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It follows from known results in the literature that least and greatest fixed-points of monotone polynomials on Heyting algebras—that
is, the algebraic models of the Intuitionistic Propositional Calculus—always exist, even when these algebras are not complete as
lattices. The reason is that these extremal fixed-points are definable by formulas of the IPC. Consequently, the p-calculus based on
intuitionistic logic is trivial, every p-formula being equivalent to a fixed-point free formula. In the first part of this paper we give
an axiomatization of least and greatest fixed-points of formulas, and an algorithm to compute a fixed-point free formula equivalent
to a given p-formula. The axiomatization of the greatest fixed-point is simple. The axiomatization of the least fixed-point is more
complex, in particular every monotone formula converges to its least fixed-point by Kleene’s iteration in a finite number of steps,
but there is no uniform upper bound on the number of iterations. The axiomatization yields a decision procedure for the y-calculus
based on propositional intuitionistic logic. The second part of the paper deals with closure ordinals of monotone polynomials on
Heyting algebras and of intuitionistic monotone formulas; these are the least numbers of iterations needed for a polynomial/formula
to converge to its least fixed-point. Mirroring the elimination procedure, we show how to compute upper bounds for closure ordinals

of arbitrary intuitionistic formulas. For some classes of formulas we provide tighter upper bounds that, in some cases, we prove exact.
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1 INTRODUCTION

The original motivation for developing the research that we present in this paper was the investigation of y-calculi
based on Intuitionistic Logic. A p-calculus [Arnold and Niwinski 2001] is a prototypical kind of computational logic,
obtained from a base logic or a base algebraic system, by adding distinct forms of iteration, least fixed-points and
greatest fixed-points, so to increase expressivity. We ended up studying fixed-points within Intuitionistic Logic mostly
by observing structural similarities between the propositional modal p-calculus and the Intuitionistic Propositional
Calculus (IPC). Bisimulation quantifiers (also known as uniform interpolants) within the propositional modal p-calculus
were studied in [D’Agostino and Hollenberg 2000]; in this work a formula built by using these kind of quantifiers was
employed to prove that PDL (Propositional Dynamic Logic, see [Harel et al. 2000]) lacks the uniform interpolation
property. In [Pitts 1992] the author discovered that IPC also has bisimulation quantifiers; together with the deduction
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property, uniform interpolants give a rather strong structure to the category of (finitely presented) Heyting algebras
(the algebraic models of the IPC); this structure was axiomatized and studied in [Ghilardi and Zawadowski 1997, 2011].
Quantified formulas analogous to the one of [D’Agostino and Hollenberg 2000] make sense in every category with
this structure and they indeed define the extremal fixed-points of monotone formulas. This made us conjecture that
a pi-calculus based on Intuitionistic Logic is trivial, meaning that every y-formula is equivalent to a fixed-point free
formula. The conjecture actually holds because of a deep result in Intuitionistic Logic. It was proved in [Ruitenburg
1984] that, for each formula ¢(x) of the IPC, there exists a number n > 0 such that ¢" (x)—the formula obtained from ¢
by iterating n times substitution of ¢ for the variable x—and ¢™*2(x) are provably equivalent in Intuitionistic Logic. An
immediate corollary of this result is that a syntactically monotone formula ¢(x) converges both to its least fixed-point
and to its greatest fixed-point in at most n steps. We write p.¢(x) = ™ (L) and vx.¢(x) = ¢ (T) to express this fact,
using a modern notation based on p-calculi. These two identities can be used to argue that every formula of a p-calculus
based on Intuitionistic Logic is equivalent to a fixed-point free formula.

Ruitenburg’s work leaves open how to compute or estimate the least number n such that ¢™ (x) = ¢™*2(x)—we shall
call such a number the Ruitenburg’s number of ¢ and denote it by p(¢). As our motivations stem from fixed-point
theory and p-calculi, we remark that being able to compute or bound Ruitenburg’s number p(¢$) might yield an over-
approximation of the least integer k such that py.¢(x) = #* (1L)—we call such a number k closure ordinal of ¢. For
example, when considering the dual analogous problem, and so the greatest fixed-point of ¢, we shall see that the least
number k such that of ¢ is vx.@(x) = ¢k (T) is 1 at most, while p(§) can be arbitrarily large. Least fixed-points over
Intuitionistic Logic have also been considered in [Mardaev 1993]. In op. cit. the author gave an independent proof that
least fixed-points of monotone intuitionistic formulas are definable. His proof relies on semantics methods and on the
coding of Intuitionistic Logic into Grzegorczyk’s Logic; the proof was further refined in [Mardaev 1994] to encompass
the standard coding of Intuitionistic Logic into its modal companion, the logic S4.

The results presented in this paper are also part of a line of research that we are currently exploring, and that lead
us to studying fixed-points within Intuitionistic Logic. We aim at identifying, under a unified perspective, reasons
that make alternation-depth hierarchies of p-calculi degenerate or trivial. A p-calculus is obtained by adding formal
least and greatest fixed-points to an underlying logical-algebraic system, so it generates formula-terms with nested
extremal fixed-points. The alternation-depth hierarchy [Arnold and Niwinski 2001, §2.6] of a p-calculus measures the
complexity of a formula-term, as a function of the nesting of the different types of fixed-points and with respect to a
fixed class of models. It is well known that fixed-points that are unguarded can be eliminated in the propositional modal
p-calculus [Kozen 1983]. This fact can be rephrased by saying that the alternation-depth hierarchy of the y-calculus
over distributive lattices is trivial (every y-term is equivalent to a fixed-point free term). To closely understand and to
refine this result was one of the goals of [Frittella and Santocanale 2014]. In that paper the authors were able to exhibit
equational classes of lattices D, —with Dy the class of distributive lattices—where the extremal fixed-points can be
uniformly computed by iterating a formula-term n + 1 times from the bottom/top of the lattice; moreover, they showed
that these uniform upper bounds are optimal. For those classes of lattices, the degeneracy of the alternation-depth
hierarchy originates in the structure of the lattices in the class. The next and most natural algebraic setting extending

distributive lattices and where to study fixed-points, was given by Heyting algebras and Intuitionistic Logic.

This paper is divided in two parts. In the first part, we firstly show how to eliminate greatest fixed-points. Namely
we argue that, for every intuitionistic formula ¢(x) with the specified variable x positive in ¢(x), vx.¢(x) = ¢(T).
Greatest fixed-points of intuitionistic formulas are reached from the top of the lattice after one iteration, exactly as
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in the case of distributive lattices. At a second stage we present the elimination procedure of least fixed-points; the
procedure yields, for every formula ¢(x) as above, a (fixed-point free) intuitionistic formula  such that py.$(x) = ¢.
The two elimination procedures can be cast into a procedure that yields a fixed-point free formula equivalent to an
arbitrary formula of the IPC,, the p-calculus based on Intuitionistic Logic. Since IPC is decidable, the procedure also
provides a decision procedure for the IPC,,. Even if elimination of greatest fixed-points turns out to be somewhat
trivial, it plays an important role for eliminating least fixed-points. Natural properties of fixed-points lead to identify
two orthogonal syntactic fragments of the IPC: we call the formulas belonging to these fragments weakly negative
and strongly positive, respectively. Least fixed-point elimination is split between two kind of eliminations, one for each
fragment. For weakly negative formulas, elimination of least fixed-points is a consequence of greatest fixed-point
elimination. Least fixed-point elimination for strongly positive formulas relies on these formulas being inflating (i.e.,
semantically they give rise to inflating monotone functions) and other ingredients.

The second part of the paper studies closure ordinals of intuitionistic positive formulas. The closure ordinal of
¢(x)—which, we recall, is the least integers n for which we can write ux.¢(x) = ¢"(L)—yields a representation of
the least fixed-point py.¢(x) alternative to the one presented in the first part. Such representation can be exploited
notationally, as in p-calculi with explicit approximations [Dam and Gurov 2002], computationally, because of its reduced
space requirements, at least if variable sharing is used, and also axiomatically. We firstly present general results for
producing upper bounds of closure ordinals of monotone functions and then we add results that are specific for Heyting
algebras and Intuitionistic Logic. Whenever it is possible, we also argue that those bounds are tight. By combining
these results and, at the same time, by paralleling the least fixed-point elimination procedure, upper bounds of closure
ordinals of formula-terms ¢(x) can be computed. It turns out that these bounds are not tight. We focus therefore on
closure ordinals of strongly positive formula-terms that, in view of tightness of bounds, are the most problematic. We
produce specific (and better) bounds for these formulas; in this case our proof yields bounds on Ruitenburg’s numbers
and so also new insights on his theorem. We finish the second part of the paper by presenting a syntactic fragment
(formulas in the fragment are disjunctions of what we call almost-topologies) and prove a surprising fact: closure ordinals

of formulas in this fragment have 3 as a uniform upper bound.

Comparing the present work to our previous results on degeneracies of alternation-depth hierarchies, reasons for
degeneracies appear now to have a very different nature. Several are the ingredients contributing to the existence
of a finite closure ordinal of every intuitionistic formula, thus to the degeneracy of the alternation-depth hierarchy
of the p-calculus based on Intuitionistic Logic. Probably the most important among them is strongness of monotone
polynomials on Heyting algebras. The naming comes from category theory: a monotone polynomial f : H — H (with
H a Heyting algebra) is strong if it has a strength; in turn, this is equivalent to say that, as a functor, it is enriched
over the closed category H [Kelly 1982; Kock 1972]. Yet strongness is just a possible naming for a general logical
phenomenon, the capability of an equational theory to partly encode quasi-equations. On the proof-theoretic side,
this phenomenon is known as the deduction theorem; on the algebraic side it translates to equationally definable
principal congruences [Blok et al. 1984]. In modal logic the deduction theorem is equivalent to having a master modality
[Kracht 2006, Theorem 64]; as a matter of fact, having a master modality appears to be a common pattern in several
works on alternation-depth hierarchies modal p-calculi [Alberucci and Facchini 2009a; Bertrand and Schnoebelen 2013;
D’Agostino and Lenzi 2010; Mardaev 1994, 2007]. Other ingredients are the following. For some polynomials, existence
and finiteness of the closure ordinal is a consequence of being inflating (or expanding) and, on the syntactic level, to a
restriction to the use of conjunction that determines a notion of disjunctive formula. A key ingredient of the algorithm
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we present is creation of least fixed-points via the Rolling equation (cf. Lemma 1), a fact already used in [D’Agostino
and Lenzi 2010]. For Intuitionistic Logic and Heyting algebras, where formula-terms can be semantically antitone (i.e.
contravariant), existing greatest fixed-points create least fixed-points. Overall the most striking difference with the case
of distributive lattices and generalizations of distributive lattices [Frittella and Santocanale 2014] is the absence of a
finite uniform upper bound on the closure ordinals, the rate of convergence to the least fixed-point crucially depends

on the size and shape of the formula.

The considerations that we shall develop rely on well-known equivalences of fixed-point expressions [Arnold and
Niwiiski 2001; Bloom and Esik 1993]. This distinguishes our approach from previous works [Mardaev 1993; Ruitenburg
1984]. Using these equivalences we can move the focus from existence and definability of fixed-points in Intuitionistic
Logic towards the explicit construction of them. On the way, let us remark that the simple characterization of greatest
fixed-points in Intuitionistic Logic vx.¢(x) = ¢(T), that yet plays an important role in the elimination procedure of least
fixed-points, appears to be orthogonal to Ruitenburg’s work, while greatest fixed-points are not considered in Mardaev’s
work. For the modal p-calculus, a similar algorithmic approach to fixed-point elimination appears in [Lehtinen and
Quickert 2015].

The paper is organized as follows. The goal of the first part, Sections 2 to 6, is to present the fixed-point elimination
procedure for the Intuitionistic Propositional Calculus. We recall in Section 2 some elementary facts from fixed-point
theory. In Section 3 we present the Intuitionistic Propositional Calculus and introduce its fixed-point extension, the
Intuitionistic Propositional p-Calculus. In Section 4 we pinpoint strongness, a property of monotone functions on
Heyting algebras that will be pervasive in all the paper. We prove some elementary facts about strong functions and
their least fixed-points and give a simple axiomatization of their greatest fixed-points. In Section 5 we digress on
bisimulation quantifiers and argue that the existence of extremal fixed-points can be inferred from these quantifiers.
Section 6 presents the elimination procedure.

