, we get Z : (A) b % : O. Therefore,

—,

I' = & : (A) is valid and, by the Environment Lemma and (weak), for all 1,
I' @0 (A;). Hence, by (symb), I' . Ind;(Z) : % and, by (abs), I' 5. (1) : (A4).

(Constr) We have to prove that (I') = (Constr(i,I)) : (C;0) where § = {X —I}.
We have C; = (2 : B) X, (Constr(i, 1)) = [Z: (B)#'|Constr! (), 8/ = {X —
(1)}, Constr! of type (Z: B')Ind;((111)), B} = (Bj) if X does not occur in By,
Bl = (7:(D))1 i;@x if Bj = (7: D) X7, AQ 0) = (C)t" = (7:(B)&")([)(1m) and
(1Y) = (7:(A)) Indy (7).

Hence, (I){(ni) —7 Indr({ni)). Moreover, if X does not occur in B; then
Bl = (Bj) = (B)t. If B; = (¥ : D)X 7 then Bl = (§:(D DY) Ind;((§)) and
(B)H = (7:(D)){I)N). Since, (I'{(q) —7% Indr({(q)), on, all j, (B;)0" —7% B.

Since I' = I : T', by induction hypothesis, (I') = (I) : (T') a QA va <m_a. By
inversion, =1 : A and X : A F C; : x. By inversion mm% X:AZ:BFXm:x
By induction hypothesis, -, (I) : (A) and X : (A),7 Amv Fo X Asuwv : x. By
substitution, 7 : (BY' ., (I)(m) : . Therefore, A = 7 : (B)# is valid. Since

Z:

Amv%\ —5 B', by subject reduction on the environments, D\ = 7: B is also valid.
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—

Therefore, Z : B’ -, (I)(i) : % and, by (prod), b, (Z: B))Ind;({i1)) : *, that is,
_I% TCons rl Lk
By MTm Environment Lemma and (conv), for all j, Ak z; : Bl Therefore,
by (symb), A k. Constr!(Z) : Ind;({(#)) and, by (abs), =, (Constr(i,I)) : (¥
(BY)Ind;((i)). Finally, by (conv) and (weak), () k. (Constr(i, I)) : (C;8).
(x-Elim) We have to prove that (I') F A@?.SQ Q,a@,c){f}) : (Qdc). We have
(Elim(1,Q, 4, mvm,ﬁv = WElim;({Q), (@), (¢), {f 1Y), WELlimy of type (Q: (B))(Z:
(AN (y: I (f - (DYNQ)Ty, B = (T : A)IT — », T; = A1, X,C;,Q,Constr(i, I)}
and (Qac) = (Q)(@)(c). In order to apply (symb), we prove that A ) Aﬂv FAQ) :

(B), (2) (1) F (@) = (A, (3) (D) b (o) + (D&Y, (4) (D) Fo(f) = (D)7 and
(5) b TWElim, : %, where v/ = {Q — (@), T — (@),y — (¢), f — (f)}. First of all,
note that, since I' - ¢ : Id@, by induction hypothesis, (I') k=, (¢) : (@) and (I') is
valid.

(1) Since - @ : B, by induction hypothesis, k. (@) : (B). Therefore, by weakening,
(T) Q) (B).

(2) Since I' F a; : A7, by induction hypothesis, (I') k. (a;) : (A;7). But (A;v) =
(A;)y' since FV(A4;) C {&}.

(3) Since I' ¢ : Id, by induction hypothesis, (I') F,(¢) : ({d). But (Ila@) =
(I)(@) = (D',

(4) Since I' F f; : T;, by induction hypothesis, (I') &, (f;) : (T}). But (T;)y" = (T3)
since T} is closed (F T; : x).

(5) Let A = Q : (B),#: (A), (y: (I)@) and A’ = A, f : (T). We prove that A’
is valid. Indeed, in this case, A" = (@)%Y : x and, by (prod), = Twgiim, : *
We have . (Q)) : (B). Therefore, = (B) : O. By (var), @ : (B) . Q : (B).
By inversion, Q : (B), % : (A),y : () F,x : O and A is valid. Let A; =
A, fy o (Th), ..., fi - (T;). We prove by induction on ¢ that A; is valid. If
¢ = 0, this is immediate. We now prove that if A; is valid then A;4; is valid
too. Since =, A Tit1) : %, by weakening, A; = (T;41) : x. Therefore, by (var),
Aiy1 5 fixr 1 Tipq and Ay is valid.

(O-Elim) We have to prove that (I') F_(Elim(I,Q,a ¢){f}) : (K). We have

—,

(Elim(1,Q,d,){f}) = SELmF (@), (¢), (f)), SElim{ of type (Z:(4))(y:17)(f"
(TY)(K) and T; = D\Aﬁumal@‘f@a@%@m??Dw. In order to apply Am%w:_of
prove that (1) (T b (@) 5 (A7, (2) (1) by {e) (D)7, (3) (1) by () : (T and
(4) B, TsElim, + O, where v = {& — (@), y — (c), f — (f)}. First of all, note that,
since I' ¢ : Id, by induction hypothesis, (I') k5 (¢) : (I@) and (I') is valid.

(1) Since I' F a; : A7, by induction hypothesis, (I') k. (a;) : (A;7). But (A;v) =
(A;)y since FV(A;) C {7}.

(2) Since I' ¢ : Ia, by induction hypothesis, (I') F,(¢) : ({d). But (Ila) =
(N{@) = (D',

(3) Since I' F f; : T, by induction hypothesis, (I') &= (f;) : (T3). But (T})~" = (1)
since T} is closed (F 7} : O).

(4) Let A = #:(A),y: ()T and A’ = A, f:(T). We have A F_(K) : O. We
prove that A’ is valid. Indeed, in this case, by weakening, A’ _| (K): 0O and,
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by (prod), 1 7sElim, @ % Let Ay = A fy: (Ty),..., fi : (I;). We prove by
induction on ¢ that A; is valid. If z = 0, this is immediate. We now prove
that if A; is valid then A;4 is valid too. Since = A Tiy1) : O, by weakening,
A; B, (T;44) : O. Therefore, by (var), Ajyq b figr : Tipq and DiH is valid.

The other cases can be treated without difficulties. [ |

Lemma 101 The rules of T are well typed.

Proof. We have to prove that the rules of T satisfy the conditions (S3) to (S5).
We just see the case of S\@N:Q:A@a Constr!(Z), ,D — AWl X, CL 1,Q, 1, 2).

The case of MMN:%G (&, Constrl(2), ,D — AL X, C fi,Q, f. Z] is similar. Let B =
(7 : A)IF — . We have mwgiim, = (Q : (B)(Z : A D) (y = (D)(f = (T)Qzy,

A{I,X,C;,Q,Constr(i,I)}, C; = (£: B)Xm, B; = (i : D)X@ if X €
EV(B)), Teonseyr = (72 B)Indi(()), B} = (Bj) if X ¢ FV(B)), B) = (7 :
(DY) Ind;((§7)) otherwise, and 7r,4, = (Z: (A))%. Let [ = S\MN:%:A@%“DNY
ﬁHD\TNQﬁ,?Q ,ﬁ& mIQS@m?AvE&QHA@l&émﬁmwmﬂHQH

— —,

(B),Z:B', f(T) and p = {Z — (m)}.

(S2) We have to prove that I' = r : Q(ni)c. We have r = Ay, [[, X, 5, ,?@?N&
and T; = A{l, X,C;,Q, Constr(i,I)}. There is no difficulty.

(S3) We have to prove that if A F_lo : T then ¢ : I' — A. We have A F

WElim(Qo, Zo, Constr! A o), ,xqv : T. Then, by inversion, we deduce that

Ak Qo:(B)o, Ak Zo: m\qm:aDT,xq (Tho, that is, o : T — A.

(S4) We have to prove that if A F.lo : T then, for all z, 2po | zo. By inversion,
we have A & co @ (I)@o and Ind;((ni)o) C} (I)To. Now, (I)To —7% Ind;(i0).
Therefore, Ind;((n)o) C* Indr(Zo) and, by confluence, Ind;((m)c) | Ind;(Zo).

Since Indy is constant and (ni)o = Zpo, we get To | po. |

Lemma 102 The rules of T are well formed.

Proof. Let us see the case oﬁ,S\@?s@l@a Constr!(Z), ,Nv — AWl X, Cy 1L Q,
f. Z]. The case of MMN:%G (#,Constr!(z), ,D — AL X, Cy fi,Q, 1, Z] is dealt with

similarly. Let B = (7 : A)I# — . We have I' = Q : (B),Z: B', f : (T) and

{Z — (m)}. We have to prove that each variable z € dom(I') is weakly
accessible in one of the arguments of WEIlimj, that 21" is equal to Tp where T is
the type of z derived from [ and that [' .l(p : (QZy)7yp.

The accessibility is immediate for ¢ and ,xl The z;’s are weakly accessible since
all the positions of a constructor are accessible (see the definition of Acc(Constr!)).
The type of z; derived from [ ia mm which does not depend on Z. Therefore, mmb =
B =zl

Let us see I' . 1p : (QZy)~p now. We have Ip = WElim(Q, (i), Constr!(2), f)
and (QZy)yp = Q(m)c. For applying (symb), we must prove (1) F 1+ TWElim; * %,
@) THQ: (B), (3) Tk (i) : (A, () T by (1)) and (5) T £+ (F),

Let us prove first of all that I' is valid. Note that WElimy is defined only if
there exists a well-typed term of the form Elim(Il,Q’,a, QYCJ And, in this case,

we have F Q' : B and - T : . Therefore, - B : O and F,(B) : O. Hence,
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Q) :(B) is valid. Moreover, if WElim; is well defined then Ind; is also well defined,
and therefore Qgﬁm?w too. But, we have proved in the previous lemma that, in
this case, F 7oy, 7 @ * By weakening, Q) : (B) F,.T¢,,,7 @ * By inversion,
Q:(B), z: Bk, Ind;((im)) : x and Q: (B), Z:B' is valid. Finally, as b T : %, b (T) : %
and, by weakening, Q:(B), 7: B' i, (T) : x. Therefore T'is valid.

(1) Already proved in the previous lemma.

(2) By the Environment Lemma.

—.

(3) From Z: B F, Ind((i)) : *, by inversion, we deduce that Z:B' b (m) - (A)p
Therefore, by weakening, I' k5 (111) : (A)p.

(4) As T+, 7: B/, by (symb), T' k¢ : Indr((/)). Moreover, (I)(in) —7% Ind;({n)).

After (3), T' b, (11i) : (A)p. Therefore, by (app), ' F, (I)(ii) : % and, by (conv),
e (I XSV
(5) By the Environment Lemma. [ |

Lemma 103 7T satisfies the conditions of strong normalization of Definition 91.

Proof.

(A0) After the previous lemma.

(A1) We have already seen that — is confluent.

(A2) For the inductive structure, we take :
— Ind; >¢ Indy if J is a strict subterm of [ is a well-founded quasi-ordering,
— Ind(Ind;) =0,
— Acc(Constr!) = {1,...,n} where n is the arity of Constr!
We prove that this inductive structure is admissible. Let C' be a constant pred-
icate symbol. Then €' = Ind; with I = Ind(X : A){C} and A = (¥ : A)x, and
C'is of type (& A\MVV* Let ¢ = Constr! be one of the constructors of C'. By
hypothesis, C; = (Z: B)Xm and B; = (7 : D/)X @ if X € FV(B;). Therefore
c is of type (7 mv with Bl = (B;) if X m FV(B AY and B! = (7 (DN C ()
with X ¢ FV(D/¢) ogﬁ.éHMm Let ¢ =i, j € Acc(c) and U; = B,

(I3) VD € CF, D =¢ C = Pos(D Qv C Pos™ (U;). Necessary, D = C. Either
X ¢ FV(B;) and Pos(C,U;) =0, or B; = (§: D)X and X ¢ FV(Dg). In
every case, Pos(C, U;) C Pos™ (U; v

(I4) VD € CF°, D >¢ C = Pos(D,U;) C Pos®(U;). If D = Indy >¢ C =
Indy then I is a strict subterm of J. Therefore, J cannot occur in I and
Pos(D,U;) = 0.

(I5) VF € DF", Pos(F,U;) C Pos(U;). By hypothesis on the types of CIC™.

(I16) VY € FV2(U;), 31y < a¢,v,, = Y. By hypothesis on the types of CIC™.

(I2) VY € FVR(U;), vy € Ind(C) = Pos(Y,U,) C Pos™ (U;). Since Ind(C) = 0.

(A3) For =, we take the equality. We prove that the rules defining m@&gw form

a system which is :

— recursive : We prove this for all the symbols.

—

— small : We ww/\m m@:gwﬂ&u Constri(2), f) — AL, X, C,, ,?@?N& We
will denote by [ the arguments of m@&gw and by r the right hand-side of the
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rule. We have to prove that, for all X € FV"(r), there exists a unique xx such
that [, = X. We have FVP(r) = {f}U({Z}NAT). For f;, this is immediate.
For z; € X7, this comes from the restriction of the strong elimination to small
inductive types : £ =77 with {Z} NnA" =
— simple :
(B1) The symbols occurring in the arguments of WElim; or m@&gw are
constant.

2 t most one rule can be applied at the top of a term ol the form
B2) A 1_ b li Ql h f { the fi
WELim(Q,a, ¢, f) or SELim$(@, ¢, f).

(A4) We have Fy = (). Therefore, we just have to check the conditions (a) and (b) :

(a) (F,R)is recursive : Let us see the case of WElim(Q, %, Constr! (), f) —
AWl X, G 1, Q, f. Z]. We will denote by [ and r the left hand-side and

—

the right hand-side of this rule. The case of MMN@.S%A@ Constri(2), f) —
AL X, Ci, fi,Q, [, 2] is similar.

For the precedence >, we take WElimy > WElimy;, WElimy >r
SElim%, SElim; >r WElimy and SElim; >z SElim% if J is a strict
subterm of I, and all the defined symbols greater than the constant symbols.

For the status, we take statwgim,, = lex(mul(zy)) where k is the posi-
tion of the argument of type (/)Z. We do the same for SElimy. Such an
assignment is clearly compatible with >r.

We have to check first that the rule is well formed. We have I' = @) :
(B),Z:B', f:(T) and p = {7 — (11)}. We have to prove that each z €
dom(I') is weakly accessible in one of the arguments of WElimy and that 2’
is equal to Tp where T is the type of & derived from [. This is immediate
for ) and ,W The z;’s are weakly accessible since all the positions of a
constructor are accessible (see the definition of Acc(Constr!)). The type of
zj derived from [ is B} which does not depend on &. Therefore, Bip = B} =
z; I

We now show that r belongs to the computable closure of [, that is,
[k r: Q(m)e where ¢ = Constr! (Z). First of all, note that R and 7 are
compatible with >z. This is clear for R. For 7, this is due to our restriction
on m@&gw : the inductive types of () are subterms of I. Hence, _8\ the
Lemmas 89 and 87, we have [' kz 2" : s for all 2 € dom®(I'), and I' e 7 : s
on.m:rQAﬂS\@?S~Emﬁnmémmmm:%nwgw;mﬁﬂTﬁ@v

-

(i
(b) (F,R) is safe : Let TU the sequence (Q), (A), (I)Z, (T), Q#y. We have to

prove :

~ VX € FV(TU), Xvp € dom™(T),

VX, X' e FVI(TU), Xyp=X"vp= X = X'

We have FVZ(TU) = {Q} U{Z} N X%, Qvp = Q € dom™(T") and z;vp =
(m;). Therefore the previous properties are satisfied thanks to the safety
condition on inductive types. |

We are now left to prove that the translation reflects the strong normalization :
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Lemma 104 If T F¢: 7T and ¢ —4, t' then (t) =71 ().

