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Cette these porte sur I’étude d’une extension de la logique linéaire propositionnelle avec des
points fixes de type dans une perspective Curry-Howard-Lambek. La logique linéaire & points
fixes de types, appelée uLL, nous permet d’avoir des preuves inductives et coinductives. Nous
développons une sémantique catégorielle de uLL basée sur les catégories de Seely et sur des
foncteurs “strong” agissant sur elles. Ensuite, nous introduisons et étudions uLLP comme une
extension de la logique linéaire polarisée, avec plus petit et plus grand points fixes. Profitant
des regles structurelles implicites de puLLP, nous introduisons une syntaxe de terme pour ce
langage, dans ’esprit du A-calcul classique et du systeme L. Nous équipons ce systeme logique
d’une sémantique de réduction déterministe ainsi que d’une sémantique catégorielle. Nous
examinons toujours notre sémantique catégorielle avec des cas concrets tels que la catégorie
des ensembles et des relations, la catégorie des ensembles munis d’une notion de totalité
(espaces de totalité non uniformes) et des relations qui préservent a totalité, et les espaces de
cohérence avec totalité. Dans le cas de uLLP, nous prouvons un résultat d’adéquation pour
uLLP entre sa sémantique opérationnelle et dénotationnelle, dont nous dérivons une propriété
de normalisation griace aux propriétés de l'interprétation de la totalité. Nous étudierons
également les preuves non bien fondées en logique linéaire, que 1’on peut voir comme une
extension des preuves inductives, d’'un point de vue sémantique dénotationnelle en faisant
une relation entre condition de validité des preuves non bien fondées et interprétation de la
totalité. Enfin, nous fournirons un modele catégoriel pour les exponentielles codées a ’'aide
de 'opérateur de point fixe.

Keywords— logique linéaire, plus petit et plus grand points fixes, lambda-calcul clas-
sique, sémantique catégorielle, Sémantique dénotationnelle, preuve non bien fondés, logique
linéaire polarisée



This thesis is concerned with the studying of an extension of the propositional linear logic with
fixpoints of type from a Curry-Howard-Lambek perspective. Linear logic with fixpoints of
types, called pLL, allows us to have inductive and coinductive proofs. We develop a categorical
semantics of puLL based on Seely categories and on strong functors acting on them. Then we
introduce and study pLLP as an extension of Polarized Linear Logic, with least and greatest
fixpoints. Taking advantage of the implicit structural rules of uLLP, we introduce a term
syntax for this language, in the spirit of the classical A-calculus and of system L. We equip
this logical system with a deterministic reduction semantics as well as a categorical semantic.
We always examine our categorical semantics with concrete cases such as the category of sets
and relations, category of sets equipped with a notion of totality (non-uniform totality spaces)
and relations preserving, and coherence spaces with totality. In the case of uLLP, we prove an
adequacy result for uLLP between its operational and denotational semantics, from which we
derive a normalization property thanks to the properties of the totality interpretation. We
will also study non-wellfounded proofs in linear logic, which one can see as an extension of
inductive proofs, from a denotational semantics point of view by making a relation between
the validity condition for non-wellfounded proofs and totality interpretation. Finally, we
will provide a categorical setting for the exponentials that are encoded using the fixpoints
operator.

Keywords— linear logic, least and greatest fixed points, classical lambda-calculus, cat-
egorical semantics, denotational semantics, non-wellfounded proof, polarized linear logic
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In logic we must reject all distinctions
that are made from a purely
psychological point of view. What is
referred to as a deepening of logic by
psychology is nothing but a falsification
of it by psychology.

Gottlob Frege, Posthumous Writing

Logicism

The main project of Gottlob Frege in the foundation of mathematics, which nowadays is
called “logicism”, is indeed an important starting point of contemporary logic. His first
fundamental distinction in Begriffsschrift is between “content” and “judgement”, and this
distinction separates Frege from many traditional discussions of logic . In [Fre84], Frege
presented a symbolic language as a foundation of arithmetic. Later on, Giuseppe Peano
provided a formalization of logical inference in order to express formally proofs in arithmetic
[vH67]. Russell also gave an axiomatic system in [Rus06], and he used the notation and formal
rules of proof of Peano. David Hilbert also tried to provide a foundation of mathematics by
developing a new system for mathematical proofs [Toc05]. We can find in [HA28] what is
called nowadays the “Hilbert style” axiomatic system for predicate logic. The “Hilbert style”
axiomatic system for predicate logic includes some axioms and two inference rules. A proof
of a proposition A in the Hilbert system is a finite sequence Ay, --- , A, of propositions such
that A, = A and for i < n, either A; is an axiom or A; is derived from A;’s using the inference
rules for j < i. The two inference rules of predicate logic in his system are the following where
(MP) and (G) stand for Modus Ponens and Generality respectively:

A A—B A

4 2475 (MP) VoA@) (G)

In the (G) rule, one should be careful that the variable x should not be free in all the formulas
that are used to prove A. Hilbert wanted to have a sound and complete system. A system is
called sound if all derivable formulas of that system are “true”. A system is called complete
whenever a formula is true, then it should be also derivable in the logical system. Apart
from soundness and completeness, Hilbert was also interested in questions of consistency and

*based on a lecture note by Jeff Speaks about Frege’s Begriffsschrift. We refer interested readers to [FB97,
KIK95] to see some commentaries on Frege’s work
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decidability of the formal systems. Afterward, Kurt Goédel proved that it is impossible to
have a complete formal system of elementary arithmetic [God31]. However, the question of
consistency and completeness of predicate logic was still open, and Gerhard Gentzen started
to work on the question of consistency of arithmetic. He first started working on the analysis
of mathematical proofs as they are in practice. And this study led him to arrive at a calculus
of natural deduction [Gen35]. One of his observations was to divide the actual proofs of
theorems into two parts of assumptions and conclusions. Then analysing the conclusion was
done based on what Gentzen called introduction rules, and analysing the assumptions was
done based on what Gentzen called elimination rules [Gen35]. Introduction rules provide
sufficient conditions for deriving a conclusion of a given form. As an example, it is enough
to derive A and B separately to derive A A B. Gentzen wrote this inference rule formally as
follows and he called it the introduction of conjunction connective A:
A B
AANB
The elimination rules will tell us what an immediate use of an assumption is. For example,
if we assume that we have A A B, then an immediate conclusion of this assumption can be
A and B. So, we have the two following rules in the natural deduction that Gentzen called
elimination of conjunction connective A:
ANB AANB
A B
As another example of rules in the natural deduction, let us look at the implication. To
conclude an implication A — B, we first assume A and then try to derive B. However, we
should notice that the assumption A is not a permanent assumption, so, this assumption will
be “discharged”. We can use the assumption A — B if a deviation A has been found. So, the
introduction and elimination rules of implication are as follows:

[A]

: A A—B

B B
A— B

Gentzen noticed that if an introduction rule is followed by the corresponding elimination rule
to prove a proposition A, then these two consecutive introduction and elimination rules seem
unnecessary to prove A, and he called such introduction-elimination pattern “detours”. As
two examples consider the following proofs of AA B and A — B:

AAB A— B [A]
A B B
ANB A— B

And the so-called detour conversion will remove such elimination-introduction pattern. This
procedure is also called normalization, as it tries to convert non-normal proofs (those has
detour) to the normal ones (no detour pattern in the proof). The normalization theorem
is as follows: If a formula A has a proof, it also has a normal proof. Gentzen proved the
normalization theorem for the intuitionistic natural deduction in [Gen35] and he wrote that
he was not able to prove normalization for the classical natural deduction [PGO8]”. If we

3 According to [PGO8], there are apparently two versions of Gentzen’s PhD thesis; the published one and the
handwritten version. The handwritten version contains the detailed proof of normalization for the standard
system of natural deduction that we are nowadays familiar with, and it seems this was not mentioned by people
even a priori by Paul Bernays who has the handwritten version [PGO08]