The second and last part of the paper starts with Section 7 and deals with estimating closure ordinals of formula-terms
of the IPC. We begin by presenting some general results, that apply to arbitrary monotone functions on posets with a
least element. In the second half of Section 7 we present some results specific to Heyting algebras; the results from this
Section are sufficient to estimate an upper bound of the closure ordinal of any formula-term, yet these upper bounds
are not tight. Therefore we estimate in Section 8 closure ordinals of conjunctions of disjunctive formulas (defined in
Section 6) which, in view of tightness of upper bounds, appear to be the most difficult. Our work actually yields upper
bounds of Ruitenburg’s numbers of these formulas and a closed expression for the formula ¢* (4) (when ¢ is such a
disjunction and where p(¢) is the Ruitenburg’s number of ¢). In Section 9 we exemplify how the search for bounds
of closure ordinals leads to some non-trivial discovery: we present an infinite family of formula-terms that—while
being more and more complex—uniformly converge to their least fixed-point in 3 steps. We add concluding remarks in
Section 10.
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2 ELEMENTARY FIXED-POINT THEORY

Let P and Q be posets. A function f : P — Q is monotone if x < y implies f(x) < f(y),foreachx,y e P.If f : P — P
is a monotone endofunction, then x € P is a prefixed-point of f if f(x) < x; we denote by Pre the set of prefixed points
of f. Whenever Pres has a least element, we denote it by p. f. Therefore, p. f denotes the least prefixed-point of f,
whenever it exists. If y1. f exists, then it is a fixed-point of f, necessarily the least one. The notions of least prefixed-point
and of least fixed-point coincide on complete lattices or when the least fixed-point is computed by iterating from the
bottom of a lattice; for our purposes they are interchangeable, so we shall abuse of language and refer to . f as the

least fixed-point of f. Dually (and abusing again of language), the greatest fixed-point of f shall be denoted by v.f.

Let us mention some well known identities from fixed-point theory, see for example [Bloom and Esik 1993] or
[Arnold and Niwinski 2001]. Notice however that the statements that we present below also assert and emphasize the
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6 Ghilardi, Gouveia, and Santocanale

existence of some least fixed-point—we do not assume completeness of the posets. Full proofs of these statements can
be found in [Santocanale 2002].

LEMMA 1. Let P, Q be posets, f : P — Q and g : Q — P be monotone functions. If i.(g o f) exists, then p.(f o g)
exists as well and is equal to f(p.(g o f)).

As we do not work in complete lattices (so we are not ensured that least fixed-points exist) we express the above

statement via the equality

p(fog):=flulgef)), (Ro1l)

where the colon emphasizes existence: if the least fixed-point in the expression on the right exists, then this expression
is the least fixed-point of f o g. Analogous notations will be used later. We endow the product of two posets P and Q
with the coordinatewise ordering. Therefore a function f : P X Q — R is monotone if, as a function of two variables,
it is monotone in each variable. To deal with least fixed-points of functions of many variables, we use the standard
notation: for example, if f : PX P — P is the monotone function f(x, y), then, for a fixed p € P, ux.f (x, p) denotes the
least fixed-point of f(x, p). Let us recall that the correspondence p — iy . f(x, p)—noted px.f(x, y)—is again monotone.

LEmMMA 2. IfP is a poset and f : P X P — P is a monotone mapping, then
px-f (6, %) = pcpry - f (%, 1) - (Diag)

Again, the expression above shall be read by saying that if py. f (x, y) exists, for each x € P, and if px.puy.f (x, y)
exists, then py. f(x, x) exists as well and is given by the expression on the right.

Recall that a function f from A to a product B X C is uniquely determined by two functions g : A — B and
h : A — C via composing with projections; we therefore write f = (g, h) and use a similar notation for products with

more factors.

LEmMMA 3. If P and Q are posets and (f,g) : P x Q — P X Q is a monotone function (so f : P X Q — P and
g:PxQ — Q) then pf,g) := {1, p2), where

p1 = px f(xpyg(x,y))  and  pp = py.g(p,y) - (Bekic)

3 THE INTUITIONISTIC PROPOSITIONAL p-CALCULUS

Formulas of the Intuitionistic Propositional Calculus (IPC) are generated according to the following grammar:

p = x| TIgAGILI$VPI¢— 9, 1)

where x ranges over a countable set X of propositional variables. The set of these formulas shall be denoted Fypc. The
consequence relation of the IPC, relating a set of formulas to a formula, is described by means of the intuitionistic
sequent calculus, Gentzen’s system LJ [Gentzen 1935], see also [Negri and von Plato 2001]. Therefore we shall write
r }ﬁ ¢ if the sequent T' + § is derivable in the system L]J.

It is well known that the IPC is sound and complete w.r.t. the class of its algebraic models, the Heyting algebras that
we introduce next.
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Definition 1. A Heyting algebra H is a bounded lattice (so H has a least element L and a greatest element T) equipped

with a binary operation — such that the following equations hold in H:
xA(x—>y)=xAvy, xA(y—x)=x,

x—>x=T, x> YAz =(x->yAlx—2). @)

We can define on any Heyting algebra a partial order by saying that x < y holds when x V y = y. We identify
formulas of the IPC with terms of the theory of Heyting algebras, constructed therefore from variables and using the
signature (T, A, L, V, —); we shall therefore refer to objects generate by the grammar (1) as formula-terms.' Let ¢ be
such a formula-term, let H be a Heyting algebra and let v : X — H be a valuation of the propositional variables in H;
we write [@], for the result of evaluating the formula in H, starting from the variables (the definition of [-],, is given as
usual by induction). The soundness and completeness theorem of the IPC over Heyting algebras, see e.g. [Bezhanishvili
and de Jongh 2006], can then be stated as follows:

THEOREM. If T is a finite set of formula-terms and ¢ is a formula-term, then T }T] ¢ holds if and only if Ay erlylo <
[¢]w holds, in every Heyting algebra H and for every valuation of the propositional variablesv : X — H.

Given this theorem, we shall often abuse of notation and write < in place of }T, and the symbol = (or even the
equality symbol =) to denote provable equivalence of formulas. That is to say, we identify formula-terms with elements
of the Lindenbaum-Tarski algebra of the IPC. Recall that this algebra is also the free Heyting algebra over the set X
of propositional variables; therefore we shall denote it by Fij[X]. More generally, for a set of generators Y, the free
Heyting algebra on this set shall be denoted by Fy[Y].

We aim at studying extremal fixed-points on Heyting algebras and so we formalize next the Intuitionistic Propositional
p-Calculus (IPC,).

An occurrence of a variable x is positive in a formula-term ¢ if, in the syntax tree of ¢, the path from the root to the
leaf labeled by this variable occurrence contains an even number of nodes such that: (i) they are labeled by a subformula
Y1 — Y and (ii) their immediate successor on the path is the left son labeled by the subformula /. If on this path the
number of those nodes is odd, then we say that this occurrence of x is negative in ¢. For example, in the formula-term
((x = y) = (x V z)) — w the first occurrence of x is positive but the second occurrence is negative. A variable x is
positive in a formula ¢ if each occurrence of x is positive in ¢. A variable x is negative in a formula ¢ if each occurrence

of x is negative in ¢. We enrich the grammar (1) with the following two productions:

¢ = px.P, ¢ = vx.g,

subject to the restriction that x is positive in ¢; we obtain in this way a grammar for formulas of the IPC,. The set of
formulas generated by this grammar shall be denoted by #ipc,,. Notice that the symbols ys and v syntactically behaves

as binders (similar to quantifiers), so the notions of free and bound variable in a formula-term is defined as usual.

We present next the semantics of the IPC, over Heyting algebras. An equivalent formulation of the IPC,, via a
sequent calculus, appears in [Clairambault 2013, §2].

For a formula ¢ of the IPC,;, let X; denote the set of variables having a free occurrence in ¢. Let H be a Heyting
algebra (that we do not suppose complete); we define next a partial evaluation function sending ¢ € IPC, and
v:Xy — Hto [¢]o- We only cover the cases of formulas pix.¢ and vx.¢, since the other cases are the usual ones.

In view of the verbosity of the naming formula-terms we shall often use formula or term as a synonym of formula-term.
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8 Ghilardi, Gouveia, and Santocanale

Thus let ¢ be a formula of the IPC;, let x be positive in ¢, and suppose that [¢],, is defined, for each u : Xy — H?If
v: Xy \{x} — His a valuation of all the free variables of ¢ but x, then (v, h/x) : X4 — H is the valuation such

that (v, h/x)(x) = h and (v, h/x)(y) = v(y) for y # x. Since x is positive in ¢, then the function

[¢lo:H—H, h [¢]onx)

is monotone; therefore, if the extremal fixed-points of this function exist,3 then we define

[1x-$lo =der 1-[9]0 [vx-¢lo =der v-[$]o -

Clearly, when H is a complete Heyting algebra, then extremal fixed-points of monotone functions exists, so the
correspondence (¢, v) — [¢]o is total. We argue next that this correspondence is always total.

We say that two formulas ¢ and ¢ of the IPC,, are equivalent over Heyting algebras if, for each Heyting algebra H
and each v : X4 UXy, — H, [¢]o is defined if and only if [], is defined, and [¢] = [¢]o whenever they are both
defined. We write ¢ e, ¥ when two formulas ¢ and i of the IPC, are equivalent over Heyting algebras.

Let us say that a formula ¢ of IPC, is fixed-point free if it does not contain either of the symbols y, v (that is, if it is a
formula of the IPC).

ProPOSITION 4. Every formula ¢ of the IPCy, is equivalent over Heyting algebras to a fixed-point free formula y. In
particular [§]l, is defined, for each formula-term ¢ of the IPC,, each Heyting algebra H, and eachv : Xy — H,

Proor. Clearly, the first statement of the Proposition holds if we can show that it holds whenever ¢ = .y or
¢ = vx.¥, where ¥ is a fixed-point free formula. For a natural number n > 0, let /" (x) denote the formula obtained by
substituting x for ¢ n times. Ruitenburg [Ruitenburg 1984] proves that, for each intuitionistic propositional formula
1, there exists a number n > 0 such that the formulas /" (x) e "2 (x). If x is positive in i, then instantiating x
with 1, leads to the equivalence /" 1(1) e Y™ (L). Yet this relation enforces 1" (L) to be the least fixed-point of
¥, namely [px.¥]o = [ (L)]o for each H and v : X, — H. That is, we have px.§/ e, Y™ (L); similarly, we get
VY e, Y(T). O

According to the Proposition (and to Ruitenburg’s result [Ruitenburg 1984]) the expansion of the IPC with extremal
fixed-points does not increase its expressive power. This does not exclude the use of IPC,, as a convenient formalism,
but raises the problem of (efficiently) computing, for each ¢ € ﬁpcp, a formula ¢ € Fypc such that ¢ e, Y.

For a formula pix.¢ with ¢ fixed-point free, this can be achieved by computing the Ruitenburg’s numbers p(¢). An
attentive reading of Ruitenburg’s paper shows that p(¢) < 2n + 2 where n is the size of the formula. Yet, p(¢) might not
be an optimal as an upper bound to n such that pyy.¢ Sec, ¢ (L) or vx.¢ e, ¢ (T).

4 STRONG MONOTONE FUNCTIONS AND FIXED-POINTS

If H is a Heyting algebra and f : H — H is any function, then f is said to be compatible if

xAfy)=xAf(xAy), foranyx,yeH. (3)

*1f, for some u : Xy —> H, [$]y is not defined, then [pix.¢] o, [Vx -] are not defined.
31f any of the extremal fixed-points does not exist, then we leave the corresponding expressions undefined.
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Remark 5. We are mainly interested in monotone functions. If f as above is also monotone, then f is compatible if and

only if it is strong, meaning that it satisfies

xAf(y) < f(xAy), for any x,y € H. (4)

The interplay between fixed-points and strong monotone functions has already been emphasized, mainly in the context
of categorical proof-theory and semantics of functional programming languages with inductive data types [Clairambault
2013; Cockett and Spencer 1995]. It is well known from categorical literature [Kock 1972] that condition (4) is equivalent

to any of the following two conditions:

flx-y) <x- f(y). for any x,y € H, (5)
x—>y< flx) > fy), for any x,y € H. (6)

Recall that if v : Xp\{x}— Hisa valuation of all the free variables of ¢ but x, then (v, h/x) : Xy — His the
valuation such that (v, h/x)(x) = h and (v, h/x)(y) = v(y) for y # x.

Definition 2. Let H be a Heyting algebra. We say that a function f : H — H is a polynomial if there exist a formula
¢ € Fipc, a variable x, and a valuation v : Xy \ {x } — H such that, for each h € H, we have f(h) = [$] (0, n/x)-

Equivalently, a polynomial on H can be identified with an element of the polynomial Heyting algebra H[x], where
the last is defined as the coproduct (in the category of Heyting algebras) of H with the free Heyting algebra on one
generator. In Section 5 we shall study further such polynomial algebras and exploit their properties.

In the next proposition, the analogous statement for Boolean algebras is credited to Peirce, in view of the iteration

rule for existential graphs of type Alpha [Dau 2006].
PROPOSITION 6. Every polynomial f on a Heyting algebra is compatible. In particular, if f is monotone, then it is strong.