Proof. By induction on I' ¢ : T,

(Ind) Since I € NF, no reduction is possible.

(Constr) Since I' I : T, by inversion, I € N F and no reduction is possible.

(x-Elim) We have (1) = WELim;((Q), (@), (¢}, (f}). Since I' - I : T, by inversion,
I € NF and no reduction is possible in I. If Q —g, Q" then, since - Q : (¥ :
A)IZ — *, by induction hypothesis, (Q) =T (Q") and (t) =t (/). If @ =4, @
then, since I' = @ : Ay, by induction hypothesis, (@) —*t (@) and (t) =t ().
Finally, if ¢ =, ¢ then, since ' b ¢ : 1@, by induction hypothesis, (¢) =T (¢)
and (t) =T (t').

(O-Elim) We have (t) = m@:gwﬁmvkmvk@v. Since I' = I : T, by inversion,
I € NF and no reduction is possible in I. Since @ € NF, no reduction is
possible in Q. If @ —p, @ then, since I' - @ : xﬂ\? by induction hypothesis,
(@) =T (@) and (t) =T (¢'). Finally, if ¢ =5, ¢ then, since I' - ¢ : Id, by
induction hypothesis, {¢) =T (¢/) and (t) =T ().

The other cases can be treated without difficulties. [ |

7.2 CIC + Rewriting

We have just seen that most of the Calculus of Inductive Constructions is for-
malizable as a CAC. We are going to see that we can add to this CAC rewrit-
ing rules that are not formalizable in CIC. Take the symbols nat : %, 0 : nat,
s @ mnat — nat, +,X : nat — nat — nat, list © x — %, nil : (A : x)list(A),
cons : (A:x)A — list(A) — list(A), app : (A:x)list(A)) — list(A) — list(A),
len : (A:x)list(A) — nat the length of a list, in : (A:x)A — list(A) — * the
membership predicate, incl : (A:x)list(A) — list(A) — x the inclusion predicate,
sub : (A:x)list(A) — list(A) — % the sublist predicate, eq : (A:x)A — A — x the
polymorphic Leibniz equality, T : x the proposition ever true, L : x the proposition
ever false, = : % = x, V, A : % = x — %, and the following rules :

r+0 — =z rx0 — 0
0O+2 — =z Oxaz — 0
r+s(y) — s(z+y) rXs(y) — (exXy +z
s(z)+y — s(z+y) s(0) xz — =z
(z+y)+z — 24+ (y+2) rxs(0) — =z

-T — 1 PVT — T PAT
-1 —= T Pvl — P PALl
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eq(A,0,0) — T
eq(A,0,s(z)) — L
eq(A,s(z),0) — L
eq(A,s(z),s(y)) — eq(nat,z,y)
app(A, nil(A), () — (
app(A, cons(A’,x,0), ") — cons(A,x,app(A, L))
app(A, app(A', 6, ), ") = app(A, {, app(A, ', L")
len(A,nil(A)) — 0
len(A, cons(A' 2, 0)) — s(len(A, 1))
len(A, app(A', 0, 1)) — len(A, L)+ len(A, ')
in(A, z,nil(A)) — L
in(A,x,cons(A' y, 1)) — eq(A z,y)Vin(A, z,l)
sub(A, nil(A'),l) — T
sub(A, cons(A', x, 1), nil(A")) — L
sub(A, cons(A', z, 1), cons(A", 2", ")) — (eq(A,z,2") Nsub(A,L1l))
Vsub(A, cons(A, z,1),l)
incl(A,nil(A),l) — T
incl(A, cons(A', x,1),l') — in(A ') Nincl(A, 11
eq(L,nil(A), nil(A)) — T
eq(L,nil(A), cons(A',z, 1)) — L
eq(L,cons(A', x,1), 52 ) — L
eq(L, cons(A, 1), gﬁmﬂh\ 1)) — eq(A x,2’) Aeg(list(A), L1

This rewriting system is recursive, simple, small, safe and confluent (this can be
automatically proved by CiME [33]). Since the rules are left-linear, the combination
with —5 is also confluent. Therefore, the conditions of strong normalization are
satisfied.

In particular, we will remark the last rule where I' = A : %,z : A,2" : A, (:
list(A), ' :list(A) and p = {A" — A, L — list(A)}. It is well formed : for example,
cons(A’, ', ')« Li>7 2’ : A'. And it satisfies the General Schema : {cons(A, z, () :
Locons(A, 2", 0) : L} (B mu {2 : A2+ A} {0 list(A), 0 list(A)}.

However, the system lacks several important rules to get a complete decision
procedure for classical propositional tautologies (Figure 1.3) or other simplification
rules on the equality (Figure 1.4). To accept these rules, we must deal with rewriting
modulo associativity and commutativity and get rid of the simplicity conditions.

7.3 Natural Deduction Modulo (NDM)

Natural Deduction Modulo (NDM) for first-order logic [50] can be presented as an
extension of Natural Deduction with the following additional inference rule :
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where = is an equivalence relation on propositions stable by substitution and context.
This is a very powerful extension of first order logic since higher-order logic and
skolemized set theory can both be described as a theories modulo (by using explicit
substitutions [1]).

In [51], G. Dowek and B. Werner study the strong normalization of cut elim-
ination in the case where = is generated from a first-order confluent and weakly
normalizing rewrite system. In particular, they prove the strong normalization in
two general cases : when the system is positive and when it has no quantifier. In
[52], they give an example of a confluent and weakly normalizing system for which
cut elimination is not normalizing. The problem comes from the fact that the elim-
ination rule for V introduces a substitution :

'+ V2. P(z)
' P(t)

Hence, when a predicate symbol is defined by a rule whose right hand-side con-
tains quantifiers, its combination with fS-reduction may not be normalizing. A nor-
malization criterion for higher-order rewriting like the one we give in this work is
therefore necessary.

Now, since NDM is a CAC (logical connectors can be defined as constant predi-
cate symbols), we can compare our conditions with the ones given in [51].

(A1) In [51], only —x is required to be confluent. We do not know whether this
always implies the confluence of - U —3. This is true if R is left-linear since
then we have a union of left-linear and confluent CRS’s with no critical pair
between each other (general result due to V. van Oostrom [117] and proved in
the particular case of —3 by F. Miiller [92]). But we are not aware of work
proving that, in presence of dependent types and rewriting at the type level,
—r U —p is confluent even though R is not left-linear (V. Breazu-Tannen and
J. Gallier have shown in [28] the preservation of confluence for the polymorphic
A-calculus with first-order rewriting at the object level).

(A2) The NDM types are primitive and form an admissible inductive structure
when we take them as being all equivalent in =¢.

(A3) In [51], the strong normalization of cut elimination is proved in two general
cases : when the rules of (DF", Rpra) have no quantifier and when they are
positive. The systems without quantifiers are primitive. Therefore, in this case,
(A3) is satisfied. On the other hand, in the positive case, we also require the
arguments of the left hand-sides to be constant symbols and that at most one
rule can be applied at the top of a term (NDM systems are small). But we also
provide a new case : (DF, Rpra) can be recursive, small and simple.

(A4) Rules without quantifiers are of first-order and rules with quantifiers are of
higher-order. In [51], these two kinds of rules are treated in the same way.
But the counter-example given in [52] shows that they should not be. In our
conditions, we require symbols defined by rules with quantifiers to satisfy the
General Schema.
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Theorem 105 A NDM proof system satisfying the conditions (A1), (A3) and (A4)
is strongly normalizing.



Chapter 8

Correctness of the conditions

Our proof of strong normalization is based on the extension to the Calculus of
Constructions by T. Coquand and J. Gallier [36] of Tait and Girard’s method of
reductibility candidates [64]. The idea is to interpret each type T by a set [17] of
strongly normalizable terms and to prove that every term of type 7" belongs to [T7].
The reader not familiar with these notions is invited to read the Chapter 3 of the
Ph.D. thesis of B. Werner [119] for an introduction to candidates, and the paper of
J. Gallier for a more detailed presentation [56]. An important difference between
the candidates of T. Coquand and J. Gallier and the candidates of B. Werner for
the Calculus of Inductive Constructions is that the former are made of well-typed
terms while the later are made of pure (untyped) A-terms.

8.1 Terms to be interpreted

In order to have the environment in which a term is typable, we use closures, that
is, environment-term pairs.

Definition 106 (Closure) A closure is a pair 't made of an environment I' € £
and a term ¢t € 7. A closure 't is typable if there exists a term 1T € T such that
I't:T. We will denote by T the set of typable closures.

The set of closures of type T'+T is Trrr = {IVFt € T | I/ D[ and IV ¢ : T},
The set of closures of type I' =T whose terms are strongly normalizable will be
denoted by SNrr7. The restriction of a set S C Tr-r to an environment IV D T is
Slpr= S8 D%TT% = ﬁﬂ:_lw €S| "> ﬂ@.

One can easily check the following basic properties :

Lemma 107

Amev I+t e %ﬁTﬂ and IV C T € E then I+t € %ﬁTﬂ.
AUV Ifr m I’ ck $~®|5 %ﬁ\Tﬂ|m %ﬁTH and %ﬁTﬂ_ﬁ\ = %ﬁ\Tﬂ.
Amv If T Cr T' then Trrr = Tre7.

We have to define an interpretation for all the terms that can be the type of
another term, that is, to all the terms T such that there exists I' and ¢ such that

91
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I' ¢ :T. In this case, by correctness of types, there exists s such that T'= s or
' =T :s. Thus, we have to define an interpretation for the terms of the following

sets
~B={TFTe€é&xT|TeE A T=0O},
—TY =P = {TFT €& x T |TFT:+},
~TY =K={T+Ke&xT|IFK:O}.

A term T such that 'FT € P’ can be obtained by application of a term U to
a term v. By inversion, U must have a type of the form (z:V)W. By correctness
of types, there exists s such that I' F (2: V)W : 5. As T belongs to the same class
as U, T € PP CP=TY{ and U € T$. By classification, we obtain s = O. Therefore,
after the Maximal sort Lemma, I'U cannot belong to B’. We therefore have to

give an interpretation to the terms of the following sets also :

P ={I+T €& T |32, UK, TFT:(x:U)K A THU:x A THK: O},
\ﬂmHﬁﬁjTﬂmmxﬂ_m_uﬁwuhaﬂTH”Cm”NQh ATHK:OATD'FL:0O},
~P=P UFPUF",
~-TY=BUKUP.

In order to justify our definition of P and to ensure that all the terms that have
to be interpreted are indeed in TY, it suffices to see that, after the Maximal sort

Lemma, the projection of P on 7, that is, the set {T € 7 | 3L € £, T € P}, is
equal to IP.

=x

Lemma 108 The sets ﬂoa P, ﬂua K and B are disjoint from one another.

Proof. We have seen that F' is disjoint from P and P". Since O is not typable,
B is disjoint from all the other sets. P and K are disjoint since their projections P
and K are disjoint. We are therefore left to verify that P and P are indeed disjoint.
Assume that there exists TFT € P*nP". Then, there exists x, U, K, X, K" and
Lsuchthat TFT : (2: U)K, T+FU:%T'HFK:O,TFT:(X:K')L,'FK':0O
and I' = L : O. By convertibility of types, (z: U)K C; (X : K')L. By product
compatibility, U C;: K’. By conversion correctness, x = O, which is not possible. B

We now introduce a measure on TY which will allow us to do recursive definitions.

0 if’'=0o0r'FT:0O
v(K)y fI'FT:Kand 'K :0O
where v is defined on predicate types as follows :

—v(x) =0

~v((2:U)K) =14 v(K)

- v((X:K)L) =14 max(v(K),v(L))

Definition 109 p(I'FT) = ﬁ

We must make sure that this definition does not depend on K. As all the types
of T are convertible, it suffices to check that v is invariant by conversion :

Lemma 110 If K C K’ then v(K) = v(K').
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Proof. By induction on the size of K and K’. After the Maximal sort Lemma,
K is of the form (7 : T)*, K'is of the form (Z : T')x and |Z| = |#'|. Let n = |Z| = |#|.
By product compatibility and a-equivalence, we can assume that @ = Z. If n = 0
then K = K" and v(K) = v(K’). Assume now that n > 0. Let L = (z2:7%)...(2,:
T,)* and L' = (z2:T3)...(z, : T))x. By product compatibility, 71 C; T and
L @ﬁﬁ T L’. By Conversion correctness, Ty and 77 are typable by the same sort s.
By inversion and regularity, I',z1: 7Ty - L : Oand I', 1 : 77 = L’ : O. So, by induction
hypothesis, v(L) = v(L') and, if s = O, v(11) = v(1]). Therefore, v(K) =v(K'). R

Lemma 111 f TFT € TY and 6 : T — A then A - 76 € TY and u(A + T6) =
p(CET).

Proof. First of all, one can easily prove by induction on the structure of pred-
icate types that, if K is a predicate type and # is a substitution, then K6 is a
predicate type and v(K6) = v(K). We now show the lemma by case on 7" :

~T=0 ArTO0=AF0OcTYand u(A+ T =0=pu+T).

— '+~ T : 0. By substitution, A =76 : O, AT € TY and pu(A F T = 0 =
p(CET).

-I'T: K and I' H K : O. By substitution, A T8 : Kf# and A - K6 : O.
Thus A =76 € TY. Now, u(A F 7T8) = v(K6) and p(l' =T) = v(K). But
v(K8) =v(K). [ |

8.2 Reductibility candidates

We will denote by :

— SN the set of strongly normalizable terms,
— WA the set of weakly normalizable terms,

— CR the set of terms ¢ such that two reduction sequences issued from ¢ are always
confluent.

Definition 112 (Neutral term) A term is neutral if it is neither an abstraction
nor constructor headed.

Definition 113 (Reductibility candidates) For each I'T € TY, we are going
to define by induction on p(I'FT) :

— the set Rprr of reductibility candidates of type I'=T,
— the restriction R|p: of a candidate R € Rprr w.r.t. an environment [V D I,
— the relation <pr7 on Rrer,
— the element Trer of Rrer,
— the function A, from the powerset of Rrrr to Rrer.
o I'=10.
— Rrro = {SNrra}.
~ Rlpr = RN Triq.
- Ry <rro Ry if Ry C Rs.
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— Trra = SNpro.
= Arta®) = Trea.
e 'HT:s.

— Rper is the set of all the subsets R of Tyt such that :
(R1) R C SN (strong normalization);
(R2) if I"Ft € R and t — ¢’ then I"H¢' € R (stability by reduction);
(R3) if IVt € Tryr, t is neutral and, for all # such that ¢t — ', It € R,
then ["Ft € R (stability by expansion for neutral terms);

(R4) if 't € R and IV CT” € E then I'Ft € R (stability by weakening).
~ Rlpr = RN Ty,
- Ry <rrr Ry if R1 C R,.
~ Trer = SNryr.
~ ArerR) =R if R #0, Trrr otherwise.
o 'FT:(2:U)K.
— Rrer is the set of all the functions R which, to I Fu € Trey, associate an
element of Ry, and satisfy :
(P1) if u — o' then R(I"Fu) = R(I"Fu') (stability by reduction),
(P2) if ' C 1" € E then R(I'u)|r» = R(I"Fu) (compatibility with weakening).
- R|p = m_ﬁf\ B
— Ry <prr Ry if, for all I"Fu € Trry, Ri(I"Fu) <piepy Ro(IFu).
= Trrr(I"Fu) = Triery.
= Arer(R)(U'Fu) = Appr, {R(I7Fw) | R € RY). B
o 'FT:(X:K)L. Let ¥k be the set of pairs (I"FU, S) such that ['"FU € Trg
and S € Rrip.

— Rrrr is the set of all functions R which, to a pair (I"+U, 5) € ¥+, associate
an element of Rr7y and satisfy :

(P1) if U —» U’ then R(I"FU, S)= R(I"FU',S) (stability by reduction),
(P2) if I' C I" € E then R(I'-U,S)|r = R(I"+U, S|r/) (compatibility with
weakening).
- Rlp = W_M?I«.
~ Ry <rer Ro if, for all (IFU, S) € Srex, Ri(T'FU, S) <piqo Ro(I"FU, S).
— nﬁﬁTﬂAﬂ\_IQ@ %v = Tr1U.
= ArerR)(EUS) = Apprp {R(U'EULS) | R € RY).

The following lemma ensures that all these objects are well defined.

Lemma 114 (Candidates properties)

a) Rrer, <r+1, Trr7 and Ap p are well defined.
Uv If 7 — T then Rrer = Rrege.

) If R € Ryrr and I' C I € E then R|r € Rrar.
d) Trer € Rrer.

) If T — T’ then Trrr = Trep.

) f ' C I € E then Trez|r = Troer.

(
(
(c
(
(e
(f
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Amv If ® C Rrer then >ﬁ_|ﬂ®«wv € RreT.
(i) f ' CT" € E then Apr(R)[or = Aprr({R[p | R € R}).

Proof. By induction on p(I'FT).

o T'=10.
(a) Immediate.
(b) O is not reducible.
(c) We necessary have R = SNrrg. So, R = SNrro N Tria = SNrka € Rrvea.
(d) Immediate.
) O is not reducible.
(f) Trralrr = SNrvo N Trio = SNeko = Trva.

(&) Arra(®) = Trro.
?vDHmsoﬁwmQ:&_@_m.

() Arra®)Ir = Trralr = Trro = Appa({ Bl | R € R}
o I'FT:s.
(a) Immediate.
(b) By subject reduction, Trr7 = Try7.
(c) By weakening, R|r» C Trir. Now we show that R|p satisfies (R1) to (R4).

For (R1), (R2) and (R4), this is immediate. For (R3), let [t € Trs-g such
that ¢ is neutral and, for all ¢ such that ¢t — ¢/, T"Ft' € R|r. Since R|r» C R,
[+t € R. But I+t € Tri7. Therefore, It € R|r.

(d) By definition, Ty C Trrr and it is easy to check that Tpwr satisfies (R1)
to (R4).

(e) By subject reduction.

(f) Immediate.

(2) Since each element of R is included in Tr-7 and satisfies (R1) to (R4), it is
easy to check that (VR is included in Tri7 and satisfies (R1) to (R4).

(h) Immediate.

0 (NI =R) N Trer = {RNTrer | R € R} =Rl | R € R}

o 'FT:(2:U)K.

(a) We have to check that p(I"+Tu) < p(I'=T) and that the definitions do not
depend on the choice of a type for T.

By weakening, I = T : (¢ : U)K and I' F (2 : U)K : O. By (app),
I+ Tu : K{z — u}. By inversion and regularity, [V, 2 : U + K : O. w%
substitution, IV = K{z ~ u} : O. Therefore I' F Tu € TY and pu(I' F
Tu) = v(K{z — u}). By invariance by substitution, v(K{z — u}) = v(K).
Therefore p(I'FT) = v((2:U)K) =14 v(K) > p(I'FTu).

We now show that the definitions do not depend on the choice of a type
for T'. Assume that [' =7 : (z':U’)K’. By Type convertibility and Product
compatibility, U AOW U’. Therefore %ﬁTQ = %ﬁTQ\ and Rrer, <re7, Trer and
Arep are unchanged if we replace U by U’.

(b) By induction hypothesis, Rri7y = Rror1m
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(c) Immediate.

(d) We check that Tryr satisfies (P1) and (P2).

(P1) By induction hypothesis (e), Ty = Trerw.

(P2) By induction hypothesis (f), Trerulrr = Troera.

(e) By subject reduction, Trrr and Trrgs have the same domain. And they are
equal since, by induction hypothesis, Trir, satisfies (e).

(f) Trer|r and T have the same domain and are equal.

(2) Let ® = {R(I"Fu) | R € R}. By definition, if R € Rprr and I"Fu € Try
then R(I"F w) € Rrir,. By induction hypothesis, App, satisfies (g).
Therefore, A7, (R') € Rrery. We now check that Ay satisfies (P1) and
(P2).

(P1) Let R = {R(I"F4/) | R € R}. Since each R € R satisfies (P1), R(I'F
u') = R(I'"+u). By induction hypothesis, A, satisfies (h). Therefore
AreraR) = A (R7).

(P2) Let ®; = {R(T'Fu) | R € R} and Ry = {R(T'+w)|pr | R € R}. Since
each R € R satisfies (P2), R(I'u)|r» = R(I"Fu). By induction hypothesis,

Ariry satisfies (i). Therefore Appp, (R1)|r = Apipr, (R2).
(h) After (a), Rrrr = Rrw1v. Therefore, Ap_p and Ap s have the same domain.
Let R C Rrrr. Then, Appr(R) and App/(R) have the same domain and are
equal since, by induction hypothesis, A, satisfies (h).
(1) ArerR)|r and App({R|rv | R € R}) have the same domain and are equal
since, if ['""Fu € Ty then R(I"u) = R|p (I Fw).
o 'T:(X:K)L. The proof is similar to the previous case. |

Lemma 115 hmﬁWﬁTﬂHﬁﬂ\Twm%ﬁhﬂ_wH&ﬁ reX, te SN} T FT :s
then Xprr # 0 and, for all R € Rr7, Xrer C R.

Proof. First of all, Xprp C Trr7. Since A’ is infinite and dom(T') is finite, there
exists © € X \ dom(I'). Therefore, by (var), I',z:TFz:T. So, I'yz: Tz € Trrr
and Xrer # 0. Now, let R € Rrer, IV € £, 2 € X and £ € SN such that
[Vt 2f € Trer. We show that TVFat € R by induction on £ with ey as well-founded
ordering. Since af is neutral, by (R3), it suffices to show that every immediate
reduct of zf belongs to R. But this is the induction hypothesis. |

Lemma 116 (Completeness of the candidates lattice) For all I' -7 € TY,
(Rrer, <rrr) is a complete lattice. The lower bound of a part of Rpyr is given by

>ﬁ_|mf

Proof. It suffices to prove that (Rr7, <r+7) is a complete inf-semi-lattice and
that Trrr is its greatest element. One can easily check by induction on p(I'FT)
that <pr7 is an ordering (i.e. is reflexive, transitive and anti-symmetric), Tryr is
the greatest element of Rrrr and the lower bound of a part of Rprr is given by

>ﬁ_|ﬂ. u
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8.3 Interpretation schema

We define the interpretation of a type I' -7 w.r.t. a substitution 8 : ' — A by
induction on the structure of 7. Hence, we have to give an interpretation to the
predicate variables and the predicate symbols that occur in 7. That is why we
first define an interpretation schema [I'F iﬁbﬁm using a candidate assignment &
for the predicate variables and an interpretation I for the predicate symbols. In
the Section 8.4, we define the interpretation of constant predicate symbols and, in
Section 8.6, we define the interpretation of defined predicate symbols.

Definition 117 (Candidate assignment) A candidate assignment is a function
&from X7 to | J{ Rarr | AFT € TY}. Let § : I' — A be asubstitution. We say that
¢ is compatible with (6,1, A) if, for all X € dom™ ('), X¢ € Rarxg. The restriction
of £ to an environment [ is the assignment |/ defined by X (&) = (X&)|p.

To any substitution 8 : I' = A, we associate its canonical candidate assignment
&y defined by X& = T aryg. After Lemma 114 (d), & is compatible with (6,1, A).

Lemma 118 Let § : ' — A be a substitution and £ be a candidate assignment
compatible with (6,1, A).

(a) If @ — 0" then ¢ : I' - A and ¢ is compatible with (¢, ', A).

(b) f A C A’ € E then 8 : T — A" and {|as is compatible with (6, T, A').

Proof.

(a) After Lemma 35, we know that ¢ : T — A. Let X € dom"(I'). Since ¢ is
compatible with (0,1, A), X& € Rarxg. After Lemma 114 (b), Rarxe =
Rarxe. Therefore X& € Rarxer-

(b) By weakening, § : I' — A’. Let X € dom"(I'). By definition, X (¢|a/) =
(X&) |ar. Since € is compatible with (8,1',A), X& € Rarxg. Therefore, after
Lemma 114 Amva ANMV_D\ € Rarxg. |

Let I be a predicate symbol of type (& : T')*. In the following, we will assume

that F, which is not a term if its arity is not null, represents its n-long form [¥ :

—

T\F (7).

Definition 119 (Interpretation of a predicate symbol) An interpretation for
a predicate symbol F’ is a function /I which, to an environment A, associates an
element of R arr such that :

(P3) if A C A’ € E then Ia|ar = Ias (compatibility with weakening).
An interpretation for a set G of predicate symbols is a function which, to a symbol
G € @, associates an interpretation for G.

Definition 120 (Interpretation schema) The interpretation of I' - T € TY
w.r.t. an environment A € E, a substitution 8 : I' — A, a candidate assignment &
compatible with (6,I', A) and an interpretation Iz pour each F' € F7_ is an element
of Rarre defined by induction on T :

[ ] _”_HHJT.WH_”_NDQQQM — %D_I%a
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o [[FF(D)]4 g = Iarp(@) o, if p = (#: T)U -
—a; = AFt0 if z; € X,
—a; = (ARG, [DHE]L 40) if 2 € XF,
o [TEXT4 4, = XE&,
o [[H(2:U)V]hye = {A'Ft € Tar@uoyve | YA Fu € [TFUTL,
[T, 2:UF <ﬁ>§c?l§m_>: 2
o [T+ (X :K)WIhye = {A'Ft € Tarxuoyve | VA" FU € [T'F Eﬁg
A"FiU € NA{IL, um”Nm‘_la\ﬁM\\q%cﬁleTm_D:C@mlmw | SeERAmU}}S
(N EE Qﬁ\ﬁbq%qm (A'Fu) = [T, 2: UV} LOU{mul €| ar?
[MHIX:K]VIR g (AU, S) = [T, N”NT<ﬁ>éc@l5am_>\c§lmf
_EJTH\&TPFM = _EJTSTPFMADT:%Y
[CEVUL g = [TEVIA 4 (AFUG [THUTL 4.)-

6.61007 A'Ftu €

£lar?

In the case where I' = T : s, the elements of [I' - iﬁbﬁm are called computable .
Finally, we will say that (6,1, A) is valid w.r.t. £ if, for all 2 € dom(I'), AFz0 €
[PEal]) 6

After Lemma 115, the identity substitution is valid w.r.t. any candidate assign-
ment compatible with it.

Lemma 121 (Correctness of the interpretation schema)

(a) _ﬁjTiﬁP%h is well defined.

(b) fJTﬂTPﬁ € Rarty-
(c) If 6 — @ then [TFT]L 5 = [TFTTL 41 -
(d) I A C A" € E then [THTTA 4 lar = [PETTA 4

Proof. Note first of all that, for (c), _EJTETP%A exists since, after Lemma 118
(a), ¢ : T — A and & is compatible with (¢',T,A). For (d), [T Tiﬁbﬁm_b\ ex-
ists since, after (b), [I'F ﬂ_%ﬁm € Rarte, and [I'F iﬁbs%qm_b\ exists since, after
Lemma 118 (b), 6 : T' = A’ and &|as is compatible with (8, T, A).

o T =s.

(a) Immediate.

(b) After Lemma 114 (d).

(c) Since fJT&TP%m does not depend on 6.

(d) [PFs]A gelar = SNars N Tars = SNans = [[Fs]4,
o T = F(l).

(a) fJTiTP?m = Iarp(@) where a; = AR08 if 2, € A" and a; = (AF40,[I'F
HLTP%AV if ; € X7. Par induction hypothesis (a) and (b), fJTﬁTP%m is well
defined and belongs to Rar¢g. Therefore @ is in the domain of /arr and
_ﬁjTiﬁP%h is well defined.

(b) By definition of Iarp.

(c) By (P1) .

q%qm_b\ :
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) By (P2) .

X.
Immediate.
Since £ is compatible with (6,1, A).

)
)
) Since [I'+X]4 ¢ does not depend on 6.
)

By definition of &|ar.
=(2:U)V. Let I"=T,2:U.

) Assume that A C A’ € E. After Lemma 118 (b), 8 : I' — A’ and &|as

is compatible with (6,T', A’). So, by induction hypothesis (a) and (b), [I'+
Ul4 TN is well defined and belongs to Rapg.

By Type correctness, there exists s such that I' = T : s. By inversion,

F V : s After the Environment Lemma, I' = U : x. Therefore, by
substitution, A’ - U# : x and [['FU]4 N C Tarrvs.

Now, let A"Fu € fJTQﬁDs%m_D\ and o = 68U {z — u}. Since § : I' —» A,
A"Fw: U6 and z ¢ FV(1Y), we have o : [ — A”. After Lemma 118 (b),
&|an is compatible with (6,T, A”). Since dom® (o) = dom"(#) and o and 6
are equal on this domain, &|ar is compatible with (o, ', A”). Therefore, by
induction hypothesis (a) and (b), [I'FV]%,, is well defined and belongs
to Ramrve.

Finally, by substitution, A” = Vo : s. Therefore, [ F V]4,

Tarrve and _ﬁjTiﬁP%h is well defined.

QQQM_D\\

C

QQQM_D\\ -

(b) By substitution, A = 7@ : s. Therefore, we have to prove that [I'F- iﬁbﬁm

is included in Taprg (immediate) and satisfies (R1) to (R4). We have seen

n (a) that, if A C A" e E, AFu e _ﬁJTQﬁDs%m_D\ and ¢ = QU {z — u},

then ;ﬂTQﬁ%s?m_b\ and _EJ\T‘\%DSPM_D: are included in Ta/rpg and Tanrye

respectively and satisfy (R1) to (R4).

(R1) After Lemma 115, there exists y € A* \ dom(A’) such that A’ y:UfF
y € =ﬂ_|~g~¢$m_>\. Let A" = A’ y:Uf and 0 = U {z — y}. Then, by
definition, A"ty € fiTa\ﬁD: and, since _EJ\T‘\%D:
(R1), ty € SN and t € SN.