ProoF. Recall that the replacement Lemma holds in the IPC: z & w }ﬁ ¢(z) & ¢(w). Substituting y for zand x A y
for w, and considering that x gye (x A y), we derive that x }ﬁ ¢(y) & ¢(x Ay). The latter relation is equivalent to
the conjunction of x A ¢(y) }ﬁ xAp(x Ay)and x A p(x Ay) }ﬁ x A ¢(y). These two relations immediately imply that
equation (3) holds when f is a polynomial. O

On the way let us include the following Lemma.
LEMMA 7. If f : H — H is a strong monotone function and a € H, then
a—=fla=x)=a- f(x). ™)
Proor. Using (5), we deduce
a=fla-x)<a—(a—= fx)=a— fx).
The converse relation follows from x < a — x and a — f(x) being monotone in x. O
PRroPOSITION 8. If f is a strong monotone function on H and a € H, then

p.a— f):=a-p.f, planf)y=anpf. (8)
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10 Ghilardi, Gouveia, and Santocanale

Proor. Firstly, we argue that the equation on the left holds. To this end, let us set f%(x) =gef @ — f(x). From
f < f® wehave Prega C Prep. Thus, if p € Prega, then p.f = f(u.f) < f(p) anda — p.f <a— f(p) = f4(p) <p.
That is, a — p.f is below any element of Prega. To obtain the proposition, we need to argue that a — p. f belongs to
Prega. This follows from equation (7): f%(a — p.f) =a—> f(a > p.f) =a— f(p.f)=a— p.f.

Let us come now to the equation on the right, for which we set f;(x) =qef a A f(x). Suppose a A f(p) < p, so
f() < a > p.Then f(a —» p) < a — f(p) < a — p, using (5), whence u.f < a — panda A p.f < p. Thus
we are left to argue that a A p.f is a prefixed-point of f,. Yet, this is true for an arbitrary prefixed-point p of f:
aAf(anp) <an f(p) <anp. O

COROLLARY 9. For each n > 1 and each collection f;, i = 1,...,n of monotone polynomials, we have the following

distribution law:
pe [\ i) = N\ e fito). )
i=1,...,n i=1,...,n
Proor. For n = 1 there is nothing to prove. We suppose therefore that the statement holds for every collection of

size n > 1, and prove it holds for a collection of size n + 1. We have

ux.<fn+1<x>A;l/\ fix)) :=ux.uy.<fn+1<y)AvilA fix)), by (Diag),
:=ux.(<uy.fn+1<y>>Af_.l'A fix)), by (8),

= (g fn @) A e 1A fix)). again by (8),

= (lly-fn+1(y))/\_71/\ “;;.fi(xx by the . O

The elimination of greatest fixed-points is easy for strong monotone functions. We are thankful to a referee of

[Ghilardi et al. 2016] for pointing out the following fact, which greatly simplified our original argument:

PROPOSITION 10. If f : L —> L is any strong monotone function on a bounded lattice L, then f2(T) = f(T). Thus
f(T) is the greatest fixed-point of f.

Proo¥. Indeed, we have f(T) = f(T) A f(T) < fF(f(T)AT) = F4(T). O

5 BISIMULATION QUANTIFIERS AND FIXED-POINTS

The connection between extremal fixed-points and bisimulation quantifiers, firstly emphasized in [D’Agostino and
Hollenberg 2000], was a main motivation to develop this research. Although in the end the elimination procedure does
not rely on it, we nevertheless want to have a closer look at this connection. It was discovered in [Pitts 1992] that IPC
has the uniform interpolation property. As it is clear from the title of that work, this property amounts to an internal
existential and universal quantification. This result was further refined in [Ghilardi and Zawadowski 1997] to show that
any morphism between finitely presented Heyting algebras has a left and a right adjoint.

We shall be interested in Heyting algebras H[x] of polynomials with coefficients in H, and in particular mappings
from H[x] to H, namely the left and right adjoints to the inclusion of H into H[x]. The algebra of polynomials H[x]
is formally defined as the coproduct (in the category of Heyting algebras) of H with the free Heyting algebra on

one generator. The universal property of the coproduct yields that for every hg € H there exists a unique morphism
Manuscript submitted to ACM
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[-1no/x : Hlx] — H such that [x]p,/x = ho and [h]p, /5 = h. for each h € H. Thus, for f € H[x] and h € H, we can
define the result of evaluating f at h by f(h) =ger [f]n/x. If H is finitely generated, then the correspondence sending
hto f(h) = [f]n/x is a polynomial on H, as defined in Definition 2; moreover, every polynomial in H arises from some
f € H[x] in this way.

An algebra is said to be finitely presented if it is the quotient of a finitely generated free algebra by a finite number
of equations, see [Ghilardi and Zawadowski 1997]. In op. cit., it was proved that if H is finitely presented, then the
canonical inclusion iy : H — H[x] has both adjoints Jy, ¥y : H[x] — H, with Jy is left adjoint to iy and Vy is right

adjoint to ix. This means that, for each f € H[x] and h € H, the following equivalences hold:
Ae.f <h M f<ix(h), h<Vx.f Hf ix(h)<f. (10)
From these relations the unit relation for 3y and the counit relation for ¥y are easily derived:

f<ix(3x.f), ix(Vx.f) < f, forall f € H[x]. (11)

We shall use in the rest of this section a standard informal notation: we write f(x) for f € H[x] and identify h € H
with the constant polynomial ix(h) € H[x]. Using these conventions, the inequalities in (11) are written respectively
as f(x) < Jx.f(x) and V. f(x) < f(x). We say that f € H[x] is monotone if the evaluation function it gives rise is
monotone, that is, if [f],/x < [f]n,/x Whenever hy < hy.

ProposITION 11. If f is a monotone polynomial on a finitely presented Heyting algebra, then

v.f = Ae(x A (x > f(x))). (12)

ProoF. By the unit relation in (11) x A (x = f(x)) < Jx.(x A (x = f(x))). Recall that evaluation at p € His a
Heyting algebra morphism, thus it is monotone. Therefore, if p € H is a postfixed-point of f, then by evaluating the

previous inequality at p, we have

p=pAlp—=fp) <Ix(xAlx = f(¥),

so that Jy.(x A (x = f(x))) is greater than any postfixed-point of f. Let us show that dx.(x A (x — f(x))) is also a
postfixed-point. In view of (10) it will be enough to argue that x A x — f(x) < f(3x.(x A x = f(x))) in H[x]. We

compute as follows:
xA(x = f(x) < f(x) A (x = f(x)
< flx A (x - f(x)), since f is strong, by (4),
< fAx.(x A (x = f(x)))), since f is monotone. O

In a similar fashion, we can construct least fixed-points of monotone polynomials using this time universal bisimula-

tion quantifiers.
ProrosITION 12. If f is a monotone polynomial on a finitely presented Heyting algebra, then

pf =V¥e((f(x) = x) = x).

ProoF. By the counit relation in (11) Vy.((f(x) = x) = x) < (f(x) = x) — x. Evaluating this relation atp € H
such that f(p) < p, we obtain

Vi ((f(x) = x) = x) < (f(p) = p) >p=T > p=p,
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12 Ghilardi, Gouveia, and Santocanale

s0 ¥x.((f(x) = x) — x) is smaller than any prefixed-point of f. We show next that Vx.((f(x) —» x) — x) is also a
prefixed-point of f for which it will be enough to argue that f(Vx.((f(x) = x) = x)) < (f(x) = x) = x in H[x] or,
equivalently, that (f(x) = x) A f(Vx.((f(x) = x) = x)) < x. We compute as follows:

(fx) = ) A f(Vx((f(x) = %) = %)) = (f(x) = x0) A S(F) = %) AVx((f(x) = x) = %)),

where we use that f is strong,
S(fx) = x) A fx) <x

where in the last inequality we have used that f is monotone and the inequality (f(x) = x) AVx.((f(x) = x) = x) < x,

equivalent to the counit relation for (f(x) — x) — x. O

The next result is an immediate consequence of Propositions 6 and 10. However the previous proposition yields now

an alternative proof:

CoROLLARY 13. If f is a monotone polynomial on a finitely presented Heyting algebra H, then

v.f = f(T). (13)
ProoF. Itis easy to see that if f is a monotone polynomial on a finitely presented Heyting algebra, then 3,.f = f(T).

Thus we have

vf =3 (x A x = f(x)) = Fx.(x A f(x) =T Af(T) = f(T). o

Let us come back to a more syntactic perspective. If ¢(x) is a formula-term positive in x whose variables distinct
from x are among y1, . . ., Yy, then the equality ¢?(T) = ¢(T) holds in the free Heyting algebra on the set {y1,...,yn }
(which is finitely presented). Since such a free Heyting algebra is a subalgebra of the Lindenbaum-Tarski algebra, this
means that ¢(T) }ﬁ @(H(T)) and ¢(4(T)) }ﬁ ¢(T). A similar argument, using free Heyting algebras, can be used to
generalize Corollary 13 to all Heyting algebras, thus leaving out the requirement that the algebra H is finitely presented.

6 THE ELIMINATION PROCEDURE

We present in this Section our first main result, a procedure that both axiomatizes and eliminates least fixed-points of
the form fi,.¢p with ¢ fixed-point free. Together with the axiomatization of greatest fixed-points given in Proposition 10
and Corollary 13, the procedure can be extended to a procedure to construct a fixed-point free formula ¢ equivalent
to a given formula y of the IPC,. To ease the reading of the content of this Section and of the remaining ones, we

introduce the following notation:

(@] =ger & = ¢
When using the notation above, we shall always assume that the special variable x does not occur in the formula a.

Definition 3. An occurrence of the variable x is strongly positive in a formula-term ¢ if there is no subformula ¥
of ¢ of the form o — 1 such that x is located in ¢y. A formula-term ¢ is strongly positive in the variable x if every
occurrence of x is strongly positive in ¢. An occurrence of a variable x is weakly negative in a formula-term ¢ if it is not

strongly positive. A formula-term ¢ is weakly negative in the variable x if every occurrence of x is weakly negative in ¢.

We shall also say that a variable x is strongly positive (resp. weakly negative) in a formula ¢ when ¢ is strongly
positive (resp. weakly negative) in the variable x. Observe that a variable might be neither strongly positive nor weakly

negative in a formula-term.
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6.1 Summary of the procedure
In order to compute the least fixed-point yix.¢, we take the following steps:

(1) We rename all the weakly negative occurrences of x in ¢ to a fresh variable y, so ¢(x) = ¢ (x, x/y) with ¢ strongly
positive in x and weakly negative in y.

(2) Computation of a normal form. We compute a normal form of ¢ (x, y), that is, a formula equivalent to ¥/(x, y)
which is a conjunction A ;e ¥i(x,y) with each ¢; disjunctive in x (see Definition 4 below) or not containing the
variable x.

(3) Strongly positive elimination. For each i € I: if x has an occurrence in ;, we compute then a formula ¢/ equivalent
to the least fixed-point yix.; (x,y) and observe that /] is weakly negative in y; otherwise, we let i/ = ;.

(4) Weakly negative elimination. The formula A ;¢ ¥/ (y) is weakly negative in y; we compute a formula y equivalent

to piy. A; ¥/ (y) and return it.

The correctness of the procedure relies on the following chain of equivalences:

Px-@(x) = pypix Y (x,Y) where we use (Diag),
= fy.fix. /\ Vi(x,y) = py. /\ Uy Vi(x,y) , using Corollary 9,
iel iel
=y \V/ W) =x.
iel

6.2 Computation of a normal form

If a formula-term ¢ does not contain the variable x, then x is both strongly positive and weakly negative in this formula.
Yet, in this case, we have px.¢p = ¢, thus it is a trivial case for the sake of computing its least fixed-point. For this reason

we present below a grammar recognising strongly positive formula-terms containing the variable x. The grammar is

¢ = x|[alp|pVloVelondlyne (14)

where conjunctions and disjunctions are taken up to commutativity and where «, f8, y do not contain the variable x.
Another key concept for the elimination procedure is the notion of disjunctive formula, obtained by eliminating the last

two productions from the above grammar.
Definition 4. The set of formula-terms that are disjunctive in the variable x is generated by the grammar

¢ = xllald|pvelove, (15)

where a and f are formulas with no occurrence of the variable x. A formula-term ¢ is in normal form (w.r.t. x) if it is a

conjunction of formula-terms ¢;, i € I, so that each ¢; either does not contain the variable x, or it is disjunctive in x.

Due to equation (2) and since the usual distributive laws hold in Heyting algebras, every strongly positive formula-

term is equivalent to a formula-term in normal form, as witnessed by the following Lemma.

LEMMA 14. Every formula-term that is strongly positive in x and contains the variable x is equivalent to a conjunction

of disjunctive formulas and of a formula that does not contain x.

ProoF. By induction, we associate to each such formula a set tr(¢) of disjunctive formulas and formula c(¢) so that

§ = @A NS5 etr(g)). 16)
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We let
tr(x) =ger {x}, c(x) =gef T
tr(la] ¢) =qer {[2] 6 | 5 € tr(¢)}, c([a] ) =der [a] c(¢);
tr(BV @) =der {fV 15 €tr(g)}, c(BV ) =der fVc(9);
tr(g1 V ¢2) =der {c(p1) V 82 | 62 € tr(d2) } (g1 V ¢2) =der c($1) V c(2);
{c(g2) v 61161 €tri¢n)}
U b1V 82|61 €tr(fr),b2 €tr(da)},
tr(g1 A ¢2) =der tr(d1) U tr(4z), (g1 A ¢2) =der c($1) A c(d2):
tr(y A @) =ger tr(¢). c(y N9) =def ¥ Ac(9).
Verification that (16) holds s routine. O

6.3 Strongly positive elimination

We tackle here the problem of computing the least fixed-point yix.¢ of a formula-term ¢ which is disjunctive in x. Recall
that the formulas a and f appearing in a parse tree as leaves—according to the grammar (15)—do not contain the

variable x. We call such a formula & a head subformula of ¢, and such a f a side subformula of ¢, and thus we put:
Head(¢) =ger { @ | @ is a head subformula of ¢ }, Side(¢p) =gef { B | B is a side subformula of ¢ } .
Recall that a monotone function f : P — P is inflating if x < f(x), for all x € P.
LemMmA 15. The interpretation of a strongly positive disjunctive formula ¢ as a function of x is inflating.
The proof of this lemma is by induction, using the grammar (15) that defines disjunctive formulas.