(R2) Let A" Fu € [I'FUTL,

satisfies

qqam_bt QQQM_D\\

and 0 = 0 U {z — u}. By definition,
q%qm_b\
A tu € IV F a\ﬁ:qﬁbz and, since tu — t'w and [I' F a\ﬁ:
satisfies (R2), t'u € _EJ\T‘\%DSPM_D: and t' € _ﬁjTiﬁP%h
(R3) This is in this case that we use the notion of arity which establishes
a syntactic distinction between the application of the A-calculus and the
application of a symbol (see Remark 10). Let A”Fu € [['FUTY, 6.6lns
and 0 = U {x — u}. By definition, A” - tu € Tanry, and tu is neutral.
Since [TFU]Y, 0.6, Satisfies (R1), u € SN.
We prove that any reduct v’ of tu belongs to [["FV]4,, Elan’
tion on u with — as well-founded ordering. Since ¢ is not an abstraction,

v’ is either of the form #'u with ¢’ an immediate reduct of ¢, or of the form
tu’ with v’ an immediate reduct of u. In the first case, A”"Ft'u € Tan-vo

QQQM_D\\

by induc-
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since, by hypothesis, A”"F¢ € fJTiTP?m and A"Fu € fJTQﬁD\

In the second case, A”Ftu’ € Tanrv, by induction hypothesis.
Therefore, since [[' F V], satisfies (R3), A" Ftu € [[' F

q%qm_b\ :

QQQM_D\\

S_wssm_ﬁ and A"kt € [TET]L 4
(R4) Assume that A" C A” ¢ E, A Fwu € [I'F Qﬁb:%m_bz and ¢ =
6 U {z — u}. By induction hypothesis (d), [I' - Qﬁb:%m_bz = [T+
qﬁN b%qm_b\_bt = ;HJ_I qﬁN N M %D:TQ%. MOd A" c :HJ - Q@T e

A"ty € ﬁ\réﬁsi_»s and A"Ft € [TETTL 4,

(c) We prove that fJTiTP?m C ijiﬁP%sm. The other way around is similar.
Since A FTo : s, by conversion, Tar7g = Tarrg and A'Ft € Tarrg. Now,
let A"Fu € =ﬂ_|~g~ésm_>: oc=0U{z — u} and ¢/ = o U{z — u}. By
induction hypothesis (c), =ﬂ_|~g~>§¢m_>\ = ﬁjTQﬁ%s?m_b\.
_ﬁJTQﬁs%m_E satisfies (R3), A"Ftu € f&TM\ﬁPPm. And since o — o', by
induction hypothesis (¢), A"Ftu € fiTa\ﬁqum and A'Ft € _ﬁjTiﬁP%sm.

(d) We prove that [I' iﬁbﬁm_b\ CI'kF iﬁbéam_b\. The other way around is
similar. By definition, _EJTETPFM_D\ =[r Tiﬁbﬁm N Tarrrs. Let At €
fJTiTP?m_D: A"bu e [THTTL, 6.6, and o =0U {z — u}. By definition
of [TET]L 560 A" Ftu € [I"FV]L0
A"+t e [THT]L 106"

e I'=(X:K)V. Similar to the previous case.
o I'=[z:UlV. Let I"=1,2:U.

(a) Let A’ Fu € Tarpg and 0 = 0 U {z + u}. Since A C A’ € E, by
Lemma 118 (b), # : I' — A’ and &|as is compatible with (6,1, A’). Since
A"t u:Uf and z ¢ FV(I'), 0 : IV — A’. Moreover, &|a/ is compatible
with (o, T7, A’) since dom™ () = dom"(6). So, by induction hypothesis (a),
[I'=V]A4, N is well defined and _ﬁjTiﬁP%h is well defined.

(b) Rarts is the set of functions which, to A'Fu € Tarrrg, associate an element
of Rar(r¢ v and satisfy (P1) and (P2). By induction hypothesis (b), [I'+
a\ﬁsqam_b\ € Ranwve. Since (T80 u) —5 Vo, by Lemma 114 (b), Rawv, =
RAm-(T6 )-

(P1) Assume that v — o', [T TETPFMAD\ ') = [V F VI, N
o' = 86U {z — u'}. Since 0 — ¢', by induction hypothesis (c), [ F
éwgﬁm_k = ﬁ%éwgsm_k and [T-T]4 4. € Rarre.

(P2) Assume that A C A’ € E. [l TETPFMAD Fu)ar = [T Ta\ﬁbqqam_br
By induction hypothesis (d), ;ﬂ\Ta\ﬁqum_D\ = fiTa\ﬁbs =Tk
EW%%D\T:Y

() [T FTIRge(A Fu) = [ VDL g,
therefore, by induction hypothesis (c), _EJ\T‘QTD\ "
[CHTT g = [PFTT

Therefore, since

: " )
bl Therefore, since A"t € Tarrg,

where

Pm\_b\

or o' = cU{x — u}. 0 = o
— 1
— [ VI,

and

\qm_D\ Q.am_D\

&=
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(d) fJTiTP?m_D\ = fJTi_%ﬁm_%EIS is the function which, to A”u € Tarruy,
associates [I'/FV]4 N where 0 = U {x ++ u}. This is [[FT]% ¥
e T'=[X:K]V. Similar to the previous case.
o T'=Vu.
(a) By induction hypothesis (a), _ﬁJTa\ﬁP?m is well defined and belongs to Rarvg.

Since T € TY and T # O, T is typable in I'. By inversion, there exists
U and K such that 'V : (2 : U)K and I' - u : U. By substitution,
AFVE: (x:U0)KO and A F ub : Uf. Therefore, Raryg is the set of
functions which, to A’Fu’ € Tarrg, associate an element of Ravguw. So,
AFuf € Tarpg and _ﬁjTiﬁP%h is well defined.

(b) [TFTIA 5.6 € Rar(vousy = Rarte-

(¢) By induction hypothesis (c), _ﬁJTa\ﬁésm_D\ = _EJTA\%P%A. Since ul —* uo
and [[FV]} 4 satisfies (P1), [TFT]L 5. = [TFTTL g1 -

(d) [PETIA gelar = [CEVIL 5 (AFub)|ar By (P2), [TEVIL 4 (A ub)|ar =
=ﬂ_|<ﬁ~>§mﬂ>\_|:$ = =ﬂ_|<ﬁ~>§m_>\ﬂ>\_|:$. By induction hypothesis (d),
[CEVIA g elar (A ud) = [CEVIL 4., (A'Fub) = [TETTL 4

am_D\.

QM_D\ QM_D\ )

e I'=(V U). Similar to the previous case. [ |

Lemma 122 Let I and I’ be two interpretations equal on the predicate symbols

occurring in 7', and & and & be two candidate assignments equal on the predicate
variables free in 7. Then, [[FT]X , ¢ = [CHTT . ¢

Proof. By induction on T. |

Lemma 123 (Candidate substitution) Let ['g, I'y and I'; be three valid envi-
ronments, I'o - 7 € TY, 6; : ['c — I'y and 6, : I'y — I’y be two substitutions,
and & be a candidate assignment compatible with (62, 'y, ['3). Then, the candidate
assignment &5 defined by X &, = [I'y TN%L%P&@ is compatible with (6163, o, I'2)

and :HM_IMJ%L_%P%M@ = :ﬂo_lm@_%wq}%wqmﬁ.

Proof. After Lemma 121 (b), X&2 € Rr,-x06,6,- Therefore &3 is compatible
with (6162, T0,T'2). Let R = [UotTIf, 44 ., and R = [[1=TO] 4 . . We show
that R = R’ by induction on 7. After Lemma 121 (b), R and R’ both belong to
Rra+-16,06,-

[ ] MJ = S. m\ — _”_HHJH T%H_”_MN,MQQMQMM = @Zﬂjw_l% - m

o T = ﬁ@.v Assume that 7p = (£ : T)x. Then, R = Ip,+ (@) where a; = ['3F1,6,0;
if 2; € A%, and a; = (I'x 1,610, =ﬂo_|$.?mw§%§m5v if z; € X", Similarly, R’ =
Nﬁw_lmuﬂm\v where QM. = HJM _st.%H%w if z; € .uﬂ.*u and QM. = Aﬂw _st.%H%wu :HJH _IHSQLTNJM 05 MMV
if #; € X", By induction hypothesis, for all z; € X5, _ﬁJoTﬁﬁjw 6105610 = [+
ﬁ%;wf%f@. Therefore, @ = @ and R = R'.

e T=X.R=X&y=[l1F-X0]f , . =R

o= (z:U)V. Let I'y = o,z : U, I'l = I'y,2: U6 and I'; =t € R. Since
R € Rr,r16,6,, ﬂm Ft € Tryrr6,0,- Let ﬂm\ Fu e[l F Q%erm After

a%wamw_ﬂm.
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Lemma 121 (d), for all X € QoBDAﬂoY NME_E = [ r N%er\ Y
2

. I

= :ﬂo + Q«ﬁﬁmq}%wqmﬁ_ﬂm '

) ishy Moreover, X¢i2|py = [I'1 F

6, : Ty =T, 6U{e — u} : T) = T4 and 0,0:U{x — u} = 6, (6U

a%wqu_ﬂm.

induction hypothesis, [I'; - Q%er\ By definition
2

of Rryr7,6,, [y Ftu € [T F Sﬁw

I
N%h:ﬁmf%whw_ﬂm:
{ — u}). Therefore, by induction hypothesis, [I'y a\ﬁjw =

q}%w_,hu%.lvﬁwjmﬁ_ﬁm\

I Ta\%;wm\ and It € R'. So, R C R'. The other way around is
similar.

e I'=(X:K)V. Similar to the previous case.

o7 =[z:UV. Let Th = Ig,2: U, I} = Ty,2:U60; and Ty Fu € Tr,rue,0,-
By definition, R(I'yFu) = [I'{F a\ﬁi By induction hypothesis,

2
I _

(I a\ﬁﬁm}&c?liams_& . Therefore, R(I',Fu) =
R'(T,Fu) and R=R'.

e T'=[X:K]V. Similar to the previous case.

o' =Vu. R=1[IvF a\ﬁwq?%wqmsﬁjw F u#163). By induction hypothesis, [I'g -

I I

VI, 66,60, = L1EVOi]L, 4, ¢,- Therefore, R = R'.

e T'=VU. Similar to the previous case. |

a%wqu_ﬂm

a%w Cﬁ&lﬁ@hw_ﬂm\

q}%wcﬁ&l:wqmﬁ_ﬂm :

= [ FVeily,

,02 Cﬁ&lﬁ@hw_ﬂm

8.4 Interpretation of constant predicate symbols

We define the interpretation I for constant predicate symbols by induction on >¢.
Let C' be a constant predicate symbol and assume that we already have defined an
interpretation K for all the symbols smaller than C'.

Like N. P. Mendler [90] or B. Werner [119], we define this interpretation as
the fixpoint of some monotone function on a complete lattice. The monotonicity is
ensured the positivity conditions of an admissible inductive structure (Definition 74).
The main difference with these works is that we have a more general notion of
constructor since it includes any function symbol whose output type is a constant
predicate symbol. This allows us to defined functions or predicates by matching not
only on constant constructors but also on defined symbols.

We will denote by :

— [C] the set of constant predicate symbols equivalent to C,

— 7 the set of the interpretations for [C1],

— < the relation on 7 defined by I < I' if, for all D € [C] and A € E, Iarp <arD
\DTU.
For simplifying the notations, we will denote =ﬂ_|i_w,mm by fJTiTP?m.

—

Let D € [C]. Assume that D is of arity n and type (& : T)x. Let A be an
environment. By definition, Rarp is the set of functions which, to ay € Ay, ...,
a, € A,, associates an element of ﬁD:TUAy where :
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—a; = A\;Ft; and A; = %D@.IHTGE if x; € A,
- a; = ADS_Iwi,m«v and A; = YA, FTi0 if z; € .um._ua
- Ag=A and § = {F 1}

Definition 124 (Monotone interpretation) Let I € Z, z; € XY, A € E and
d,d two sequences of arguments for I such that a; = (A;F¢;,.5;), af = (A, 5))
and, for all j # ¢, a; = gw. Then, [ is monotone in its i-th argument if S; < S!
implies Tarp (@) < Iarp(a@’). We will denote by Z™ the set of the interpretations
that are monotone in all its inductive arguments ¢ € Ind (D).

Lemma 125 (Z™, <) is a complete lattice.

Proof. First of all, < is an ordering since, for all D =¢ C' and A € E, <arp is
an ordering.

We show that the function I defined by NMTU = TArp is the greatest element
of Z™. The function I} is an interpretation since, after Lemma 114 (d) and (f),
NMTU € Rarp and if A C A" € E then NMTUD = |_|DTU_D\ = Tap = NM\TU.
Moreover, I is the greatest element of Z since Tapp is the greatest element of
Rarp-

We now show that IT is monotone in its inductive arguments. Let i € Ind(D)
and @, d’ two sequences of arguments for NMTU such that a; = (A;Ft,,.5;), a} = (A;F
tiyS]), Si < S7and, for all j # 4, a; = a;. Then, I} (@) = Tanrn@ = 15 p(@).

We now show that every part of Z™ has an inf. Let & C Z™ and I™ be the
function defined by IX,., = Aarp(Rarp) where Rarp = {Iarp | I € S} The
function I” is an interpretation since, after Lemma 114 (g) and (i), [A.p € Rarp
and if A C A’ € E then I}, plar = IAip-

We now show that I” is monotone in its inductive arguments. Let ¢ € Ind(D)
and @, @ two sequences of arguments for I}, ;, satisfying the conditions of the Defi-
nition 124. Then, I}, (@) = ({Iarp(@) | I € S} and IX (@) = ({larp(@) | I €
3}, Since each I is monotone in its inductive arguments, Iarp(@) < Iarp(d’).
Therefore, IN_ (@) <IN p(@).

We are left to show that /™ is the inf of S. For all I € S, I < I since I}, |
is the inf of ®Rarp. Assume now that there exists I’ € Z such that, for all I € S,
I' <I. Then, since I} p, is the inf of Rarp, I’ < I™.

Definition 126 (Interpretation of constant predicate symbols) Let ¢ be
the function which, to I € ™, associates the interpretation ! such that ﬂMTUAmv is
the set of A'Fu € @|ZD:_|U3 such that if u reduces to a term of the form d(%) with d a

constructor of type (7 : QVUA& then, for all j € Acc(d), A'tu; € [7: %TQLT N
where § = {§+— @} and, for all Y € FV®(U;), Y& = S,,.. We show hereafter that ¢

is monotone. Therefore we can take Iarp = lfp(@)arp where Ifp(p) is the least fix
point of ¢.

The aim of this definition is to ensure the correctness of the accessibility relations
(Lemma 134) : if d(%) is computable then each accessible u; (j € Acc(d)) is com-
putable. This will allow us to ensure the computability of the variables of the left
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hand-side of a rule if the arguments of the left hand-side are computable, and thus
the computability of the right hand-sides that belong to the computable closure.

Lemma 127 ¢! is a well defined interpretation.

Proof. We first prove that ¢! is well defined. The existence of £ is the hypothesis
(16). Let Iy = 7 : U. We have to check that 6 : Iy — A’ and &|/ is compatible with
(0,14, A”). By subject reduction, A’ F d(@) : D(f). By inversion, A’ - d(i@) : D(76),
D(8) Cy, D(t) and, for all j, A’ = u; : U;f. Therefore, § : Ty — A, Let
Y € FVR(U;). We have Y¢ = S, € Ra, rt,,- By Lemma 114 (c), Y¢[ar €
Rart,, - By (A1), since D is constant, for all ¢, v;6 | ¢;. So, by Lemma 114 (b),
Rant,, = Rary,, 6. By (I6), v,, =Y. Therefore Y¢ € Ranyg.

Finally, we must make sure that the interpretations necessary for computing
7 : Utk QLTD\J%A_E are all well defined. The interpretation of constant predicate
symbols smaller than D is K. The interpretation of constant predicate symbols
equivalent to D is I. By (I4) and (I5), constant predicate symbols greater than D
or defined predicate symbols can occur only at neutral positions, but it is easy to
check that terms at neutral positions are not interpreted.

We now prove that ﬁ%TU € Rarp. Tothisend, we must prove that R = ﬂ%TUA@
is included in T, \ p(7 (immediate) and satisfies the properties (R1) to (R4) :
(R1) By definition.

(R2) Let A’tu € R and ' such that v — u/. By definition, A'Fu € @|Z>:_|U3.
Therefore, A'Fu' € @|Z>:TU3. Assume that u' —* d(@) with 7y = (7 : U)D(7).
Then, v —* d(%). Therefore, for all j € Acc(d), A'Fu; € [7: %TQLT%
and A'Fu’ € R.

(R3) Let A'tu e %D:TUS such that « is neutral and, for all «’ such that v — «’,
A'Fu' € R. Then, At u € @|ZD:TU5. Assume now that v —* d(u) with
74 = (7 : U)D(%). Since u is neutral, there exists «’ such that u — u’ and
W —* d(i@). Therefore, for all j € Acc(d), A'Fu; € [§: Uk Qlﬁixm_b\ and
A'Fu € R.

(R4) Let A’Fu € R and assume that A’ C A” € E. Then, A"+ u € @|Z>:_|U3.
Assume now that u —* d(#@) with 7y = (7 : U)D(%). Then, for all j € Acc(d),
A'Fu; € Rj where Rj = [ : U F QLM\Q%A_E. After Lemma 121 (b), R;
belongs to Ranru;e and therefore satisfies (R4). Therefore A"+ u; € R; and
At e R.

Finally, we are left to show the properties (P1) to (P3). For (P1), the stability

by reduction, this is immediate since, if £ —  then @ZD:TUS = @ZD:TUAB. For

£lar

(P2) and (P3), it is easy to see that the functions have the same domain and are
equal.

Lemma 128 ! is monotone in its inductive arguments.

Proof. Let i € Ind(D). We have to show that S; < S! implies ¢k, (@) C

oh p(@). Let A'Fu € @i (@). We prove that A’ u € ¢, ,(@). We have
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A'tu e @|Z>:_|U3. Assume now that u reduces to a term of the form d(w@) with

d a constructor of type (§ : U)D(¥). Let j € Acc(d). We have to prove that
Abru; € [y:UF Q;%\a?m\_b\ where § = {if — @} and, for all Y € FV(U,),
Y¢ =S5/ .

We have A'tu; € [7: %TQLT TN where, for all Y € FV(U;), Y¢= S, If,
for all Y € FVR(U;), 1y # i, then ¢ =¢ and A'Fuj € [7: %TQLT RINE Assume
now that there exists Y € FV7(U;) such that 1y = i. Then, Y¢ = 5; <Y¢ = SL
By (I2), Pos(Y,U;) C Pos™t(U;). Finally, U; satisfies (I8), (I4) and (I5).

We now prove by induction on T that, for all TFT € TY, A € E, §: T — A,
&, & compatible with (0, T, A) such that Y& < Y¢ and, for all X #Y, X = X¢
— if Pos(Y,T) C Pos™ (T) and T satisfies (I3), (I4) and (I5) then _ﬁjTiﬁP%h <[I'+

\\N@_%q%qm:
— if Pos(Y,T") C Pos™(T) and T satisfies (I37), (I4) and (I5) then _ﬁjTiﬁP%h >
[CETTA 6ers

where (I37) is the property VD €CF", D =¢ C = Pos(D,T) C Pos™(T). We detail

the first case only; the second is similar.

o I'=5. We have _ﬁjTiﬁP%h = SNaps = fJTiTP?m?

o T = E(t). We have [[FT]4 4, = Iar(@) and [TET]L 4 . = Iarp(@) with a; =
QM. = AFt0If ¢; € A, and a; = ADTW&%a%&va QM. = ADTW&%a%Mva S; = :ﬂ_lw;%q%qm
and S/ = [I Tﬁﬁbﬁm\ if ; € X7, Since T satisfies (I3), (I4) and (I5), we have

E € CFY and FE <¢ D. Therefore, Iz is monotone in its inductive arguments.
Let ¢ < ap. We show that ¢; satisfies (13), (I4) and (I5) :

(I3) Let D' =¢ D. We have to show that Pos(D’, ;) C Pos™ (¢;). If Pos(D’, ;) =
0, this is immediate. If there exists p € Pos(D’,t;) then i.p € Pos(D’, T). Since
Pos(D',T) C Pos™(T) and Pos™ (T) = {e} UJ{i.PosT(t;) | i € Ind(E)}, we
have 7 € Ind(F) and p € Pos™(t;).

(I4) and (I5) Let D' >¢ D or D' € DF". We have to show that Pos(D’,t;) C
Pos®(t;). If Pos(D',t;) = 0, this is immediate. If there exists p € Pos(D’, )
then i.p € Pos(D',T). Since Pos(D',T) C Pos?(T) and Pos?(T) = {e} U
U{i.Pos®(t;) | i € Ind(E)}, we have i € Ind(E) and p € Pos(¢;).

Let us see now the relations between S; and S!. If Pos(Y, ¢;) = () then, by induction

hypothesis, S; = S]. If there exists p € Pos(Y,t;) then i.p € Pos(Y,T). Since

Pos(Y,T) C Post(T) and Post(T) = {e} U J{i.Post(t;) | ¢ € Ind(F)}, we

necessary have i € Ind(F) and p € Pos™ (¢;). Therefore, by induction hypothesis,

S; < SI. Finally, since Iarp is monotone in its inductive arguments, we can

conclude that _ﬁjTiﬁP%h < fJTiTP?m?

o T'=Y. We have [[FT]L ;. =Y <Y =[THT]L

Pos™ (Y).

o T'=X#Y. Wehave [[FT]} 5, = X = X = [TFT]L g0
o T'=(x:U)V. LetI"=T,2:U. We have _ﬁjTiﬁP%h ={A'+t e %DISQ%Q |

YA" F u c :HJ [ qﬁNﬁ% A" tu € :Hi [ a\ﬁwta%\am_btw and :HJ + \\N@_%q%qm\ =

g But Pos(Y,Y) =¢ C

£lar?
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{A'Ft € Tar@ueayve | VA"Fu e [T Qﬁw\ﬁm\_bz A"t € f&TH\ﬁD:a%sm\_D:w
where 8/ = 0 U {2z — u}. We have to show that [I' F iﬁbﬁm C [I'+ iﬁbﬁmt
Let A"t € %DISQSA\% and A"Fu e [I'F Qﬁéam\_b\. Since Pos(Y,T) C
Pos™(T) and Post(T’) = 1.Pos™ (U) U 2.Pos™ (V), we have Pos(Y,U) C Pos™(U)
and Pos(Y, V) C Pos™ (V). We prove that U satisfies (137), (I4) and (I5) :

(I37) Let D' =¢ D. We have to show that Pos(D’,U) C Pos™ (U). If Pos(D’,U)
= (0, this is immediate. If there exists p € Pos(D’,U) then 1.p € Pos(D’,T).
Since Pos(D',T) C Pos™(T) and Pos™ (T') = 1.Pos™ (U) U 2.Pos*(V), we have
p € Pos™(U).

(I4) and (I5) Let D' =¢ D or D' € DF". We have to show that Pos(D’,U) C
Pos?(U). If Pos(D',U) = (), this is immediate. If there exists p € Pos(D’,U)
then 1.p € Pos(D',T). Since Pos(D',T) C Pos”(T) and Pos?(T) = 1.Pos?(U) U
2.Pos?(V), we have p € Pos?(U).

Similarly, V satisfies (13), (I14) and (I5). Therefore, by induction hypothesis,
[T+ Ul gen,, C [T TNSN\%_E and [I" + éw\w?m_ﬁ C I = VI g
Hence, A"t u € _EJTNQD\Q%A_D: A"ty € fiTa\ﬁD:a%sm_D: and A"ty € [T+
a\ﬁbﬁ%sm\_bz. Therefore, A'Ht € _EJTETP%% and _ﬁjTiﬁP%h C fJTiTP?m?

e I'=(X:K)V. Similar to the previous case.

e I'=[z:U)V. I Tiﬁ?ﬁ is the function which, to A’ u € Taryg, associates
[+ a\ﬁbiﬁm_b\ where I = T2 : U and ¢ = 6 U {z — u}. [['+ iﬁbﬁm\ is
the function which, to A’ u € Tarpyg, associates [V V], N
L,2:U and ' = 6 U {z — u}. We have to show that, for all A’Fu € Taryg,
[T EVIA g, < [FVIA g, Since Pos(Y,T) C Pos®(T) and Pos*(T) =
1.Pos(U) U 2.Pos™ (V), we have Pos(Y,V) C Pos*(V). We now prove that V
satisfies (13), (I4) and (I5).

(I3) Let D' =¢ D. We have to show that Pos(D’, V') C Pos™ (V). If Pos(D', V) =
(0, this is immediate. If there exists p € Pos(D',V) then 2.p € Pos(D’,T).
Since Pos(D',T) C Pos™(T) and Pos™(T) = 1.Pos(U) U 2.Pos*(V), we have
p € Post (V).

(I4) and (I5) Let D' =¢ D or D' € DF". We have to show that Pos(D', V) C
Pos?(V)). If Pos(D', V) = {, this is immediate. If there exists p € Pos(D’,V)
then 2.p € Pos(D',T). Since Pos(D',T) C Pos®(T) and Pos?(T) = 1.Pos(U) U
2.Pos?(V), we have p € Pos?(V).

Therefore, by induction hypothesis, [T’ F a\ﬁbs%

[PETDA g < [OFTTA g g

e T'=[X:K]V. Similar to the previous case.

o T =Vu. Wehave [[FT]L,, = [[FV]i,,(TFu)and [[FT]L,. =T+
a\ﬁbﬁm\ﬁjT:v. Since Pos(Y,T) C Pos™ (T') and Pos™ (T) = 1.Pos* (V) U2.Pos(u),
we have Pos(Y, V) C Pos™ (V). We now prove that V satisfies (13), (I4) and (I5).

(I3) Let D' =¢ D. We have to show that Pos(D’, V') C Pos™ (V). If Pos(D', V) =
(0, this is immediate. If there exists p € Pos(D',V) then 1.p € Pos(D’,T).

where [V =

< [k a\ﬁbs%sm\_b\ and

am_D\
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Since Pos(D’,T) C Post(T) and Pos™(T) = 1.Post (V) U 2.Pos(u), we have
p € Post (V).

(I4) and (I5) Let D' =¢ D or D’ € DF". We have to prove that Pos(D', V) C
Pos?(V)). If Pos(D', V) = {, this is immediate. If there exists p € Pos(D’,V)
then 1.p € Pos(D',T). Since Pos(D', T) C Pos”(T) and Pos?(T) = 1.Pos?(V) U
2.Pos(u), we have p € Pos?(V).

Therefore, by induction hypothesis, _ﬁJTa\ﬁP? < _ﬁJTa\ﬁP?m\ and [TFT]L

[TETTA

o 7' =VU. We have [T FT] ., = [T+ V], (T FUTFU]L,,) and [T+

T)h e = [0 EVIL 4T E U EULL 4r). Since Pos(Y,T) C Post(T) and

Pos™(T) = 1.Pos™ (V), we have Pos(Y,V) C Pos* (V) and Pos(Y,U) = (). We

have seen in the previous case that V satisfies (13), (I4) and (I5). We now show

that U satisfies (I13), (137), (I4) and (I5).

(I3) and (I837) Let D' =¢ D. We have to prove that Pos(D',U) C Pos™ (U) U
Pos™ (U). If there exists p € Pos(D’, U) then 2.p € Pos(D', T). Since Pos(D’, T')
C Pos™(T) and Pos™(T) = 1.Pos™ (V), this is not possible. Therefore,
Pos(D',U) = () C Post(U) U Pos™(U).

(I4) and (I5) Let D' =¢ D or D' € DF". We have to prove that Pos(D’, <v
Pos?(V). If there exists p € Pos(D’,U) then 2.p € Pos(D’, T). Since Pos(D’, T)
C Pos?(T) and Pos®(T) = 1.Pos”(V), this is not possible. Therefore, TOMAU\ U)
= C Pos®(U).

Therefore, by induction hypothesis, [I'F a\ﬁbﬁ < [I'k a\ﬁba%qm: [r+ Qﬁbﬁm =

[CHUTA g and [TETTL g, < [CETTA 4,

6 <

Lemma 129 ¢ is monotone.

Proof. Let I,I’ € 7™ such that I < I'. We have to prove that, for all D =z C,
A €E and @ ﬂDTUA a) < ﬁDTUAJ. Let A"t u € @i, ,(@). We prove that A’
u € @k (@). We have A'tu € SNA 11 (7)- Assume now that u reduces to a term

of the form d(#@) with d a constructor of type (7 : U)D(%). Let j € Acc(d). We
have to prove that A’ u; € [§: UFU; ﬁb\ ) where 8 = {§ — @} and, for all
Y e FVE(U;), YE=S,,

We have A’Fu; € [if: U QLT;&_D\ and U; satisfies (I3), (I4) and (I5).
We then prove by induction on 7T that, for all THT € TY, A € E, 6: 1 — A, £
compatible with (6,1, A) :

— if T satisfies (13), (14) and (15) then [PFT]L ;. < [PFTTR 4.,

— if 7" satisfies (I137), (I4) and (I5) then fJTi_P% > fJTi_P?T

where (I37) is the property VD € CFZ, D =¢ C = Pos(D,T) C Pos™(T). We just
detail the first case; the second case is similar.

o T'=s. We have [IFTT4 ;. = SNap, = [IFTTX 4.

e T = E(f). We have fJTi_D%m = Ia+g(d@) and fJTi_P?m =1\ @) w
a; = a; = A0 if o, € X%, and a; = (AF46,5)), a ADTH% Sh, S

£lar

ith
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'+t ﬁb%m and S! = [I'+¢ ﬁba%am if #; € XP. Since T satisfies (I3), (I4) and
(I5), we have F € Qw.‘u and I/ <¢ D. Therefore, Iarg and Iy, ; are monotone in
their inductive arguments. We have seen in the previous lemma that ¢; satisfies
(I3), (14) and (I5). Therefore, by induction hypothesis, S; < S!. Finally, since
IArg is monotone in its inductive arguments and I < I’, we can conclude that
Inre(@) < Iarp(d) < IL (@) and therefore that fJTi_D% < _ﬁjTiﬁP%h

e T'=X. We have fJTi_D%mHM\mIfJTE_P%m B

o T =(x:U)V. LetI'=T,2:U. We have fJTi_P%m ={A'Ft € %DI& veywe |
<>:|T: € [DHUTL 0 A" Ftu € _\?\I%E o ¢l ) a0d [CHT]L 5. = {A'F
t € Tar@woyve | VA" Fu € _EJTST\#M_D: At € _?\TS_D: 07E g
¢ = 60U {x — u}. We have to prove that [I' I ﬂ_b%m C [k E_PFM Let
Akt e %DISQ%Q and A"tu € [[FUTL, RINE We have seen in the previous
lemma that U satisfies (137), (I4) and (I5) and that V satisfies (I3), (I4) and