The key observation needed to prove Proposition 17 below is the following Lemma on monotone inflating functions.
In the statement of the lemma we assume that P is a join-semilattice, and that f V g is the pointwise join of the two

functions f and g.

LEmMMA 16. If f,g : P —> P are monotone inflating functions, then f V g and f o g are monotone inflating and

Prefyg = Pregog. Consequently, for any monotone function h : P — P, we have

w(fVgvh) = pu((fog) Vh). (17)
Proor. It is easy to see that f v g and f o g are monotone inflating, so we only verify that Pres, ; = Preg,,. Observe

firstly that Prepy, = Preg N Preg. If p € Preg,y, then f(p) < f(g9(p)) < p and g(p) < f(9(p)) < p, showing that
p € Pregyy. Conversely, if p € Pregy 4, then p is a fixed point of both f and g, since these functions are inflating. It

follows that f(g(p)) = f(p) = p, showing p € Prepo .
We have argued that Pres 4 coincides with Pres; this implies that Pre(rog)vn = Prefygyp and, from this equality,

equation (17) immediately follows. O
ProposITION 17. If ¢ is a disjunctive formula-term, then

fix- = [ A

al ( B). (18)
aeHead(¢) peSide(¢)
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Proor. For ¢, y formula-terms, let us write y ~ y when pix. = px.y. We say that a disjunctive formula ¢ is
reduced (w.r.t. ¢) if either it is x, or it is of the form f V x (or x V f) for some f € Side(¢), or of the form [«] x for some
a € Head(¢). A set @ of disjunctive formulas is reduced if every formula in @ is reduced.

We shall compute a reduced set of disjunctive formulas ®; such that ¢ ~ \/ ®. Thus let &y = { ¢ }. If ®; is not
reduced, then there is ¢g € ®; which is not reduced, thus of the form (a) § V ¥ (or ¢ V f) with ¢ # x, or (b) [a] ¥ with
Y # x, or (c) Y1 V ¢2. According to the case (£), with € € {a, b, c }, we let D41 be (D; \ { o }) U ¥, where ¥ is as follows:

‘I—’az{ﬂVx’[p}, \sz{[a]x7¢}’ ‘{'c={¢1,1//2}-

By Lemma 16, we have \/ ®; ~ \/ ®;,1. Moreover, for some k > 0, ®;. is reduced and &y C { [a] x | @ € Head(¢) } U
{pVx|peSide(d)} U {x}. Consequently

pep@) = e\ U Speev\/ [dxv \/ o pyvx). (19)

acHead(¢) peSide(¢)
On the other hand, if @ € Head(¢), then ¢(x) = 1 (x, [a] 2(x)) for some disjunctive formulas ¢/; and 2, so
[a]x < [a] Y2 (x) < Ya(x, [a] Y2(x)) = ¢(x)
and, similarly, f V x < ¢(x), whenever f§ € Side(¢). It follows that

xV \/ [a]x Vv \/ BV x<gx),
aeHead(q) B eSide(¢)

whence, by taking the least fixed-point in both sides of the above inequality, we derive equality in (19). Finally, in order

to obtain (18), we compute as follows:

Hx- (X V'V g eHead(¢) [@] x V' V geside(g) BV X)

= ux.([e1] ... [an]x V (x V \/ BV x)) by Lemma 16, with Head(¢)) = { a1,...,an },
Beside()
- “"'(l A alxvay \/ v, since [a] .- [an] x = [Aica,__nai] x:
aeHead(¢) pesSide(¢)
= px.(l /\ al (xv \/ BV x)), by Lemma 16,
aeHead(¢) peside(¢)
= [ a] Ux.(x V \/ BV x), by Proposition 8,
aeHead(¢) pesSide(¢)

[ a] ( p). .
aeHead(¢) pBeSide(p)

Example 18. Formula (18) yields
px-([ar] (B V x) V [a2] (B2 V %)) = [a1 A a2] (B1 V B2) -

Remark 19. Let ¢ be a disjunctive formula and consider an occurrence in ¢ of a variable y distinct from x. Necessarily,
such an occurrence is located in some head subformula or in some side subformula of ¢. Therefore we can map such an
occurrence to an occurrence of the same variable within the formula on the right of the equality (18); notice that a
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weakly negative occurrence is mapped to a weakly negative occurrence. Since every occurrence of a variable y in the
formula on the right of (18) has a preimage through the mapping, we conclude the following observation, which is
necessary for the global elimination procedure to work: if a variable y is weakly negative in the disjunctive formula ¢,
then it is still weakly negative in the formula jix.¢ as defined by equation (18). Similarly, if ¢ is strongly positive in x and

weakly negative in y, then y is weakly negative in each conjunct appearing on the right of equation (16).

6.4 Weakly negative elimination

Recall that we are considering formulas ¢ in which every occurrence of the variable x is positive. Therefore, if ¢ is

weakly negative in x, then we can write

P(x) = ho(¥1(x), . ... ¥n(x)), (20)
for formula-terms o (y1, . .., yn) and ¥;(x), i = 1,...,n, such that: (a) all the variables y; are negative in y; (b) for
i=1,...,n, x is negative ¥;.

PROPOSITION 20. Let ¢ be a formula which is weakly negative in x. Let (v1, ..., vn) be a collection of formula-terms

denoting the greatest solution of the system of equations { y; = ¢; (Yo(y1,...,yn)) | i=1,....n}. Then Yo(v1,...,vn) is

a formula equivalent to jix.¢(x).

Proor. Letv : X \ {x,y1,...,yn } — H be a partial valuation into a Heyting algebra H, put fy = [o]o and, for
i=1,...,n, fi = [¢i]o- Then fy is a monotone function from [H°P]™ to H. Here H°? is the poset with the same elements
as H but with the opposite ordering relation. Similarly, for 1 < i < n, f; : H — HP.Ifwelet f = (f; | i=1,...,n)o f,
then f : [HP]" — [HP]". We exploit next the fact that (-)°? is a functor, so that f°P : P’ — Q°P is the same

monotone function as f, but considered as having distinct domain and codomain. Then, using (Rol1l), we can write

p(foolfili=1,....m) = folp.(fili=1...,m0 fo)) = fo(pf) = fo(v.fP), (21)

since the least fixed-point of f in P° is the greatest fixed-point of f°P in P. That is, if we consider the function
(fi |i=1,...,n)0 fp as sending a tuple of elements of H (as opposite to H°) to another such a tuple, then equation (21)
proves that a formula denoting the least fixed-point of ¢ is constructible out of formulas for the greatest solution of the

system mentioned in the statement of the proposition. O

As far as computing the greatest solution of the system mentioned in the proposition, this can be achieved by using
the Bekic elimination principle (see Lemma 3). This principle implies that solutions of systems can be constructed from
solutions of linear systems, i.e. from usual parametrized fixed-points. In our case, as witnessed by equation (13), these

parametrized greatest fixed-points are computed by substituting T for the fixed-point variable.
Example 21. Consider the weakly negative ¢ defined by
P(x) =der (x = ¢) = a) V ((x = d) = b). (22)
We can take then
Yo(y1,Y2) =def Y1 = aVyz = b, Y1(x) =ger x = ¢, Y2(x) =x —d.
The system of equations whose greatest solution we need to compute is

y1=9%1($o(y1.92)) = (y1 > aVyz > b) > ¢, y2=¢20(y1,y2)) = (y1 > aVyz > b) > d.
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The Bekic elimination principle is used to find this solution:

vy Y2 (Do (y1,y2)) = vy, (11 2 @) V (Y2 = b)) 2 d = ((y1 > ) V(T = b)) »d=((y1 > a) VD) - d,
vi = vy Y1 (oY1, vy, V2 (V0 (Y1, 2)))) = Y1 (o (T, vy, Y2 (Yo (T, y2))))
=(T—=av({((T=a)Vb)>d)>b)—>c=(aV((aVb)—>d) —=b) —c,
vp=((v1 > a)Vvb)—>d.

Then, by (Roll), we have ux.¢(x) = v1 - aV vy — b.

In the next Section, Proposition 29 shall provide an alternative of the least fixed-point of a weakly negative formula

¢ by means of approximants.

7 UPPER BOUNDS FOR CLOSURE ORDINALS

The closure ordinal of ¢(x) € Frpc is the least integer n for which we can write p.¢p(x) = ™ (L). In view of the proof
of Proposition 4, the closure ordinal always exists, for each intuitionistic formula ¢(x) positive on x. Closure ordinals
yield a representation of least fixed-points of formulas alternative to the one presented in the previous Section. Such
representation can be exploited notationally, as in p-calculi with explicit approximations [Dam and Gurov 2002]. Also it
can be exploited computationally because of the reduced space requirements, at least when variable sharing is used.

Finally, it can be exploited to provide axiomatizations. In this Section we begin the study of (finite) closure ordinals.

7.1 General results

In this Section all the posets we consider shall have a least element, denoted by L as usual. We say that a monotone
function f : P — P converges in n steps to its least fixed-point if f**1(1) = f™(1) or, equivalently, if y. f = f™(L);
in such a case the least of those integers n is called the closure ordinal of f and it is denoted by cl(f). We informally
call the f™(L), n > 0, the approximants (or approximations) of (the least fixed-point of) f.If f : Q X P" —> Prisa
...,xik)(f) < nif, for each g € Q and
e prk cl(f(q’ﬁ)) < n, where f(q,ﬁ) : Pk — Pk is the monotone function obtained from f by fixing g € Q and

monotone function and {i; < iy < ... <ip} C{1,...,n}, then we write C](xil,

evaluating all the variables x; with j ¢ {i1, ..., i } by means of the vector p.

The next propositions suggest how to compute convergence of monotone functions based on the properties of least

fixed-points that we have introduced in Section 2.

PROPOSITION 22 (CONVERGENCE FOR (Roll)). Let f : P — Q and g : Q — P be monotone functions. If p.(f o g) =
(fog)™(L), thenp.(go f) = (g0 )" (L). Thereforecl(g o f) < 1+cl(f og).

Proor. We observe that
ngof)=gu.(fog)=go(fog™L) <go(fog"(f(L)=(go N (L).
Since the converse inclusion always holds, we have proved the proposition. O

Example 23. Consider ¢(x) =ger (x = b) — a. By using Proposition 20 (with o (y1) =ger (y1 — a) and 1 (x) =gef

(x — b)) we know that

Ux-P(x) = (vx.(x > a) > b) > a=({(T —>a)—>b)sa=(a—>b)>a.
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18 Ghilardi, Gouveia, and Santocanale

Otherwise, we can combine Propositions 10 and 22 to deduce piy.¢(x) = ¢?(L). Indeed, a direct computation of the

approximants yields
$(L) =a, $*(L) = (a—>b) > a.

This example shows that the bound on the convergence given in Proposition 22 is tight, since the equality $?(_L) = ¢(L)
only holds for arbitrary a and b whenever H is a Boolean algebra. As a matter of fact, note that this equality is Peirce’s

law
(a—>b) > a=a,
which forces a Heyting algebra to be Boolean.
PROPOSITION 24 (CONVERGENCE FOR (Bekic)). Let (f,g) : P X Q — P x Q be a monotone mapping. Put h(x) =ger
f(x, py.g(x,y)). Let m,n 2 0 be such that py.g(x,y) = g* (L) for each x € P and yix.h(x) = h"(L). Then
pfogy = (f.pm T L) (23)

That is, cl((f, g)) < (cly(g) + 1)(cl(h) +1) - 1.