} where

(I5). Therefore, by induction hypothesis, [I' Qﬁﬁs%m_b\ cIrr Qﬁéqm_b\ and
[T EVIAn g eyn © F VIR g, Hence, A € [DEUDY, g0 A tu €
[0 EVIan g g, and A"t € ['EVIG g g - Therefore, ATkt € [TET] 5

and [IFTT4 5. CITFTTX 4
e I'=(X:K)V. Similar to the previous case.
e I'=[z:U)V. I Tiﬁ?ﬁ is the function which, to A’ u € Taryg, associates
[+ a\ﬁbiﬁm_b\ where IV = Tya : U and ¢ = 6 U {z — u}. [['F i_bﬁm is
the function which, to A’Fu € Taryy, associates [V - a\ﬁﬁs%sm_b\

L,2:U and 8 = 6 U {z — u}. We have to show that, for all A’Fu € Taryg,

['=VIL 4 < [r'+vyy, el We have seen in the previous lemma that V'

satisfies (I3), (I4) and (I5). Therefore, by induction hypothesis, [["F V], ,, flar S
[r"-vi]L, gl and [C=TT4 g < ﬁri?i

e T'=[X:K]V. Similar to the previous case.

e T = Vu. We have [T Tiﬁ?ﬁ = [I'F a\ﬁbﬁmﬁj Fu) and [I' TETPF% =[I'F
a\ﬁbﬁm\ﬁj Fu). We have seen in the previous lemma that V satisfies (13), (14)
and (I5). Therefore, by induction hypothesis, [I' - V]4 oe <I'F a\ﬁba%qm and
[PET1 e < ITFTTK g

o7 =VU. We have [T FT] ,, = [T F V], (TFUTFU]L,,) and [T+
iﬁbﬁm\ = _ﬁJTa\ﬁP?m\ﬁjTg _ﬁJTQﬁP?m\V. we have seen in the previous lemma
that U satisfies (13), (I37), (I4) and (15), and V satisfies (13), (14) and (I5).
Therefore, by induction hypothesis, [I' a\ﬁbﬁm < [I'+ a\%b\ﬁma (1N Qﬁbﬁm =
[PFUTA ¢ and [TET]L 5, < [TETDL . u

where [V =

Since (Z™,<) is a complete lattice, ¢ as a least fix point I which is an interpre-
tation for all the constant predicate symbols equivalent to C'. Hence, by induction
on >¢, we obtain an interpretation I for the constant predicate symbols.

In the case of a primitive constant predicate symbol, the interpretation is simply
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the set of strongly normalizable terms of this type :

Lemma 130 (Interpretation of primitive constant predicate symbols)
If C'is a primitive constant predicate symbol then Iarc = Tarc.

Proof. Since Inr-c < Tarc, it suffices to prove that, for all u € SA, C primitive
of type (¥ : muvf a arguments of Iarc with a; = A;F¢; if o, € A" and a; = (A F
t;,5:) if #; € AP, and A" D A, if A+ u : Qa then A’ Fu € Iarc(@), by
induction on w with — U as well-founded ordering. Assume that u —* ¢(%)
with ¢ a constructor of type (7 : U)C(%). If u —t ¢(id), we can conclude by
induction hypothesis. So, assume that v = ¢(@). In this case, we have to prove
that, for all j € Acc(c), A'Fu; € [7: Utk QLTD\Q%A_E where 8 = {§j — @} and,
for all Y € FVO(U)), Y& = S,
symbols, for all j € Acc(c), U; is of the form D(w) with D a primitive constant
predicate symbol. Assume that 7p = (': Qv* Let af = A"F w0 if z; € A, and
al = (A'rw;0,[7: %TS%M\Q%A\_EV if z; € X7, Since u; € SA and A+ u; : D(w6),
by induction hypothesis, A’Fw; € Inrp(@). By (P3), Iarp(d’) = Ian-p(@’) and
[7: %TQLM\Q%A_E = Ianrp(@'). Therefore, A'Fu € Iarc¢(a@). [ |

By definition of primitive constant predicate

8.5 Reductibility ordering

In this subsection, we assume given an interpretation J for the defined predicate
symbols and we denote [['=T]L% . by [THT] A, ¢

0,¢
The fix point of the function ¢ defined in the previous subsection can be reached
by transfinite iteration from the smallest element of 7. Let % be the interpretation
after a iterations.

Definition 131 (Order of a computable term) The order of A'Ht € Iarc(a),
o(A’F1t), is the smallest ordinal a such that A=t € ¢}, (@).

This notion of order will enable us to define a well-founded ordering in which
recursive definitions on strictly positive predicates strictly decrease. Indeed, in this
case, the subterm ordering is not sufficient. In the example of the addition on
ordinals, we have the rule :

+(z, lim(f)) — lLm([n:nat]+ (z, fn))

We have a recursive call with fn as argument, which is not a subterm of lim(f).
However, thanks to the definition of the interpretation for constant predicate symbols
and products, we can say that, if lim(f) is computable then f is computable and,
for all computable n, fn is computable. So, the order of lim(f) is greater than the

one of fn : o(lim(f)) > o(fn).

Definition 132 (Reductibility ordering) We assume given a precedence >r on
F and a status assignment stat compatible with >r. Let f be a symbol of non null
arity and status staty = lex(mq,...,my). Let O be the set of (g, A, §, &) such that,
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if 7, = (2 MAVQ and I'y = 7' : T then g=¢ f, A€E, 6 : I'y = A, & is compatible
with (6, 'y, A), (8,15, A) is valid w.r.t. £. We equip O with the ordering ¢ defined
by :
L4 AQa Da %amv H_x AQ\a D\a %\am\v if 3&0% AH_WS ceey H_Wv_mx S&Q\a
o mul(i) 1% mul(@) if {@} (2)mw {@'} with :

— Ji=> if i € SP(f) where u > v’ if o(AFu) > o(A'Fu'),

~ Ji=— U otherwise.

We equip © = (J{O; | f € F} with the reductibility ordering 1 defined by
AQa Da %amv - AQ\a D\a %\am\v if 9 >r Q\ or, g =r Q\ and AQa Da %amv H_x AQ\a D\a %\am\v.

Lemma 133 The reductibility ordering is well-founded and compatible with — : if
6 — 0 then (¢,A,6,&) 30 (g,A,0,8).

Proof. The reductibility ordering is well-founded since the ordinals are well-
founded and the lexicographic and multiset extensions preserve the well-foundedness.
It is compatible with — by definition of the interpretation for constant predicate
symbols. |

We check hereafter that the accessibility relation is correct : an accessible sub-
term of a computable term is computable. Then we check that the ordering on
arguments if also correct : if /; >5 u; and [; is computable then u; is computable
and has an order smaller than the one of ;.

Lemma 134 (Correctness of accessibility) If ¢t : T>{u : U, I' - tp : Tp,
o:I' - Aand Abto € ['FTp]ape then 'Fup: Up and Abuo € [TFUp]a oe.

Proof. By definition of >, we have ¢ of the form ¢(%) with ¢ a constructor of
type (7 : U)C(5), Tp = C(8)yp where v = {if — @}, u = u; with j € Acc(c) and
Up = Ujyp. Assume that 7o = (7 : T)x. Then, [['FC(8)yplace = Iarc(d@) with
a; = Atuvypo if z; € X, and a; = (AFwviypo, S;) where S; = [I'Fuyplace if 2; €
AP, By definition of Iarc, AFujo € [Tk Ujlaqpoe with, for all Y € FVE(U;),
Y¢ =5, =[Ttuv,vplace By (I6), v, =Y and Y& = [['FY~vp]a ,e. From
'+ tp : Tp, by inversion, we deduce that, for all ¢, I' = w;p : U;yp. Therefore,
vp : ' — I'. Hence, by candidates substitution, [['.-U;]a vpoer = [TEU;vplace
and Atuo € [I'FUpJaoe. [ |

Lemma 135 (Correctness of the ordering on arguments) Assume thatt: 7T
>, u: U, that is, that ¢ is of the form ¢(#) with ¢ a constructor of type (7 : T)C(7),
u of the form z@ with z € dom(Iy), 2y of the form (7 : U)D(w), D =¢ C and
t:T (>5)T a:V with Vp=zly.

Let 0 = {g — u}. UL Ftp:Tp o: 1 - A AbFto e [I'FTplase
and, for all i, AFuoc € [I'FUf]a e, then At zodo € [I' - D(W)0]a ¢ and
o(AFto) > o(Atzoio).

Proof. Let p be the path from ¢ to @ followed in ¢t : T ()T 2 : V. We
show that if p = j1...jnjns1 then ¢(f) : C(B)y = co(t®) : Co(P)y0 5 e (8
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— - — .

Cr(@)y >y oo D ea(i™) 2 Co(@ )y 5 @ 0V owith, if 7, = (7 : TH)C(") and
v ={F = 1)

—forall i <n, e () =1 Th = Cipy (@) and @ Hyip = 57y,
17, = (7:U)D(') and &'y, = .

We proceed by induction on n. If n = 0, this is immediate. So, assume that
c(t) : C(B)y 5 tj, : Tivo (B5)T @ : V. Since t;, : Ty (D) 2V, t;, = ei(D)
with 7., = (&' : TYC1(F") and Tj,vop = C1(7")y1p where v, = {#' — i'}. By
definition of >4, T}, is of the form (2 : V)C}(w&!). Therefore, |2] = 0, ¢} = C,
and wl'ygp = T'y1p. Hence, we can conclude by induction hypothesis on ¢,
Ty (py)FT V.

Since we are in an admissible inductive structure (A2), we can say that C' >r
Cy>r...2xC, > D. Since D =¢ C' and > r is well-founded, we get C' = C] =¢
co.=r D.

Let wy4q = t]p@, Wyy1 = D(W)8 and, for all ¢ < n, w; = t|;,.; and W; =
O«.Tﬂ.vﬁ.. We show by induction on n that, for all i <n+1, Abw;o € [TFW;]a o
and, for all i < n, o(AFw;0) > o(AFw;110).

e Case n > 0. c(f) : C(T)y >5 t;, : Tj,y (b5 @ : V. By hypothesis, we have
I ¢(t)p : C(B)yp and AF c(t)o € [T'F C(8)yp]are. By correctness of the
accessibility relation, I' = ¢;,p @ T;vp and AFt;0 € [I'FT;,vplase. Since
Tivp = C1(tHYy1p and C1 =x C, o(A Fto) > o(A+ tj,0). Hence, we can
conclude by induction hypothesis on ¢;, : T}, 7.

e Case n = 0. c(t) : C(¥)y b5 = : V. Like in the case n > 0, we have A
20 € [I'F Vplase. Moreover, we have Vp = (7 : U)D(w). Let m = |i
and 6, = {y1 — uy,...,yr — ur}. We prove by induction on k& < m that
AFzouo... ugo € [ (Yrt1 :Uks10%) - o (Ym U 03 ) D(0)0;] a0 ¢ and therefore
that o(AFto) > o(Akt'o).

If £ = 0, this is immediate. So, assume that & > 0. By induction hypothesis,
AbFzoujo... up—y0 € [I'H(yp : Unbr—1) - .. (Ym : UpOk—1) D(0)0;_1] A 0¢. Since
Atugo € [I'FUR0L-1]A0e, we have AFzouio. . upo € [U, yp: Upbr—1t (Yp41:
Uk4105—1) - - - (Y : UpnO—1) D(@0)0_1] A ,07,¢» Where 0/ = o U {yy — upo}, & =& if
yp € X% and & = U {yr — [THup]ase} if yp € X7, Hence, by candidates sub-
stitution, :Hﬁ Yr : Upbr_1 F AQ\?_L : Q«\?_L%\all e AQS : Q«S%wlluﬁﬁwv%wl;bb\h\ =
I Ykt : Up10%) - o o (Y 2 U 03) D(0) 0] A o - [ |

8.6 Interpretation of defined predicate symbols

We define the interpretation J for defined predicate symbols by induction on > w.r.t.
hypothesis (A3).

Let F be a defined predicate symbol and assume that we already have defined an
interpretation K for all the symbols smaller than F. Let [F] be the set of symbols
equivalents to I'. We defined the interpretation for [F] depending on whether [F] is
primitive, positive or recursive.

To make the notations simpler, we will denote =ﬂ_|ﬂﬁ~>rw%,mc,~ by =ﬂ_|i_%§m. And
for the arguments of the interpretation, we follow the notations used in the previous
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section.

8.6.1 Primitive systems

Definition 136 For every G € [F], we take Jarg = Tara.

8.6.2 Positive, small and simple systems

Let J be the set of the interpretations for [F] and < the relation on J defined by
J < J'if, for all G € [F] and A € E, Jara <arg Jhpg Since (Rara, <arq) is a
complete lattice, it is easy to see that (7, <) is also a complete lattice.

Definition 137 Let v be the function which, to J € 7, associates the interpreta-
tion 1’ defined by :
) [CEr]L, . if£€ WNACR, fl=lo and (G(I) = r,T,p) € R
ira(@) = h

._|>:_|Q3 otherwise

where, for all X € FVT(r), X¢ = Skx|a,. Hereafter, we show that ¢ is monotone.
Therefore, we can take Jare = lfp(¥)arc.

Lemma 138 1’ is a well defined interpretation.

Proof. By simplicity, at most one rule can be applied at the top of QQS The
existence of kx is the smallness hypothesis. By (S4), if i =lo then o : I — A,.
Moreover, £ is compatible with (o, T', A,,) since, for all X € FV?(r), X = S, |a, €
Ra,-xo since S, € ﬁblezx and, by smallness, t,,, =, 0= Xo.

We now show that 7 is an interpretation for [F]. After Lemma 121 (b), [I'F
;%?Pm € Ra,bro = QND:_%J@. Moreover, ._|>:I43 € QND:_%J@. Thus we are left
with proving the Eowﬁ.imm (P1) to (P3).

(P1) Assume that £ — /. By (A1), — is confluent. Therefore, {{} C WA iff

{#'} CWAN, and if {f} C WA then {]={]. So, ¥, (@) = %DTQAiv
(P2) Assume that A, C A’ € E. After Lemma 121 (d), [I F ;P:Pm_b\ =

[+ r]4, Moreover, ._|>:Iu3_>\ = Tanp@)- Therefore, Vi q(@))ar =

JQQM_D\.
VLie(@). Now, assume that Ay C AL € E. Let af, = A} Fty if zp € A%,
and a), = (A} Tw\i@a_bwv if 2z, € XY, Then, @MTQAST.;@\TTSL_RA and
@MTQAQT ..., @r_1,a}) have the same domain and are equal.
(P3) Yarcg|ar and Yarg have the same domain and are equal. |

Lemma 139 1) is monotone.

Proof. As in Lemma 129. [ |

8.6.3 Recursive, small and simple systems

Let G € [F] and A € E. To a sequence of arguments @ for Jarg, we associate
the substitution 6 = {# — } : g — A, and the assignment & = {& — S|a,}
compatible with (8, ¢, A,). Let D the set of sequences @ such that (6,'¢,A,) is
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valid w.r.t. &, We equip D with the following well-founded ordering : @ 3 @ if
(GLAR,0,8) O (G, AL 0,¢).