Proor. Let us define by induction the following sequences:
fo=90=1, fier = f(i:90) gi+1 = g(fi,8) »
ko =Dho =1, ki1 = (gp,)™ (L), biv1 = f(bi,Kiv1) -
Notice first that, for each i > 0, (f, g)i(J_, 1) = (fi,8i), On the other hand, we have
bir1 = f(bi,kiv1) = f(0ir (g,)™ (L)) = £ (i, pry-9(biy)) = h(D;).,
so, by a straightforward induction, we obtain that h; = h’(.L). Then, by the Bekic property,
pAfg) = h" (L) (gnn (1)) ™ (L)) = (On. Kns1)-
Cram. Lety : N — N be any function. For each i > 0,

(1) bi < Ty implies kiv1 < Sy (iyems
(2) bi < Ty implies bi < Ty (iy4me1-

PrOOF OF Cramm. (1) Let us suppose that b; < fy(;) and prove that (g6,)¢ (L) < 8y (iy+¢ for £ = 0,. .., m. This relation
trivially holds for £ = 0 and, supposing it holds for ¢,

(95 (L) = gy, (glf,. (L)) < gv; 8y (i)+e) = 903 8y (iy+¢)
< 9y iy 8y (i)re) < 9Ty iyres Sy iy+e) = Sy (iyrert -
Thus, for £ = m, we have xi+1 = (gy,)™ (L) < 3y (i)+m-
(2) If we suppose b; < fy(;), then kir1 < gy (i)+m by (1), and
Yir1 = f(i, kiv1) < F(y ) 8y iyem) < FEyyems 8y yem) = Ty eme1 -

Claim O
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Fixed-point elimination in the Intuitionistic Propositional Calculus 19

If now we let /(i) =ger i(m + 1), thenb; < fy(;), foralli > 0, by induction on i and using part (2) of the Claim. Then

we deduce that

I—l-<f79> = (bn, Kn+1)
< Fyny Sy (myem) < Fp(myems Sy (myem) = (F-9)V WML, 1),

showing that the function (f, g) converges to its least fixed-point in ¢/(n) + m = (n + 1)(m + 1) — 1 steps. O

Example 25. We argue that the upper bound (n + 1)(m + 1) — 1 = (m + 1)n + m given in Proposition 24 is tight. For
m,n > 1, let P and Q be respectively the n + 1-element chain {0 < 1 < ... < n} and the (n + 1)m + 1-element chain
{0 <1<...<(n+1)m}. On these chains define the successor function s by s(x) = x + 1 if x # T and, otherwise,
s(T) = T.If y € Q, then it can be written in the form zm + k for some 0 < k < mand 0 < z < n + 1. Define the
mappings f: PXQ — Pand g: P X Q — Q as follows:

x, ifz < x,
flx,zm+k) =

s(x), otherwise,

xm+k+1, ifz<x,
g(x,zm + k) =

(x+1)m, otherwise.

where 0 < k < m. Both f and g are monotone (for example, f(x,zm + k) = max(x, min(z, s(x)))). Consider now the
mapping (f,g) : P X Q — P x Q and recall that h(x) = f(x, uy.g(x,y)). The following holds:

py-g(x,y) = (x + Dm = [gx]™ (L), h(x) = f(x, (x + )m) =s(x), px.h(x) =n=h"(1).
It follows that p.(f, g) = (n, iy.g(n,y)) = (n, (n + 1)m). Finally observe that
FrgmOEHD=2(1 1) = (nnm + m = 1) < (n, (n+ 1)m) = (f, )™M (L 1),
PROPOSITION 26 (CONVERGENCE FOR (Diag)). Let f : PXP — P be a monotone function and put h(x) =qer pty.f (x,y).

Let n,m > 0 be such that h(x) = fi" (L), for each x € P, and px.h(x) = h"™(L). Then px.f(x,x) = f"™(L, L). That is,
cl(f o A) < cl(h)cly(f).

PROOF. An easy inspection shows that cl(f o A) = cl((f, f)) and hence we refer back to Proposition 24. Consider

fi,8i, ki, b; as defined in the proof of that Proposition. Here we have g = f, so g; = f; for each i > 0, and moreover

bi+1 = f(0i, py-9(i-y)) = f (i pry-f 0i,9)) = py-f(0i, y) = pry-9(hi, y) = ki1,

so b; = k; for each i > 0. According to the Claim in the proof of Proposition 24, h; < f¢(i) implies kj+1 < 8y (i)+m> that
is, Di+1 < Ty (i)+m since f = g. Therefore, letting /(i) =ger im, we deduce ; < fy ;) for all i > 0 which implies that

pa-f (6, %) = pxc-py-f (x,y), by (Diag),

= pix.h(x), since h(x) = py.f (x,y),

=Dy, since ), = h"(L) and we assume that p,.h(x) = h" (1),

< fnm, since hn < fy (n) and Y(n) = nm,

as needed. O
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20 Ghilardi, Gouveia, and Santocanale

7.2 Results for Heyting algebras

In many cases, formula (23) given in Proposition 24 does not yield a tight upper bound. In particular this happens when
we want to estimate the convergence of weakly negative formulas whose least fixed-points can be computed by using
the Bekic property, as we have seen in the previous Section 6.4.

In order to improve the upper bound given in (23), we need the following observation.

LeEmMA 27. Let{f,g) : P X Q — P X Q be a monotone mapping, put h(x) =qer f(x, pty.g(x,y)), let m,n > 0 be such
that jiy.g(x,y) = gy' (L) for each x € P and pix.h(x) = h™ (L). Under these hypothesis we have

m(udf.9) = m((f. 9" (L, 1))
Proor. Using the same notation as in the proof of Proposition 24, it is enough to observe that
B9 <y n)s Sy (nyem) < pfo 9
with ¢/(n) = n(m + 1), s0 11 ((f. 9 ™) = Ty () = 11 (L. 9)). o

By using the lemma, we are going to obtain the tight upper bound for the least solution of system of equations used

for weakly negative formula-terms.

PROPOSITION 28. Consider a monotone {fi,. .., fi) : O X PX —s P¥ and suppose that, for each g : Q x Pk —p
in the cone generated by the functions { f1,...,fr YU { L}, cly;(g9) < 1 foreachi =1,...,k. Then pf1,..., fidg <
(fis--- ,fk)S(J_) for each q € Q or, said otherwise, cl(y, . x)({f1,-- -, fK)) < k.

Proor. The proofis by induction on k > 1. When k = 1 then, cly, (f1) < 1 by assumption.

Now suppose that k > 1 and that the property holds for all monotone functions (fi,, ..., fi,) : O X Pt — Pl with
<k

By the induction hypothesis, cl(x, .. x,)(f2;---,fk)) < k — 1. For each g € Q consider the function hq defined

by hq(x1) =der f1(gx1,{f2 .- ,fk)fq xl)(J_)); hq belongs to the cone generated by { fi,..., fi } U { L} and therefore

cly, (hq) < 1 by assumption. We can therefore apply Lemma 27 (with f = hg,g =(f2,..., k), n=landm=k 1) to
deduce that, for each g € Q,

a1l fie o fidg) < mfiee fidg © W =m0k ).
In a similar way we deduce
T fin- s fidg) < i fi-o s fidh (1)),

for eachi = 1,...,k, and therefore pu.(f1,. .. ,fk)q <{fi,..- sfk>§(l)- O

To see that the bound given in the previous proposition is tight it is enough to compute the least solution of the
system of equations
{xi= {ai}Uxi—lmodk [i=0,....k-1},

in the powerset of P({ a1, ..., ag }).

We can finally give a better upper bound to closure ordinals of weakly negative formula-terms.
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PROPOSITION 29. Let ¢(x) be a weakly negative formula-term, so that we have a decomposition of the form (20). Then

¢(x) converges to its least fixed-point in at most n + 1 steps.

Proor. By combining Propositions 10 and 28, we have

va{@ili=1,...,n)0t0) =¥ li=1,...,n) 0 th)"(T). (24)

Considering that

pop=p@WooWili=1,....m) =v@.(¥ili=1,...,n) o))

we can use equation (24) and Proposition 22 to deduce that

pd=Woolili=1,...,m)" H(L). o

We can expect that other formulas for fixed-points have a counterpart with closure ordinals. This is the case for

equation (9). To give an account of it, we firstly prove a Lemma.

LEMMA 30. Let H be a Heyting algebra and let f and g be monotone polynomials on H. For every pair of natural numbers
n,msuchthatn+m > 1, f (L) A g™(L) < (f Ag)"T1(0).

PRrROOF. Let h denote the polynomial f A g on H. We prove the result by inductiononk =n+m > 1.

If n+ m = 1, then either n = 0 or m = 0. In this case either f™(L) = L or g™ (L) = L,s0 f*(L) Ag™(L) = L, so the
result is obvious.

Now suppose that the result holds for any pair of numbers n’, m’ such that 1 < n” + m’ < k. Let m and n be such
that m + n = k + 1. The following holds:

SO Ag™ (L) =" (L) Ag™ (L) A fH(L) Ag™ (L)

< f(fn_l(l) AgT (L) Ag(fh (L) A gm_l(J-)) s using strongness,
< FEFH) A g(h*T1 (L)), by the IH,
= hk(L) = A1), o

Next we show that cl(f A g) < cl(f) + cl(g). This relation holds when cl(f) + cl(g) > 0; in order to settle trivial
cases, we let hK (1) = L for k < 0 in the statement of the Proposition below.

PROPOSITION 31. Let H be an Heyting algebra. If f and g are monotone polynomials on H such that jix.f (x) = f™(L1)
and pix.g(x) = g™(L), then px.(f A ¢)(x) = (f A )™ " 1(L). That is, cI(f A g) < cl(f) +cl(g) - 1.

PRroOF. Let h(x) = f(x) A g(x) and compute as follows:

R0 < e h(x) = e (F(x) A g(x))

= lx.f(x) A pix.g(x), by Proposition 9,

= ") Ag" (L)

< hmEL(), by Proposition 30,
so we have the equality py.h(x) = R™F™71(1). O

PRroposITION 32. The upper bound m + n — 1 given in Proposition 31 is tight.
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PRrROOF. Observe that if H is a Heyting algebra which is a chain, then x — a = T, if x < a, and x — a = a, otherwise.

If H is such an Heyting algebra which contains the chain 1 <ap <a; <az <...<ap_; <ar =T,let
fi(x) =gef (x = aj—1) = aj, forj=1,...,k-1

We have then, for each i, j with0 < i <kand1 <j <k,

filai) = (a;i — aj-1) > aj =

Define then

favarae @) =ger ).
j=1,....,k—1

Jj=

Cramm. Foreachi=1,...,k we have
i _
fao,tlp---akq (L) =4di.

Proor oF Craim. The relation trivially holds for i = 1. Assuming it holds for i, we have

a, W= N\ flar= N\ fiay= N q=ai.
j=1,..., k=1

i<j<k-1 i<j<k-1
Observe that the above relation holds also when i + 1 = k, in which case {j | i < j < k — 1} = 0, so the meet above is

empty, so equal to T = a. O

It follows from the Claim that jix.fq, a;,...,ar_, (X) = fé{o,al,---»ak—l (L) =T > ap_; = fF1(0).

Now assume that H contains the chain 1L < ap <a; <az <...<amtn-2 < Gm+n—1 = T. We have then
fao,al,...,an+m_2 (x) = fao,al,“.,an_l (x) A fan_l,an,...,amm_z (x),
with
Bx-fag,az,....an_1(X) = fa';,al,...,an_l(J-) >

ﬂx'fan—l,an, oo Anim-2 (x) = famn,l,an, e @nim—2 (1),

+m—1 +m—2
I’lx'fa0>a1;---,an+m—2(x) = a’;,cgi...,anJ,m_z(J—) > fcz),ar?,...,aﬂm_z (L) o

Finally, we provide a tight upper bound for closure ordinals of disjunctive formulas.

PROPOSITION 33. If ¢ is a disjunctive formula, then
p-p(x) = "TH(L), (25)
where n is the cardinality of the set Head(¢).

Proor. By Proposition 17 we know that ux.¢(x) = [/\izl’m,n ai] (V peside(g) B)- We have seen that, for a €
Head(¢), [a] x < @(x) and, similarly, f V x < @(x) for § € Side(¢). Thus we have

p=\/ pvis<d).
BeSide(¢) BeSide(¢)
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Let Head(¢) = { @1, ..., an } and suppose that
@] falC\/ By =g ().

BeSide(¢)
Then
[l la]. [ \/ B < [l ($771(0) < g0 (1)) = ¢7(1).
BeSide(¢)
Whence
ux.¢<x>=[ A al]< By =lan).. fal \/ B =™ (0). o
i=1,....n BeSide(¢) BeSide(¢)

We prove the next proposition using Kripke models, see e.g. [Bezhanishvili and de Jongh 2006, §3.3]. A Kripke model
is a triple (W, <, V) where < is an ordering on the set W and V is a downward closed valuation of atomic formulas (that
is, w € V(p) and w’ < w implies w € V(p), for each atomic formula p). The forcing relation |- between worlds and
formulas is defined as usual for atomic formulas and formulas of the form L, ¢ V ¢, T, ¢ A ¢. For implication formulas

we have

wikdg -y iff Yw <w,wiFdg=>w -y,
PROPOSITION 34. The above upper bound given in equation (25) is tight.

Proor. For each n > 0, consider the formula

n(x) =ger bV \/ @i,

i=1,...,n
and the Kripke model K, = (P({1,...,n}),C, V)withV(b) = {0 }and,fori=1,...,n,V(a;) ={s C{1,...,n}|i¢s}
We have therefore s I a; iff i ¢ s, fors € P({1,...,n}). Let us compute the value of ¢, (x).

slkaj - xiffVs’ Cs, i¢s’ =" IFxiffs\{i}IFx,
whence

s Ik ¢n(x) iff eithers =Qors\{i} - x, forsomeie {1,...,n}.
Thus it is immediate to see that
k+10) = (s c(1,....n} | cards < k)

so that ¢, converges in no less than n + 1 steps. O

8 RUITENBURG’S NUMBERS FOR STRONGLY POSITIVE FORMULAS

Let ¢ be a formula of the Intuitionistic Propositional Calculus (possibly) containing the variable x. By " we denote the
iterated substitution of x in ¢ for ¢, defined by induction by ¢° =ger x and ¢"1 =go¢ ¢[$"/x]. We let p(4) be the least
non-negative integer n such that the relation ¢™*2? = ¢” holds; p(¢) is defined for any formula ¢ of the Intuitionistic
Propositional Calculus, by [Ruitenburg 1984], and moreover cl(¢) < p(¢). A fine analysis of Ruitenburg’s work shows
that p(¢) < 2n + 2, where n counts the implication subformulas and the propositional variables in ¢.
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The tools developed until now allow to construct an upper bound for cl(¢) for any formula ¢ of the Intuitionistic
Propositional Calculus, yet the bound so obtained is exponential in the size of ¢; thus, in view of the relation cl(¢) <
p(P) < 2n + 2, it is not optimal. We exemplify this point. Let ¢ be a strongly positive formula and let n be its size
(the number of all symbols and propositional variables in ¢). When transforming ¢ into a conjunction of disjunctive

formulas, so

¢ Trc /\ $is (26)
k

i=1,...,
the number k of conjuncts might be exponentially bigger than n. Say that cl(¢;) < N foreachi = 1,...,k. An iterated
application of Proposition 31 yields the following upper bound:

d@)=c(N\g)s1+ Y (@g)-1)Ss1+kN-1),

i=1,....k

which depends on some possibly very large k.

From now on, our goal shall be to give an upper bound for cl(¢) when ¢ is a formula such as the one in (either
side of) equation (26). Since our proofs actually yield upper bounds for Ruitenburg’s numbers p(¢) (and a proof of
Ruitenburg’s theorem for these formulas) we present our results directly as bounds for the numbers p(¢).

While the procedure that transforms a strongly positive formula ¢ (say as the one on the left of (26)) into a conjunction
of disjunctive formulas ¢; (as the one on the right of (26)) might exponentially increase the size of the formula, as
argued above, it does not increase the number of head subformulas nor the number of side subformulas. Therefore we
give bounds as functions of these two parameters, which eventually ensures an upper bound to Ruitenburg’s numbers
of strongly positive formulas which is quadratic in the size of the formulas. In view of obtaining these upper bounds we

can (and shall) suppose that all the head or side subformulas are propositional variables.

In the following we let A =ger { @1,...,an } and B =ger { f1, ..., fa } be two (finite) disjoint sets of propositional
variables; we also suppose that the special propositional variable x does not belong to either of A and 8. We consider

formulas of the Intuitionistic Propositional Calculus generated by the following grammar:

$ = x1[g 1 (\/Bvglove, (27)

where A € A, B C B and, as before, [A]¢ = A A — ¢. That is, formulas generated by the above grammar are
disjunctive formulas, as defined by the grammar (15), whose head formulas are conjunctions of propositional variables
from A, and whose side formulas are disjunctions of propositional variables from B. We let Disj(A, B) be the set
of formulas generated by (27). We consider formulas in Disj(A, B) as elements of Fy[a1,...,an, f1, ..., P, x], the
free Heyting algebra on the generators a1, ...,an, f1, . . ., B, x. Substitution of a formula ¢ for the variable x in a
formula ¢, usually noted by ¢[¢//x], yields a monoid structure on Fy[a,...,an, B, ..., B, x]. We write ¢ o ¢ for
¢[¥/x] or sometimes, ¢(¢). Since formulas in Disj(A, B) are closed under substitution, Disj(A, B) is a submonoid of
Fulei,....an, p1,- .., Par, x]. Disj(A, B) is actually an ordered submonoid, meaning that the following clause is valid:

d<¢’ andy <y impliespoyy < ¢’ oy’. (28)
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This is mainly because the variable x never occurs under the left side of any implication in a formula in Disj(A, B).

Moreover, formulas are inflating, meaning that

x < ¢, foreach ¢ € Disj(A, B). (29)

8.1 The support of a formula

We define next two functions, Supp 4 and Supp g, with domain Disj(A, 8) and codomain P(A) and P(8B), respectively:

Supp #(x) =def 0, Suppg(x) =der 0,
Supp #([A]¢) =der AU Supp #(9). Suppg([A]¢) =der Suppg(9).
Suppa((\/ B) V §) =der Suppa($). Supps((\/ B) V §) =der BU Suppg(9),
Supp.a (o V ¢1) =ger Supp (o) U Supp 7(¢1) , Suppg (o V ¢1) =der Suppg($o) U Suppg(¢1) .

We also let

Supp($) =ger (Supp.#(4),Suppg(9)),

so Supp(¢) € P(A) x P(B).

8.2 Word formulas

In the inverse direction, given (A, B) € P(A) X P(8B), we define

$(a,B) =der [A1(\/ BV x).

Notice that ¢, gy = [T](V BV x) =V BV xand ¢4 ¢) = [A] (L V x) = [A] x. Let us develop the basic properties of
the formulas ¢4 p).

PropOSITION 35. For each (A, By), (A1, B1) € P(A) X P(B) and each ¢ € Disj(A, B),
P(A40,0) © P(A1.B)) = D(AUALB,) 5
d)(Ao,Bo) °© ¢(0>Bl) = ¢(Ao,BoUB1) >
P(A0.By) © P © D(A1.B) = P(A0.By\By) © P © D(A1\AwBy) -

Proor. The first two properties are immediate from the definition of ¢4 p). For the third, notice that
P(A0,By) ©P © D(ALBy)
=[Ao] (\/ Bo v ¢([A1] (\/ Bi v x)/x))
= [A0 N A1][40 \ A1] (\/ Bo V $([40 N A1l [A1 \ A] (\/ By v x)/x))

= [Ao N A1] [A0 \ 4] (\/ Bo v ¢([A1\ Ao] (\/ B v x)/x)), by Lemma 7,
= (401 (\/ Bo v ¢([A1 \ Ao] (\/ By v x)/x))

= [40] (\/ Bo \ Bi v $([A1 \ Ao] (\/ B1 v x))), since ¢(fo V ) = fo V $(fo V ),
= $(40,By\By) © 9 © P(a;\Ay,By) - o

An immediate consequence of the proposition is the following:
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LemMA 36. For each (A, B) € P(A) X P(B), ¢?A’B) = $(a,B) 0 p(P(a,B)) = 1.

We extend the definition of the correspondence sending (A, B) € P(A) X P(B) to ¢4 p) € Disj(A, B) to the set of
all words over the alphabet P(A) x P(B)—that shall be noted by (P(A) x P(B))*, as usual. Syntactically, this amounts
to defining ¢, for each w € (A x B)*, as follows:

Pe =def X, P(A, Byw =def P(A,B) © Pw -

We call a formula of the form ¢,, for some w € (P(A) x P(B))* a word formula.

LEMMA 37. For eachw € (P(A) X P(B))*, ¢y, € Disj(A, B). Moreover, if w = (A1,B1) . .. (A, Bi), then

supp(pw) = ( | ) 4 |J B9, (30)
i=1...,k i=1...,k

b < % = Psupp(g) - (31)

pgw) < 2. (32)

Proor. The first statement is a consequence of formulas of Disj(A, B) being closed under substitution. Equation (30)
is easily proved by induction. The relation ¢, < $?, is an easy consequence of conditions (28) and (29). 2, = PSupp (o)
is obtained by iteratively applying the relations in Proposition 35. Finally we argue that ¢3, = $2, (so p(¢) = 2) as
follows:
2 3 4 2 2
Py <P <Py = ¢5upp(¢w) = ¢Supp(¢)w) = ¢ - 0

In view of (30), let us define

Supp((A1,B1) ... (A, Br) ) =def ( U Aj, U B;i),

i=1...,k i=1...,k

50 Supp(w) = Supp(¢w).
Lemma 38. For each ¢ € Disj(A, B), ¢ < supp(¢)-

Proor. We inductively define, for each ¢ € Disj(A, B), a word w(¢) such that ¢ < ¢.,4) and Supp(¢) = Supp(w(¢)).

Then, using equation (31), we deduce

¢ < Pw(g) < Psupp(w($)) = Psupp(g) -
We let w(x) =ger (0,0), w([A] ¢) =ger (A, 0)w(P), w(\/ BV ¢) =ger (0, B)w(¢) , and
w(do V $1) =der w(go)w(¢1) .

By induction, it is proved that ¢ < ¢,,(4) and Supp(¢) = Supp(w(¢)), the only non-obvious inductive case being the
last, which we prove next. For i = 0, 1, let w; =qe¢ W(¢;) and suppose that ¢; < ¢, and Supp(¢;) = Supp(¢w,). Then
Supp(¢) = Supp(¢o) U Supp(¢1) = Supp($y) U Supp(pw,) = Supp(puw, © w;) = Supp(¢yw, ) and

=00V 1 < o0 P1 < Py © Py = Pry(g) s

where the relation ¢g V ¢1 < ¢ o ¢; is a consequence of ¢;, i = 0, 1, being inflating. O
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We shall see later—as a particular instance of Theorem 45—that ¢" = ¢s,,,(¢) for some n, and for each ¢ € Disj(A, B).
That is, ¢supp(g) Yields a closed expression of the formula ¢ (). We shall further exploit word formulas in the rest of

the section and heavily rely on the next observation.

Definition 5. For (A, B) € P(A) X P(B) and w = (A1, B1), ..., (Ag, Br) € (P(A) x P(B))*, we let
(A.B) < (A1, B)... (A, By) iff A <kstAc| Ja; and BS| JB;. (33)

j<i j=1

PROPOSITION 39. If (A, B) < w, then ¢4 ) < du-

Proor. Let w = (A1,B1),. .., (Ak, Bx) and let £ be such that (33) holds. Define wy = (A1, B1),...,(A¢,0) and
wr = (0,By¢), ..., (An, Br). Observe that

A0 S DUizrr A0 = P(A1,0) © -+ © D(A,,0) S P(ALBy) © -+ © P(Ar1,Bry) © DAr,0) = Pwr >

and, similarly, ¢, ) < Pwy- It follows that d(4 B) = $(4,0) © $(0,B) < PwL © Pwr = Pw- O

8.3 Conjunctions of star formulas

In the next definition, if X, Y C (P(A) x P(B))*, then we let

X - Y=gesr{wv|weX, veY}.

Definition 6. The set Branches(¢) C (P(A) X P(B))* of branches of ¢ € Disj(A, B) is defined by induction:

Branches(x) =gef { €}

Branches(v BV ¢) =ger { (0, B) } - Branches(¢)
Branches([A] @) =def { (A, 0) } - Branches(¢)

Branches(¢o V ¢1) =ger Branches(¢o) U Branches(¢1) .
The formula br(¢) is then defined as follows:

br(¢) =der \/{ ¢w | w € Branches(¢) } .
A formula ¢ € Disj(A, B) is a star formula if br(¢) = ¢.

It is easily seen that if w = (Aj1,B1)...(Ag, Br), then Branches(¢.) = {(A1,0)(0,B1) ... (A, 0)(0,Bg) }, so
br(¢w) = ¢ and ¢, is a star formula. Similarly, if { w; | i € I} is a finite subset of (P(A) x P(B))*, then \/;¢j $w, isa

star formula.

LEMMA 40. For each ¢ € Disj(A, B), br(¢) < ¢ and Supp(br(4)) = Supp(¢).
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PRrOOF. A straightforward induction:
br(x) = ¢e = x.

br((\/ B) v $) = \/{$(0.5) © $w | w € Branches(g) }

< ¢0.8)© (\/{$w | w € Branches(g) }) < g5 ¢ = (\/ B) V.
br([A]¢) = \/{$(a,0 © uw | W € Branches(¢) }
< $a0) © (\/($w | w € Branches() }) < p(a.0) 0 ¢ = [Al .
br(go V ¢1) = \/{ g | w € Branches(go) } U { ¢ | w € Branches(¢1) }

= br(go) V br(¢1) < go V g1 . o

We come back now to our original goal, that of estimating upper bounds for formulas ¢ of the form ¢ = Ajcs @i as
in display (26), where now ¢; € Disj(A, B) for each i € I. The next Proposition reduces the problem of giving a closed
expression for ¢P(#) and estimating an upper bound for the Ruitenburg number of ¢ as in (26) to that of a conjunction
of star formulas, that is, formulas of the form

6 =aer [\ di, with ¢i=ger \/ dw,; and wij € (P(A) X P(B))*. (34)
i JeJi
To understand how we shall use Proposition 41, recall that Supp(¢;) = Supp(br(¢;)) for all i; moreover, we shall

show (Propositions 43 and 44 below) that A\; dsupp(br(s;)) < (/i br(¢i))" for n large enough. These two facts entail
Ni Psupp(gs) < Aibr(¢:)" (for large n), which is the condition under which Proposition 41 holds.