Definition 140 We define Jar(a@) by induction on J:
CH% L, if {I} CWNNCR, Tl=l0,GleD

ANDTQA@ = and AQAD —r, T bv €ER
._|>:_|Q3 otherwise

where, for all X € FVO(r), X =S, |a,-

Lemma 141 J is a well defined interpretation.

Proof. By simplicity, at most one rule can be applied at the top of QQS The
existence of ky is the smallness hypothesis. By (S4), if { = [o then o : I' — A,,.
Moreover, £ is compatible with (o, T', A,,) since, for all X € FVZ(r), X = S, |a, €
Ra,-xo since S, € ﬁblezx and, by smallness, t,,, =, 0= Xo.

The well-foundedness of the definition comes from Lemma 147 and Theorem 146.
In Lemma 147 for the reductibility of higher-order symbols, we show that, starting
from a sequence @ € D, it is possible to apply Theorem 146 for the correctness of the
computable closure. And in this theorem, we show that, in a recursive call G' (@)
(case (symb™)), we have @ 3 @'. Since J is compatible with —, @ O @ |.

Finally, to make sure that J is an interpretation, one can proceed as in the case
of a positive system. |

8.7 Correctness of the conditions

Definition 142 (Cap and aliens) Let ¢ be an injection from the classes of terms
modulo &* to A'. The cap of a term ¢ w.r.t. a set G of symbols is the term
capg(t) = t{z1]p, - . . [zn]p, such that, for all 7 :

— t|,, is not of the form f(f) with f € G,
=@ = ((tp)-

The t|,,’s are the aliens of t. We will denote by aliensg(t) the multiset of the aliens
of t.

Lemma 143 (Pre-reductibility of first-order symbols) Let f € F; and  be
terms such that \A& is typable. If the ¢;’s are strongly normalizable then ,xa is
strongly normalizable.

Proof. We prove that every immediate reduct ' of t = \A& is strongly normal-
izable. Hereafter, by cap, we mean the cap w.r.t. Fj.

Case R, # (). By induction on (aliens(t), cap(t))iex With ((= U>)muls =R, )lex
as well-founded ordering (the aliens are strongly normalizable and, by (f), —g, is
strongly normalizing on T (F, X)).

If the reduction takes place in cap(t) then this is a Ri-reduction. By (¢), no
symbol of F,, occurs in the rules of Ry. Therefore, cap(t) —r, cap(t’). By (d), the
right hand-sides of the rules of Ry are algebraic and, by (e), the rules of Ry are non
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duplicating. Therefore, aliens(t) >y aliens(t’) and we can conclude by induction
hypothesis.

If the reduction takes place in an alien then aliens(t) (— U>)mu aliens(t’) and
we can conclude by induction hypothesis.

Case R, = (). Since the ¢;’s are strongly normalizable and no S-reduction can
take place at the top of ¢, ¢ has a S-normal form. Let Scap(t) be the cap of its -
normal form. We prove that every immediate reduct ¢’ of ¢ is strongly normalizable,
by induction on (Beap(t), aliens(t))ex with (—x,, (= UD>)mul)lex as well-founded
ordering (the aliens are strongly normalizable and, by (f), —r, is strongly normal-
izing on T (Fy, X)).

If the reduction takes place in cap(t) then this is a Rq-reduction. By (d), the
right hand-sides of the rules of Ry are algebraic. Therefore, ¢’ has a S-normal form
and Beap(t) =g, Beap(t’). Hence, we can conclude by induction hypothesis.

If the reduction is a S-reduction in an alien then Scap(t) = Beap(t’) and aliens(t)
(= UD)mu aliens(t’). Hence, we can conclude by induction hypothesis.

We are left with the case where the reduction is a Rq-reduction talking place
in an alien u. Then, aliens(t) —mu aliens(t’), Beap(t) =%, Beap(t’) and we can
conclude by induction hypothesis. To see that Secap(t) —%, Beap(t'), it suffices to
remark the following : if we S-normalize u, all the residuals of the R;-redex are still
reductible since, by (c), no symbol of F,, occurs in the rules of R;. |

Theorem 144 (Strong normalization of —y) The relation —g, U =g, is
strongly normalizing on typable terms.

Proof. By induction on the structure of terms. The only difficult case is \A&
If f is first-order, we use the Lemma of pre-reductibility of first-order symbols. If f
is higher-order, we have to show that if £ € SA and f(f) € T then t = f(f) € SN
where SA means here the strong normalization w.r.t. -gr=—g, U =g, .

We prove that every immediate reduct ¢ of ¢ is strongly normalizable by induc-
tion on (f, w(f),£,1) with (>, (>N statys (U =R ) stat ;5 (R )lex)lex @8 well-founded
ordering where w(t) = 0 if ¢ is not of the form ¢(%) and @w(t) = 1 otherwise. Assume
that ¢ = ,lwv with t; —g ¢! and, for all j # ¢, t; = &; Then, Wﬂiﬁv_mx # and
w(t;) > w(t}) since if ¢; is not of the form ¢(@) then ¢! is not of the form ¢(@) either.

Assume now that there exists f(I) — r € Ry, such that # = lo and t/ = ro.
By (a), r belongs to the computable closure of [. It is then easy to prove that
ro is strongly normalizable by induction on the structure of r. Again, the only
difficult case is g(#). But, either ¢ is smaller than f, or ¢ is equivalent to f and
its arguments are smaller than 7. If ; >; u; then ; > u; and FV(u;) C FV(l).
Therefore l;o > ujo and w(l;o) =1 > w(u;o). If now [; >5 u; then u; is of the form
xv and w(l;o) =1 > w(u;o) =0. |

Lemma 145 (Reductibility of first-order symbols) Let f € Fy, 77 = (7 :
MAVQa A€eE 0:I'y - A and £ compatible with (6,I'y, A). If (8,I's, A) is valid
w.r.t. & then A f(20) € [I'FU]ape.

Proof. Let t; = x;6 and t = f(#). If f is not a constructor then ¢ is neutral and
it suffices to prove that, for every immediate reduct t' of t, AFt' € [T's-U]a g
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If fis a constructor then U = C'(?) and [I'y - UJage = Iarc(@) where a; =
AbFvfif v, € X'* and a; = AD_IS%imAD with %M = :Hﬁll@%bhxm if x; € XU, Let
J € Acc(f). Since 0 is valid w.r.t. & AFt; € [I'sFT;]a0e. Therefore, in this case
too, it suffices to prove that, for every immediate reduct ¢’ of t, ARt € [I'fFU]ag¢.

For first-order symbols, U = x or U = C(7) with C' a primitive constant predicate
symbol. Therefore [I'f-U]a e = SNarrrg and it suffices to prove that every imme-
diate reduct ¢’ of ¢ is strongly normalizable. This is the Lemma of pre-reductibility
of first-order symbols. |

Theorem 146 (Correctness of the computable closure) Let f € F, 7 = (7

TYU,R= (f(I) = r,To,p) R, vo={F— 1}, A€E, 0:Iy— A and ¢ compatible

with (o, g, A) such that :

e (0,0, A) is valid w.r.t. ;

o for all i, AFlo € [ToFTivop]la,ee;

eforall g <g f,if 7y, =(y:U)V,A" €K ¢ :1I - A, ¢ is compatible with
(¢, Ty, A’) and (#',T'y, A') is valid w.r.t. &', then A'Fg(7)0" € [Ty=V]ar g
whenever (f, A, v0,€) J (g, A, 0, &).

Iflg, 't :T,ACA €E o :' = A, ¢ is compatible with (¢/,I'; A’) and

(o', T, A) is valid w.r.t. £, then A'vtoo’ € [T, TFT)ar por en where £ = €| ar UL

am_D\

Proof. By induction on I" ¢t : T (I" = I'g, '), we prove :
ANV D\_IHQ.Q.\ & :HJ\_IM@_DJQQ\A:Q
AUV ift ¢ O andt— t' then :ﬂ\_léb\qqqsm: = :ﬂ\_lw@_b\qqqsm:.
(ax) gk %: 0O
ANV D\_I* & :HJO_I_HL_DJ
(b) x is not reductible.
Fokris Miku Uy IV oy, Uy
Ik g(d@): Vy
a) By induction hypothesis, A’ w;o0’ € [I" F Uiv]aroorev. By candidates
\v\ ? am
substitution, there exists £ such that [I" F Uy]age = [Ty Uilarvoor em
and [I"EVylaee = [IgF V]aryoorem. Hence, (yoo!,T'y, A’) is valid w.r.t.
&" and, by hypothesis on g, A'Fg(7)yoo’ € [T FV]arvoorem.

(b) We have [I"F g(@)]ar oo en = Iang(@) with a; = A'Fwoo’ if y; € A7, et
a; = (A'Fu;o0’,S;) where S; = [I"F w]arooren if y; € X7, There is two
cases :

— u; — ut. We conclude by (P1).
~ @ =10" and @Qd ="\ T" p') € R. Let /" = 0"c0’. By (A3), there is
two sub-cases :

= @ZD\TD.

2N

(symb<)

e g belongs to a primitive system. Then Ian, = Taw, and [I" F
9(@)]ar or g = ._|>_|n%q5 = T appion. By candidates substitution, there
exists £ such that [I"Fr'0"|ar 5o en = [I7 1] a1 g gmr. Moreover, 1/ is

-,

of the form [¥ : T|¢'(@)T with ¢’ ~ g or ¢’ a primitive constant predicate
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symbol. If ¢’ ~ ¢ then Iny = Targ. If ¢’ is a primitive constant pred-
icate symbol then, after Lemma HMP Inkg = Tang. Therefore, [I'
ﬁgb\qq\:qm:\ = |_|D\Tiq\: and :ﬂ\_poQ\Q.:;DJQQ\Qm: = :HJ\T%\Q.\@_D\QQQ\A:.

e ¢ belongs to a positive or recursive, small and simple system.
Since A'Fuwo0’ € [I"FU]ar607,6n C SN, by (A1), u;00" has a normal
form. By simplicity the symbols in [' are constant. Therefore u;00’ is
of the form 'o” with ¢”co’ —* ¢”. By simplicity again, at most one
rule can be applied at the top of a term. Therefore Ian,(@) = [I" F
ﬁ@_b\qq\:qm\: with, for all X € HU/\DQ‘\Y X" = Sy = :ﬂ\_lfxq\@_b\qqqsm:.
By smallness, [,,, = X. Therefore X¢” = [I" b Xo"]ar 500 ¢n and, by
candidate substitution, :ﬂ:_lﬁ@_b\qq:fm\: = :ﬂ\_lﬁ\q\@_b\qqqcm:.

ks NEuw Uy Ve w : Uy o 2 U
Ik g(@) : Vy | |

(a) Like in the previous case, we have (yoo',I';, A') valid w.r.t. £”. Let us prove

that (f, A, v0,&) Jf (g, A, yoo', ). To this end, it suffices to prove that,
if I; : Tyyo >1 wj @ Upy then Lio > ujoo’, and if [; : Tyyo >2 uj @ Ujy then
o(AFLo) > o(A'Fujo0’).

Assume that [; : Tyyo >1 w; @ Ujy. Then, [; > u; and FV(u;) C FV(L).
Therefore, l;00" = l;0 > ujo0’.

Assume now that I; : T;yg >2 u; : Ujy. By definition of >3, we have u; = a7,
¢ € dom(Ty), 2To = (Z: V)W. Let § = {Z — ©}. By correctness of the
ordering on the arguments, it suffices to check that :

(1) T Lip = Tivop,
va D\_IP.QQ\ € :ﬂ\_lmw\xoi_b\qqqsmf
(3) for all k, A'ruvgoo’ € [I"FVib]ar oot en.

Indeed, from this, we can deduce that o(A'F l;o0') > o(A’F u;o0’). But
lio = lio0" and o(Aklio) > o(A'Fl;0).

—

(1) By definition of a well-formed rule, Ug = f({)p : Uyop. Therefore, by

inversion, I'g F I;p : Tivop. Since I'y C I € E, by weakening, I'' & L;p : Tivop-

(2) By hypothesis, A F ;o € [To F Tivoplase. But ljoo’ = ljo and [Ty F

Tivoplarcorgn = Lot Tivoplareel ., = [LoFTivoplacelar

(3) By hypothesis, we have IV k. 20 : U;y. Let ¢ = |0]. By inversion, there

exists V/ and W' such that " k oy v 1 (gt VW T v,

V) and Wi{z, — v,} Cf Ujy and, for all k < ¢ — 1, I'" & avi...0

(@hr = Vi) Wigs T R ok 2 Vi and Wi {okn = vk} G (2r4a

Vig2) Wi, Hence, by induction hypothesis, for all £, A’'Fvioo’ € [I"F

Viarooren. We now show that V! Cfy Vi, Let Wi = (241 : Viga) ... (24

VW and 6, = {z — v1,..., 251 — vg_1}. We prove by induction on k

that a\m @\ VifrL_1 and S\\Mﬁ&w — SAH* AO_*J W, 6;.

~ Case k = 1. Since (Z: V)W C& (21 :V/)W/, by product compatibility
and a-equivalence (we take x; = z1), V] Cf, Vi and W] ﬁ_ﬁfﬁnﬂ Wiy.
Therefore, W{{zy — v1} C5 Wi,.

— Case k > 1. By induction hypothesis, we have W] _ {zr_1 — vp_1} C
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Wi_10,_1. But g\mlHﬁ&le — SAIHHV @\ A&w : a\mvg\\m and Wi_10,_1 =
(2k: VieOgp—1)Wibk—1. By product compatibility and a-equivalence (we take
xy = z1), V] C Vibr—1 and W] ﬁw\&?& Wi0i—1. Therefore, W/ {z} —
SAH* @\ Wi.05.
In conclusion, A’'Fwvpoo’ € [I"EV/]ar 500 en and V] Cf) Vi = Vi6. By
(conv’), the types used in a conversion are typable. Therefore, we can apply
the induction hypothesis (b). Hence, [I"=V/]ar sorer = [I"FVib]ar oo e
and A'Fvgoo’ € :HJ\_IH\\A&_D\QQQ\A:.
(b) Like for (symb<).
gt 2l'g = s
gk a:aly
(a) Since (o, g, A’) is valid w.r.t. &|a.
(b) @ is irreductible.
IMET:s
IMxz:Tkax:T
(a) Car (oo’, 1", A") is valid w.r.t. .
(b) @ is irreductible.
Met:T T"RU:s
Maz:Ukt:T
(a) By induction hypothesis, A’ - too’ € [I" F T]arporen = [To, T2 : U F
MJH_”_D\QQ.Q.\QM\\.
(b) Since = ¢ FV(t), [I",2:UFt]ar poren = [I"Ft]ar 5oren. But, by induction
hypothesis, :ﬂ\_lébqu\qm: = :ﬂ\_lw@_b\qqqsm:.
IMa:ThU:s
(prod) ME (2:1T)U : s
(a) We have to prove that A+ (z:Too’)Uoo' € [I"F s]aroor¢n = SNars. By
inversion, IV + T': §'. By induction hypothesis, A'FToo’ € [I"F5ar 507 ¢
We now show that Uso’ € SN. We can always assume that @ ¢ dom(A’).
Then, oo’ : T, : T — A" where A" = Az :Too'. Let " = &"|an if
v € X% and & = ' an U{x v Tane,} if @ € X7, Then, £ is compatible
with (ao’, T, 2 : T, A") since, if € X7 then 2" € Rams = Rarrzoor
and, for all X € dom"(I"), X¢" = X¢&" € Ranxoor since & is compatible
with (oo’ T'; A’). Moreover, (oo’ T,z : T, A") is valid w.r.t. & since, by
Lemma 115, A" Faoo’ = A"Fa € [I", 2 : T FT]an 551 ¢m. Therefore, by
induction hypothesis, A” - Uoo’ € [I",2:T+s"]ar 5016 = SNanpyr.
(b) There is two cases :
— T — T'. We prove that [I"F (z: T)U]arsoren C [I"F (2 : T")U]. The
other way around is similar. Let A"t w € [I"F (2 : T)U]ar por ey A F
t € ["ET"1an gorm,,, and 0 = o0’ U{x — t}. By induction hypothesis,
:HJ\ + M@_D:QQQ\M:_D: = :HJ\ + MJ@_D:QQQ\M:_D:. Therefore, A"+t e :HJ\ +
\\N@_D:qqq\qmt_b\: A"t € :ﬂ\a z:TH Q«ﬁb\:b:qm: and A"Fu e :HJ\ [ A& :
H\vgﬁb\qqqsm:.