ProPosITION 41. Let I be a finite set, let ¢; € Disj(A, B) for each i € I, and let n > 0; suppose that N\; Psupp(p;) <
(A br(¢i))™. Then the following holds:
(1) Ni Psupp(ps) < (Ni di)",
(i) Ni supp(gi) = (Ni 9)PNi 99, and
(iii)) p(Ai ¢i) < p(A\i br(¢i))-
Proor. Statement (i) of the proposition follows from A; br(¢:) < A; ¢i,s0 (A; br(¢:))™ < (A ¢:)"™ and A $supp(g,) <
(Aibr(¢:i))" < (A ¢i)". We observe now that the relation A; ¢syupp(s;) < (i $:)" implies

/\ ¢Supp(¢i) = (A $i)" .

To this goal, it is enough to argue that (A; $:)" < A; $supp(4;)> for each n > 0, which follows from (A; ¢:)" < ¢7 <
¢§’upp(¢i) = Psupp(¢;) (SINCE Psupp(g,) is idempotent), for each i € I.
Therefore, if (i) holds, then A\; dsupp(¢;) < (A $i)™1 as well, since (A\; ¢:)" < (A; )", and then

(/\ ¢i)n+1 = /_\‘/J)Supp((ﬁi) = (/\ $i)" .

From these relations we immediately infer (ii). For (iii) we argue as follows. Let Ko = p(/\; br(¢;)) and K1 = p(A; ¢i);
since Supp(¢:i) = Supp(br(¢:)), we also derive A; fsupp(g;) = (Ai br(¢;))%0 as an instance of (ii). The relation K1 < Kj
follows then by the inequalities

(/\ br(¢:))k < (A $i)k < A¢supp<¢i> = (A $i)Ki = (A br(¢))
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valid for any k > 0. O

Let us give an explicit form to the iterates of a formula ¢ as in (34). To this goal, we shall assume that J; = {1,...,k} =
[k] for each i € I. We do not loose generality with this assumption, since the formula ¢; is equivalent to ¢; V @. We
shall make use of the distributive law (of disjunctions w.r.t. conjunctions) in the following form:

\/Ax],_ AV Xiro)- (35)
liel FilkI=1 jelk]

Let us also introduce the following notation:

Strat, =gef l_[ I[k]pl .
1<€<n
An element f € Strat, is a tuple (f1,. .., fn) with f7 : [k]‘;_1 — I, foreach ¢ = 1,...,n. In particular, for £ = 1, we
identify f; € I (K] ~ 111] with an element of I. We think of a tuple (fi, ..., fn) € Strat, as a memory aware strategy
for the first player of a two player game: the strategy tells him how to incrementally choose a tuple (i1, ..., i) € I"

as a function of the opponent’s choices (ji, . ..jn-1) (Where jo € [k] for € = 1,...,n—=1),s0if = fe(1,..-.je-1)
(k]

for £ = 1,...,n. We recall that there is a canonical bijection between I X Strat;, * and Strat,1, as witnessed by the

following computations:

Ixstraty) = I ([ 107HF < g6 s [T 19 = straty,s

1<é<n 1<l<n

An explicit description of the bijection is as follows:

(fo,g) e Ix Strat = (fo,h1,...,hn) € Stratp41,

where for £ > 1 we have

h[(.jl’jzs R ’j()—l) = [901)][02, e sjf—l) .

PROPOSITION 42. Let ¢ be of the form as in display (34). For eachn > 1, we have

¢n = /\ \/ ¢Wf1 J1 \/ ¢Wf2(11 72 \/ ¢an(11 J2---Jn-1)-jn ) - (36)

(fis---»fn)€Strat, Jj1

In order to increase the readability, we shall write in the proof of the proposition and in the rest of this section ¢;_ ;

in place of the more appropriate ¢.,, ;.

PROOF OF PrROPOSITION 42. When n = 1, then equation (36) reduces to

6= /\ v bfir

fiel jielk
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so it holds simply by definition of ¢. Notice now that a word formula, and in particular each ¢; j, commutes with

conjunctions; we use this fact in the inductive step. We suppose that (36) holds for n > 1 and compute as follows:
$" = p(4")
_ /\ \/ i, jo /\ \/¢ﬁ i \/quz(ﬁ”2 \/¢fn01 Joerjnoi)jn)))» by the inductive hypothesis,

io€l joelk] feStrat,, j1
= /\ \/ /\ Pio, Jo(v i \/¢ﬁ(h)12 \/¢fn(}1 Joednt)in )0
io€l joe[k] f eStrat, J

since ¢, j, commutes with conjunctions,

= /\ /\ \/ Pig,jo \/ Pg(ioh,jr \/ Pg(io)a(r)oja (- -+ \/ D9Go)n Gjtsja- - jn-1)sjn))) > USING (35),

ig€I g:[k}>Strat,, joe[k] Jn

= /\ /\ \/ Piy, J \/ ¢g(}1)1,]2 \/ ¢g(}1)2(}2) JaNce \/ ¢g(]1)n(]2,]3 Jn), ]n+1)))
io€l g:[k}>Strat,, J1 Jn+1

= /\ \/ Phy jr (v ¢h2(/1) J2 \/ ¢h3(]1,]2) 13( """ \/ ¢hn+1(jl,j2,j3---jn),jn+1 ) - =
heStrat, J1 Jn+1

8.4 A game for iterated conjunctions of star formulas

Let ¢ = Ajer ¢i with ¢; = Vje[k] Pw, ;- For each K > 1, we describe next a two-player game G (¢, K) (between Eve
and Adam, and where Adam is the first player) with the following property: if Eve has a winning strategy in G (¢, K),

then the relation

/\ Fsuppign) < 8¢

iel
holds. Therefore, using Proposition 41, if Eve has a winning strategy in G(¢, K), then ¢P(%) = A; Psupp(¢;) and that
p(¢) < K. Positions and moves of the game G (¢, K) are as follows. Adam’s positions are of the form (i1, j1) . .. (in,jn),
wheren < Kand,for¢ = 1,...,n,ip € I and j; € [k].In such a position (when n < K) Adam chooses i,+1 € I and moves
to the position (i1, j1) - . . (in, jn)(in+1, 7). In this position Eve chooses jn+1 and moves to (i1,j1) - . - (in,Jjn)(in+1, jn+1)-
The length of a position (i1, j1) . .. (in,jn) is the integer n. The initial position is € (the empty sequence or, in other
words, the sequence of length n = 0).

To each of Adam’s position p = (i1, j1) - . - (ig. jk ), let wp = wiy j, ... Wi j, . A terminal position p = (i1, j1) . . . (ik»jK)

is a win for Eve (and a loss for Adam) if, for some i € I, Supp(¢;) < ¢y With w = w; j, ... Wig je.

PROPOSITION 43. If Eve has a winning strategy in the game G(¢, K), then
/\ Supp(¢:) < ¢
iel

Proor. In view of (36) we need to show that, for any f € Stratg, A;er Supp(¢i) IF ®(f), where

o(f) =get \/ $.is \V/ 9500.52C -+ V $ficti o) -

J1 Ja Jk
Let f € Stratg be fixed and observe that such an f yields a strategy (not a winning one) for Adam in the game G(¢, K).
Now, if g is a winning strategy for Eve in this game, then f and g determine a play f | g in the game such that, for
some i € I, dsupp(g;) < Prwpy,- We have then A\; dsupp(g,) < Psupp(gi) < Pwpyy < O o

Recall that card(A) = N and card(B) = M
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PROPOSITION 44. Eve has a winning strategy in the game G(¢, (N + 1)(M + 1)).

Proor. Eve keeps a memory in order to decide how to move. Her memory is a pair (A, B) € P(A) X P(B) and, at
the beginning of the play, (4, B) = (0, 0).
At each position p = (i1,j1) ... (i¢. j¢) of the play, if the memory is (Ap, Bp), then A,

Supp 4 (wp), where

Wp = Wiy, jy Wiy, j, - - - Wiy, j,- In particular, if p” is a prefix of p, then Ay € Ap. Moreover, if wy, = wow; with wy being
the shortest prefix of wy such that Supp 4 (wo) = Ap, then B, C Suppg(wi). Notice that these conditions imply that
(Ap:Bp) <wp, 0 $(a, B,) < $w, by Lemma 39.

Let p = (i1,j1) - - - (i, je)- At position p(ipyq,?), Eve chooses jeyq so that, if p” = p(igs1, jes1), Supp g (wy) is strictly
greater than A, = Supp #(wp). If it is possible to choose such j¢, 1, then she updates her memory to (Supp 4(wpr), 0).
Otherwise, if it is not possible to choose j,,; with these properties, then Eve chooses jg11 so Suppg(wi,,,, j,,,) strictly

includes Bp. She updates then the memory to (Ay, By) = (Ap, Bp U Suppg( )). If it is not possible to operate

¢Wif+1-ff+1
that kind of choices, then Eve chooses some j¢, 1 at random and sets (Ap, By) = (Ap, Bp).
Now, in a play, there are at most N + 1 values for Ap and, for each fixed Ap, there are at most M + 1 values for Byp.

Therefore, within (N + 1)(M + 1) rounds either

(a) the play visits an Eve’s position p(ig41, ?)—therefore with £ < (N +1)(M+1) and p of the form (i1, j1) . . . (i¢,je)—
where she cannot extend Ay, nor Bp; that is, we have Supp #(wi,,,,j) € Ap and Suppg(wi,,,,j) C Bp, for each
Jj € [k]; or
(b) the play ends up in an Adam’s position p = (i1,j1) . . . (i¢, j¢) with £ = (N + 1)(M + 1), where now A, = A and
By = 8.
Suppose (a). Since Supp(¢i,,,) = (U; Supp a(Wir,,.j)» Uj Supp a (Wi, j)), we have Supp 7 (¢i,,,) € Ap and Suppg(di,,,) <
By. Since (Ap, Bp) < wp, it also follows that Supp(d;,,,) < wp, so ¢SUPP(¢i[+1) < ¢w, by Lemma 39. This shows that the
position p (as well as any of its extensions) is a win for Eve. If (b) then A, = A and B, = B so, in a similar way as

before, we have ¢s,pp(g;) < Pw,, this time for each i € I. O
We can now state the main result of this section.

THEOREM 45. Let ¢ = \jej pi where each ¢; is a disjunctive formula. Then p(¢) < (N + 1)(M + 1) where N is the

number of distinct head subformulas of ¢ and M is the number of distinct side subformulas occurring in any of the ¢;.

Proor. The statement holds iff and only if it holds when head and side subformulas of ¢ are propositional variables,
that is, when ¢; € Disj(A, B) for each i € I, with card(A) = N and card(B) = M. Moreover, according to Proposition 41,
the statement of the theorem holds if’ A;er $supp(g;) < pWN+DBM+1D) 4nq under the additional assumption that each ¢;
is a star formula. Now the relation Ajer $supp(g;) < pINFDM+1) 5 4 consequence of Proposition 44, stating that Eve
has a winning strategy in the game G (¢, (N + 1)(M + 1)), and of Proposition 43, relating such a winning strategy to the

relation. m]

Remark 46. The upper bound given in Theorem 45 appears to be orthogonal to bound implicit in Ruitenburg’s paper
[Ruitenburg 1984]. In the bound p(¢$) < 2n + 2, the size n of ¢ is at least the number of implication subformulas of
¢. Now, in a formula of the form A;c; ¢; with ¢; € Disj(A, B), the number of implication subformulas might be
exponentially larger than N and M. Therefore the bound given in Theorem 45 is in this case tighter than Ruitenburg’s
bound. Conversely, we can derive from Theorem 45 a quadratic (in the size of the formula) upper bound for Ruitenburg’s

numbers of strongly positive formulas. This is achieved by considering that the size of a strongly positive formula is
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greater than the number of all the head and side subformulas in the conjuncts of its normal form (as in Lemma 14).

Ruitenburg’s upper bound is in this case tighter.

Remark 47. The following example shows that the quadratic upper bound is necessary, at least with respect to finding
a winning strategy for Eve. Let A =ger {a1,...,an } and B =ger { f1,..., N }. Foreachk =1,...,N, let P(8B) be
the set of subsets of B if size k. Let I = { (k, B) | B € Pr.(8) } and, for each (k, B) € I, consider the branch formula

$ik.8) =det \/ D(tar 115 -

peB

Adam can use the following winning strategy in all the games G(¢, K) with K < w He starts by choosing (N, 8)
until Eve has chosen at least N — 1 different symbols from 8. Let Sy the only symbol not chosen by Eve. Then Adam
chooses (N — 1,8 \ { fn }) and iterates this choice until Eve has chosen exactly N — 2 different symbols. Let fn_1 be
the only symbol from 8 \ { S } which has not been chosen by Eve, then Adam chooses (N — 2,8 \ { fn, fN-1}), and
soon. Eve needs N — 1 + (N —2) + (N — 2) + ... rounds to win. This example raises the question of the completeness

of the game: does the existence of an Adam’s winning strategy in G (¢, K) implies that A;er $supp(¢;) £ #K?
Remark 48. We considered
bn(x) =ger \/ @ — (Biv).
i=1,...,n
and used fCube [Ferrari et al. 2010] to compute the values of cl(¢,) and p(¢n). For n € { 2,3,4,5 }, we obtained that

cl(¢n) = p(¢pn) = n + 1. This raises the question whether there is any strongly positive formula of the IPC for which
we have cl(¢n) < p(¢n)-

9 A CONSTANT UPPER BOUND FOR DISJUNCTIONS OF ALMOST-TOPOLOGIES

In this Section we exemplify how investigating (lower bounds of) closure ordinals might lead to uncover non-trivial
properties of Heyting algebras. Example 21 illustrated the elimination procedure in the case of weakly negative
formula-terms. It considered a formula-term of the form
$(x) =qer \/ (x = bi) > ai,
iel

where the index set was a two element set. In view of the similarity of these formulas with the disjunctive formulas
of Section 6, we conjectured that closure ordinals of formulas as the ones above increase as the size of I becomes
larger—so to exhibit tightness of the upper bound on closure ordinals of weakly negative formula-terms presented in
Proposition 29. Yet, all our automatized tests, for which we used the tool fCube [Ferrari et al. 2010], pointed towards
the opposite direction. We finally managed to disprove the conjecture: all these formula-terms converge to their least

fixed-points in 3 steps.

Let H be a Heyting algebra. For a, b € H, we call j, ; defined by

Ja,b(x) =def (x > a) > b,

an almost-topology (briefly, an atop). The reason is the following: when a = b, then j, 4 is a closure operator (that
is, a monotone inflating idempotent function on H); more than that, it is a Lawvere-Tierney topology or nucleus, see

[Johnstone 1982, Chapter II, section 2], meaning that they are strong: x A jg o (y) < jg,a(x A y), for each x,y € H. We
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shall consider disjunctions of atops, for which we need a convenient notation: for a family of pairs II = { (a;, b;) | i € I },

we shall write

$11(x) =der \/ Jasb, (*) - (37)

iel
9.1 Elementary properties of atops

In the following, we use [a, b] to denote the closed interval {x | a < x < b}.

LEMMA 49. The following holds, for each x € H:

(i) x < jg,p(x) ifand only ifx < a — b. In particular, ifa < b, then x < j, (x);
(ii) ji’b(x) = ja,p(x) ifand only j, (D) < jg p(x). In particular, this holds when b < x.

Consequently, the restriction of j, p to the interval [b,a — b] is a closure operator.

PrOOF. () x < (x > a) 2 biff x Ax > a<b,iff x Aa <b,iff x < a— b. For the second statement, notice that if
a<b/thenx <T=a—b.

(ii) Notice firstly that the condition j(Zz,b(x) = Jja,b(x) is equivalent to jZ’b(x) < Jg,p(x). As a matter of fact,
Ja,b(x) < a — b for each x € H so by (i) we always have j, 5 (x) < ji,b(x)'

We prove that ji’ p(¥) < Jjg,p(x) is equivalent to j, ,(b) < j, p(x). By repeated use of compatibility, we have the
following equality:

B p@ A (= a) = jap((x = a) = b) A (x = a) = jgp((x = @) = b) A lx = @) A (x = a),
=Jja,b(b A (x = a)) A(x = a) = jg,p(b) A (x = a).
It follows that
By Sjapx) it jap()AG—=a) =)A= a) b i g p(b) < jap(x).
Finally, if b < x, then j, 5 (b) < jg p(x) so jz’b(x) = ja,p(x). O
Since jg 5(L) = b, jap(T) = a — b, and j, p, is monotone, we also remark:
LEMMA 50. The image of H via j, j, is contained in the interval [b,a — b].

Thus we have j, 5 (x) = jg p(x) A (@ — b). We shall exploit this fact many times, in conjunction with strongness.

The following Lemma exemplifies this.
Lemma 51. If f : H — H is a strong monotone mapping, then j, p (f(x)) < jo 5 (f(a,b(x))).

Proor. We compute as follows:

Ja,p(f (%) = Jja,p(f(x)) A (a = b), by Lemma 50,
=jap(flxA(@a—>D))A(a—Db), since j, p o f is strong,
<Jjab(fUap(xA(a— b)) A(a—Db), usingLemma 49.(i) and the fact that x A (a — b) < (a — b),

= ja,b(f(ja,b(x))) s

where in the last step we have again used Lemma 50 and the fact that j, ;, o f is strong. O
Manuscript submitted to ACM



34 Ghilardi, Gouveia, and Santocanale

To end this Section, it is useful to pinpoint two identities that shall be useful later. The first one is obtained by

repeatedly using compatibility of j, p:
Ja,b(¥) A =janc,bac(x Ac) Ac=janc bac(x) Ac.
In particular, since j, p(x) = jq,p(x) A (a — b), we derive
Ja,b(x) = janb,p(x) A (a — b). (38)
The latter identity relates a general atop to a specific atop j, , with the property that a < b which—according to

Lemma 49.(i)—is always inflating.

9.2 Closure of prefixed-points of strong monotone mappings under exponentiation

The following Lemma asserts that prefixed-points of strong monotone mappings are closed under exponentiation. This

property seems to be the hidden principal ingredient in the proof of the main result of this section, Theorem 55.
LEMMA 52. Letg: H — H be a strong monotone mapping. If ¢ € Preg, then x — ¢ € Preg, for each x,c € H.
Proor. The Lemma is an immediate consequence of equation (5): g(x — ¢) < x — g(c) < x — ¢, whenc € Preg. O

We shall study next when j, 5, (x) = jg,c(x). Indeed, in view of Lemma 52, we shall have that j, ,(x) is a prefixed
point of a strong g, if this equality holds and c is a prefixed-point of g.

LEMMA 53. We have j, p(x) = ja,c(x) if and only if x — a < b < c. In particular, ifb < ¢ < x < a — b, then

ja,b(x) = ja,e(x).

Proor. By symmetry, it will be enough to prove that j, ;(x) < jg,c(x) if and only if x - a < b — c.

Suppose that x — a < b — c. Then
(x—>a)>b)A(x—>a)=bA(x—>a)<bA(b—oc)<c
80 ja,b(x) < ja,c(x). Conversely, suppose that j, ,(x) < jg c(x). Then
bA(x—>a)=((x—>a) >bA(x—a)<c,

sox »>a<b-c
For the last sentence, we can use the characterization we have just given. Suppose b < ¢ < x < a — b. Then

x—>a<<T=bocAlsocAhx—>a<<xAx—>a=xANa<a—>bAa<bsox—>a<c—b. O

PrOPOSITION 54. Let g be a strong monotone mapping. If ¢ € Preg N [f,e — f], then j, r(x) € Pregy for each
x € [c,e = f].

Proor. By the previous Corollary, we can write je £(x) = je,c(x). It follows then from Lemma 52 that j, r(x) =
Je,c(x) € Preg. O

9.3 Convergence in 3 steps for disjunctions of atops
Let therefore IT = { (a;j, b;) | i € I'} be fixed; in order to improve readability, let us put, for each i € I,

Ji(x) =def Ja;,b; (%) -
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THEOREM 55. The function @11 defined as in equation (37) converges to its least fixed-point in 3 steps.

ProoF. We need to prove that jj (¢I3](J‘)) < ¢%(J.), for each k € I. If we put b =ger dr1(L) = Vs bi then we need
to show that
Je(@3 (b)) < ¢%(b)  foreachk €. (39)
Let, from now on, k € I be fixed and put
Ji(x) =def Jagnby, by (%) 5

80 jr (x) = Ji(x) A (ap — bg) as from equation 38. We shall argue that, for each i € I, the following relation holds:

JiUk ($11(0))) < Ji(gri(D)) - (40)
Once equation (40) is proved, we prove (39) as follows:
Je@R®) = i\ Ji@u®)) < i \/ iU @u®))), by Lemma 51,
iel iel

<\ e @u®) = jx U (gu®))), using equation (40),

iel
= jr Uk (d1 (D)), since of ji(x) = ji(x) A (ap — by) and jp. is strong,
= jk (¢ (d)), using by < b < ¢r1(b) and Lemma 49.(ii),

< ¢E(b).

In order to prove that equation (40) holds, we use Proposition 54 and argue that a certain j, r(x) is a prefixed-point of

Jji. Let, in the statement of the Proposition,
€ =def ak Abk A(ai = i), f =qef bk A(ai > bi), ¢ =der ji(b), X =der pri(b) A(ai > bi), g=i.
To apply the Proposition, we need to verify that (i) f < ¢ < x < e — f and that (ii) c is a prefixed-point of j;.
(i) Wehave b A a; — b; < a; — b; and therefore, by Lemma 49.(i),
b A(ai = bi) <ji(b A (ai = bi)) =ji(b) A (ai = bi) = ji(b).
Using this relation, we see that
f=bpAn(ai = b)) <bA(a; — by)
<jilb)=c¢
< ¢n(b) A (ai — bi) =x
<T=e—>f.
(ii) From b; < b and Lemma 49.(ii) it immediately follows that ¢ = j;(b) is a prefixed-point of j;.
From (i), (ii) and Proposition 54, it follows that ji, ¢(x) is a prefixed-point of j;. Recall now that
x = ¢r(b) A (ai — bi),
Je,f (U) = Jag nbg Alai—bi), b A(as—b:) (€) A (@i = bi) = Ji(y) A (a; — bi), foreachye H.
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We have therefore

JiUk (@ri(0)) = ji Uk (pr1(b) A (ai = bi)) A (ai = bi)) A (ai = b;)
= ji(e,r((b) A (ai — bi)))
< Je,r(¢r(b) A (ai = bi)) < Jr(¢u (b)),

proving relation (40). O

Remark 56. The above upper bound is tight. Recall that I is the index set over the disjunction by which ¢ry is defined, see
(37), so card(I) is the number of atops being joined. Computations with fCube [Ferrari et al. 2010] show that cl(¢y) = 2
when card(I) = 1, and that cl(¢r1) = 3 when card(I) € {2,3,4,5}. Quite interestingly we obtained the same pattern
for Ruitenburg’s numbers: p(¢r7) = cl(¢y) when card(I) € {2,3,4,5}. This raises the question whether the results
presented in this section can be lifted to Ruitenburg’s number; more generally and also considering Remark 48, the

question whether there is any formula ¢ € Fypc for which cl(¢) < p(¢) is open.

10 CONCLUSIONS

By Ruitenburg’s theorem [Ruitenburg 1984] the least and the greatest fixed-point of a monotone polynomial on an
Heyting algebra are constructible by means of finite Kleene’s iterations. The number of iterations needed to reach the
fixed-point is computable from the formula defining the polynomial, and therefore the least and greatest fixed-points
are definable within the Intuitionistic Propositional Calculus. We have emphasized in Sections 4 and 5 that definability
of these fixed-points is a consequence of the important structural properties of the IPC, the deduction theorem and the
existence of bisimulation quantifiers [Ghilardi and Zawadowski 2011; Pitts 1992]. The main contribution of the first
part of this paper is a new perspective on these fixed-points, alternative to the usual Kleene’s iteration, that yields both
an axiomatization of these fixed-points and a fixed-point elimination procedure (described in Section 6). Moreover,
decidability of IPC, is reduced via this procedure to decidability of the IPC and thus IPC, is shown to be decidable.
The second part of this paper analyses back the fixed-point elimination procedure from the point of view of Kleene’s
iteration: in Section 7 upper bounds of the finite closure ordinals of formulas of the IPC are systematically discovered;
since they are not in general tight, in Section 8 the critical formulas that arise from the elimination procedure have been
further investigated leading to better approximations (which also apply to Ruitenburg’s number of these formulas). The
complexity of a general investigation of the finite closure ordinals of intuitionistic formulas is witnessed in Section 9
where we exhibit a large class of formulas whose least fixed-point are surprisingly reached in 3 steps.

The second part of this paper is, in our opinion, a rich source of open problems susceptible to grow up to a research
domain that we might name the arithmetic of the IPC. Ruitenburg’s theorem is in this context a cornerstone and, for
this reason, an alternative proof of this result was obtained in [Ghilardi and Santocanale 2018, 2019]. In This proof,
using the duality for finitely presented Heyting algebras developed in [Ghilardi and Zawadowski 2011], yields new
perspectives, yet the approximations of Ruitenburg’s numbers so obtained are again far from being optimal. A deeper
understanding of Ruitenburg’s theorem might come from the results presented in Section 8 where—as in Ruitenburg’s
original proof—the notion of inflating function plays a key role.

Beside Intuitionistic Logic, we conjecture that many of the general results presented in Section 7 generalize to infinite
closure ordinals. It is therefore conceivable that they might be of use in current research on closure ordinals for modal
p-calculi, see e.g. [Afshari and Leigh 2013; Czarnecki 2010; Gouveia and Santocanale 2017]. Finally, one more question
worth to be answered is to what extent the results presented in this paper can be transferred back to the modal p-calculi
Manuscript submitted to ACM
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on restricted classes of models whose existing literature [Alberucci and Facchini 2009a,b; D’Agostino and Lenzi 2010]

motivated and contributed to advance the present research.
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