(acc)

(var)

(weak)

_D:\
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- U — U'. We prove that [I"F (2 : T)U]arporen C [I"F (2 : T)U']. The
other way around is similar. Let A"Fu € [I"F (2 :T)U]ar por e, A1 €
[U'=TTan 5660, and 0" = g0’ U{z = t}. Then, A"Fut € [I",2:TF
N\«ﬁb:\b:qm:_b\: . wv\ induction T%UOﬁﬁmwwwa :HJ\“ x:TH Q«ﬁb\:qqzamt_b\: = :HJ\“ &€
TF Q@_DSE:M:_DS. HTQ&@%OH,P A"+ ut S :Hﬁ x:TF Q«@_DSB:M:_DS and
A'u € :ﬂ\_l A& ”vagb\qqqsm:.

MaeThu:U 1"k (2:T)U :s
Mg [z:Tu: (2:T)U

(a) Let I = "2 : . We have to prove that A’ + [z : Too'luce’ € [I"F (z:

(app)

~—

vaﬁb\qqqcm:. Let A"t € :ﬂ\ [ Hﬁb\qqqcm: and S € Ranm if ¢ € XU,
Let 0" = oo’ U{z — t}, & = &"an if 2 € A" and " = "|ar U {2 —
S}if 2 € AP, We have o : T — A" " compatible with (¢”, ", A")
and (o” 1" A") valid w.r.t. £’. Therefore, by induction hypothesis, A" -
uo” € R = "+ U]ar o em. Then, for proving that v = [z : Too'luoco’ t €
R, it suffices to prove that Too’,uce’ € SA. Indeed, in this case, it is
easy to prove that every immediate reduct of the neutral term v belongs
to R by induction on (T'oo’ , uoo’ t) with —x with well-founded ordering.
By induction hypothesis, we have A’ (z : Too')Uso' € [I" F s]ar oot en
Therefore, Too' € SN. Finally, if we take ¢ = z, which is possible after
Lemma 115, we have seen that, by induction hypothesis, uc” = uso’ € SN.

There is two cases :

~ T = T". Since TarTos = TarrTrioer, [I'F [2: Tlu]ar oot e and IV [ :
T']u] have the same domain and are equal.

—u—u'. Let A"t € TarToor, S € Rangs if ¢ € X9, 0" = 00’ U {z — t},
M = EMNanif & € X% and " = " an U {2 — S} if z € X7. By induction
hypothesis, [I",2 : T F u]anonem = [I',2 : T+ wJanonem. Therefore,
[z :Tlu]ar gorer = [ (2T a7 5ot -

Et:(z:U)V Mku:U
M tu:V{e — u}

a) By induction hypothesis, A'Ftoc’ € [I'F (2:U)V]arp0r v and A'Fuoo’ €
? am

~—

[T Ulargorgn. Let S = [I'F ulargoren if @ € X7, Then, by definition
of [I"F(2:U)V]argeren, A'Ftoc’uco’ € R =[I",2:UFV]aronem where
o’ =oo'U{z s uoo'}, " =¢"ifx € X and " = ¢"U{x — S}ifz € A",
By candidates substitution, R = [I"FV{z — u}]as 507 1.

There is three cases :

—t — t'. By induction hypothesis, [I"Ft]ar gor e = [I"F¥] A o7 en. There-
fore, :ﬂ\ F S&Dﬁﬁiqm: = :ﬂ\ F Qb\qqq\qmzﬁb\ Fuoo’, :ﬂ\ F ﬁ_b\qqqsm:v = :ﬂ\ F
(A Fuoo’, [I'Fu]arporen) = [I'EU]ar 500 60

—u — . By induction hypothesis, [I" F u]arsoren = [I" F W' ]ar o0 en
By (P1), [I"F tJ(A" Fuod!, [I" F u]ar poren) = [T/ F](A = W/oo’, [TV F
Q\ﬁb\aqq\qm:v. HTQ&@%OH,P :ﬂ\_lréb\qqqsm: = :ﬂ\Twﬁ\ﬁDﬁqqsm:.

—t =[xz :UTvand t' = v{e — u}. Let ¢’ = {& — wu}oo’ and " =
"U{r = [I"Fu]ar o e} By candidates substitution, [IVH#]ar o7 en =
[T,z : U F v]argnem. On the other hand, [V F tu]arporen = [I7 F
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QDJQQ\M:AD\ + QQ.Q.\u :HJ\ + Qﬁb\qqq\qm:v = :Hﬁ v: U+ @ﬁbﬁqq\c*&l:qq\fm\: =

ANHJ\a €. Q«\@DJQ:MS.

I'et:T T"kT:s T|T T'kT :s

et 1’

(a) Let U be the common reduct of 7" and 7". By induction hypothesis, A'Ftoo’ €
[+ Taroorer, U FT]areoren = [I'FUlareoren and [I'ETTarporen =
[I"FUlar oorern. Therefore, [I" F T]ar gorer = I T ]ar 5o en and A’ F
too’ € :ﬂ\_lmiﬁb\qqqsm:.

(b) By induction hypothesis. |

(conv)

Lemma 147 (Reductibility of higher-order symbols) Let f € F,, 7 = (7 :
mqua A€eE 0:1I'y - A and £ compatible with (6,I'y, A). If (,I'y, A) is valid
w.r.t. £ then AFf(2)0 € [I'FU]ape.

Proof. By induction on ((f, A, 8,£), 70) with (3, —)1ex as well-founded ordering.

Let t; = x;0 and t = f(f). Like in the Lemma of reductibility of first-order
symbols, it suffices to prove that, for every immediate reduct ¢’ of t, At € [[';F
Q«ﬁbq%qm.

If the reduction takes place one ¢; then we can conclude by induction hypothesis
since reductibility candidates are stable by reduction (R2) and 1 is compatible with
the reduction.

Assume now that there exists a rule (I — r, I'y, Q and a substitution & such that

—

t = lo. Assume also that [ = f(I) and v9 = {& — [}. Then, 8 = y90. By (S5), for
all z; € ﬁ/\DQAQVd ;Y00 | 2iYopo.

We prove that :ﬂx F Q«ﬁbq%qm = :ﬂx F Q«ﬁbbo?ﬁm and :ﬂx F H%thm = :ﬂx F
T:Aqopoe- By (S4), 0 : ' — A. By definition of a well-formed rule, I'g F {p:
U~op. Therefore, by inversion, yop : I'y — I'g and yopo : I'y — A. We now prove
that & is compatible with (yopo, ', A). Then, after Lemma 121 (c), [I'fFU]a 0 =
:ﬂx F Q«ﬁbbo?ﬁm and :ﬂx _IMJL_DQQA = :ﬂx _IMJL_DQ%QA. Let z; € FVH QAQV Since
¢ is compatible with (yo0,1's, A), 2;§ € Rarpmee. Since ;700 | xiy0p0o, after
Lemma 114 (b), 2:§ € R Atz po-

We now define & such that [I'y = Ulaypoe = [To F Uyoplase and [I'y F
Tilanopoe = [ToFTivoplace. Let Y € dom™(Ty). By (b), for all X € ﬁ/\DQAQVd
Xvop € dom(Ty) and, for all X, X’ € FV(TU), Xyop = X'yop implies X = X',
Then, if there exists X (unique) such that Y = X~ygp, we take Y& = X¢. Oth-
erwise, we take Y¢' = Tary,. We check that £ is compatible with (o, g, A).
Let Y € dom™(I'g). If Y = X~nop then Y& = X¢. Since € is compatible with
(Y0po, T, A), XE € Rarxqgpe- Since Xyop =Y, Y € Rary,. Finally, if YV #
Xvop, Y& = Tarye € Raryve. Therefore, £ is compatible with (o,Tg, A). By can-
didates substitution, there exists £ such that [I'oFU~oplacer = [I'f FU]A ~opoe”
and, for all X € dom"(T'y), X¢" = [[oF X70plase. If X € W<DQAQV then, by (b),
Xyop =Y € dom™(T'p) and X¢" = Y¢' = X¢. Since € and € are equal on FVZ(U),
[Us = Ulanoprer = [Us - Ulangpoe. Hence, [T Ulaqopee = [Fo = Uroplacer
The proof that [I'f 1] A ~epoe = [ToFTiv0p]A 0 is similar.
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We now prove that (o,Tg, A) is valid w.r.t. &. By definition of the General
Schema, (I — r,Tg,p) is well-formed : To F f(I)p : Uryop, dom(p) N dom(Ty) = 0
and, for all # € dom(I'g), there exists 7 such that I; : Tiyo (>7)* @ : 2lg. By
inversion, 'y & l;p : Tiyop. Since AFlio € [I'o F Tivoplasers by correctness of
the accessibility relation, Azo € [ToFalgp]aser. Since dom(p) N dom(Tgy) = 0,
2lop = al'g and AbFzo € [IoFalo]a 56

Hence, by correctness of the computable closure, Aro € [I'oF Uvoplace =
[Cs-UTape u

Lemma 148 (Reductibility of typable terms) For all ' ¢ : T, A € E, 6 :
I' = A, £ compatible with (8, ', A), if (6,1, A) is valid w.r.t. £ then AFt0 € [I'+
MJH_”_DQQQM.

Proof. By induction on I' =t : T'. We proceed like in the Lemma of correctness
of the computable closure but in the case (symb) where we use the Lemmas of
reductibility of first-order and higher-order symbols. |

Theorem 149 (Strong normalization) Every typable term is strongly normal-
izable.

Proof. Assume that I' = ¢ : T. Let # be the identity substitution. This is a
well-typed substitution from I' to I'. Let € be the candidate assignment defined by
X¢ = Trrx. It is compatible with (8, T, T') since, for all X € dom™(T'), X¢ € Rpwx.
Finally, (,I',I') is valid w.r.t. £ since, for all 2 € dom(I'), 'F a2 € [I'F 2[rge.
Therefore, after the Lemma of reductibility of typable terms, I't=¢ € [I'T]a ¢
and, since [['FT]a 0 C SN, t is strongly normalizable. |



Chapter 9

Future directions of research

In this section, we enumerate, more or less by order of importance, some of our strong
normalization conditions that we should weaken or some extensions that we should
study in order to get more general conditions. All these problems seem difficult.

e Rewriting modulo. In our work, we have not considered rewriting modulo
some very useful equational theories like associativity and commutativity. It is
important to be able to extend our results to this kind of rewriting. But, while this
does not seem to create important difficulties for rewriting at the object level and
we already have preliminary results in this direction, it is less clear for rewriting
at the type level.

e Quotient types. We have seen that rewriting enables one to formalize quotient
types by allowing rules on “constructors”. However, to prove properties by “in-
duction” on such types requires knowing what the normal forms are [72] and may
also require a particular reduction strategy [40] or conditional rewriting,.

e Confluence. Among our strong normalization conditions, we not only require
rewriting to be confluent but also its combination with S-reduction. This is a
strong condition since we cannot rely on strong normalization for proving conflu-
ence [95, 21]. Except for first-order rewriting systems without dependent types
[28] or left-linear higher-order rewrite systems [92, 117], few results are known
on modularity of confluence for the combination higher-order rewriting and S-
reduction. It would therefore be interesting to study this very general question.

e Local confluence. We believe that, perhaps, local confluence is sufficient for
establishing our result. Indeed, local confluence and strong normalization imply
confluence. However, in this case, it seems necessary to prove many properties
simultaneously like strong normalization and correctness of S-reduction ( “subject
reduction” ), which seems difficult since many definitions rely on this last property.

e Simplicity. For non-primitive predicate symbols, we require that their defining
rules have no critical pairs between them or with the other rules. These strong

121
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conditions allow us to define a valid interpretation in a simple way. It is important
to be able to weaken these conditions in order to capture more decision procedures.

e Logical consistency. In the Calculus of Algebraic Constructions, in contrast
with the pure Calculus of Constructions, it is possible that symbols and rules
enable one to write a normal proof of L = (P :%)P. Strong normalization does
not suffice to ensure logical consistency. We should look for syntactic conditions
like the “strongly consistent” environments of J. Seldin [106]) and, more generally,
we should study the models of the Calculus of Algebraic Constructions.

e Conservativity.! We have seen that, in the Calculus of Constructions, adding
rewriting allows one to type more terms. It is then important to study whether
a proposition provable by using rewrite rules [y — rq, ... can also be proved by
using hypothesis {; = ry, .... This is another way to establish logical consistency
and better understand the impact of rewriting on typing and provability.

e Local definitions. In our work, we have considered only globally defined sym-
bols, that is, symbols typable in the empty environment. However, in practice,
during a formal proof in a system like Coq [112], it may be very useful to intro-
duce symbols and rules using some hypothesis. We should study the problems
arising from local definitions and how our results can be used to solve them. Lo-
cal abbreviations have already been studied by E. Poll and P. Severi [101]. Local
definitions by rewriting is considered by J. Chrzaszcz [29].

e HORPO. For higher-order definitions, we have chosen to extend the General
Schema of J.-P. Jouannaud and M. Okada [75]. But the Higher-Order Recursive
Path Ordering (HORPO) of J.-P. Jouannaud and A. Rubio [76], which is an
extension N. Dershowitz’s RPO to the terms of the simply typed A-calculus, is
naturally more powerful. D. Walukiewicz has recently extended this ordering to
the terms of the Calculus of Constructions with symbols at the object level [118].
The combination of the two works should allow us to extend RPO to the terms
of the Calculus of Constructions with symbols at the type level also.

e 7-Reduction. Among our conditions, we require the confluence of —»=—x
U —3. Hence, our results cannot be directly extended to n-reduction, which
is well known to create important difficulties [58] since —3 U —,, is not confluent
on badly typed terms.

e Non-strictly positive predicates. The ordering used in the General Schema for
comparing the arguments of the function symbols can capture recursive definitions
on basic and strictly positive types but cannot capture recursive definitions on
non-strictly positive types [88]. However, N. P. Mendler [90] has shown that such
definitions are strongly normalizing. It would be interesting to extend our work
to such definitions.

'"We thank Henk Barendregt for having suggested us to study this question deeper.
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