11
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look at the introduction rules of conjunction and implication, we will notice that premisses
(the formulas above the inference line) are subformulas of the conclusion, and the situation
is converse for the elimination rules. Gentzen noticed that in normal proofs, this property,
which is called sub-fromula property, holds for the whole proof. That is to say, all formulas
are subformulas of the conclusion [Gen35]. One can derive the consistency of a logical system
using the normalization theorem and the subformula property as follows: Assume that the
proof system is not consistent. Then by definition, it proves any formula and especially
atomic formulas. Then the atomic formulas have also normal proofs. But there is neither
an elimination rule nor an introduction rule on an atomic formula. So, in this way, one can
obtain a syntactic proof of consistency for a logical system. However, we have not yet talked
about the consistency of arithmetic. Gentzen tried to extend the natural deduction with a
rule that corresponds to the principle of induction. And he wanted to derive consistency from
the normalization and the subformula properties. But, he realized that this proof will not
go through, as he saw it is impossible to have subformula property in the arithmetic [PGOg].
Afterward, Gentzen developed another logical calculus, and he called it “Sequenzenkalkul”
(sequent calculus). A sequent consists of a list I' of formulas, a turnstyle F (original an
arrow by Gentzen), and another list T' of formulas, i.e, I' = A. Take I' = Ay, -, Ay and
A = By,---, By, then one can read a sequent I' F A as follows: “The assumption A; A---AAg
implies the conclusion B; V ---V B;”. In sequent calculus, we have two introduction rules
(called left and right introduction rules) for any connective in contrast with the natural
deduction we have introduction and elimination rules. Let us consider the case of conjunction
and implication. The right introduction rule for conjunction is as follows:

'AA TFAB
THA,AAB

And the left introduction rules for conjunction are
ATEFA B,I'FA

AANBTFA  AABTFA

One can try to interpret these rules with the reading of a sequent I' = A which is provided
above. The left and right introduction rules for implication are as follows:

T Al B,A TT',A B,AFT”
'A—BA  A— BT AFT,T"

Gentzen denoted by LK (respectively LJ) the classical (respectively intuitionistic) system in
the sequent calculus style *. Similar to the detour in the natural deduction which was somehow
implicit, there is a notion of the detour in the sequent calculus. However, this notion of detour
explicitly appears in the sequent calculus as an inference rule which is called (cut) rule:

r-AA AT FA
DTV = A A
Similar to the normalization theorem in the natural deduction, there is a theorem in sequent
calculus that is called “cut elimination” theorem nowadays. This theorem says that if a

sequent I' = A has a proof, then it also has a proof without using of (cut) rule. Those
proofs are called cut-free proofs. Gentzen showed the cut elimination theorem for LK (and

4The rules that are presented above are actually the rules of a classical system. In the sequent calculus,
there is a very nice characterization of intuitionistic system saying that a system is intuitionistic if there exists
at most one formula on the right-hand side of I-.

12
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consequently for LJ). Gentzen continued his plan on proving the consistency of arithmetic
after working on the natural deduction and the sequent calculus in his thesis. And he proved
the consistency of arithmetic [Gen39] using the now famous principle of transfinite induction
up to the first epsilon-number °. To see more details and other discussions on proof theory,
we refer a reader to excellent and exciting references on proof theory such as [Bus98, Gir&7h,
GLT89, NvPRO1, Pra9l, vP13, TS00].

Type theory

Back in the 19th century, Georg Cantor in [CC74] launched a branch of mathematics called
set theory. In that paper, he first proved that the collection of all real algebraic numbers can
be placed into a one-to-one correspondence with the collection of all natural numbers. Then
he proved that the real numbers cannot be put into a one-to-one correspondence with the
natural numbers °. After this discovery of Cantor, which is also called linear continuum, the
concept of set theory started to evolve. Early on, some paradoxes arose in naive set theory;
in particular the paradox by Bertrand Russell (and also by Ernst Zermelo) which is known
as the paradox of self-reference. This issue was basically solved in two ways: Developing an
axiomatic set theory by Ernst Zermelo and Abraham Fraenkel [Zer08, Fra22], and developing
of type theory by Bertrand Russell and Alfred North Whitehead [W1R13] which was simplified
by Leon Chwistek [Chw22] and Frank Plumpton Ramsey [Ram31]. One can look at types
as ranges of predicates meaning that for a given predicate P(X) there is a class of objects,
called type of X, such that the predicate P(X) can only apply to members of type of X.
One can also look at types as sets. Although one of the motivations was trying to solve the
paradoxes of naive set theory, one can see a more conceptual purpose in type theory which
was looking for a secure foundation of mathematics, and we can maybe say that this project
is really started from Gottlob Frege.

Simple Theory of Types and A-calculus

Along these lines of looking at foundations of mathematics, Alonzo Church in [Chu32], as he
mentioned at the very beginning of his paper, provided a set of postulates for the foundation
of formal logic. His system was based on function rather that set. Church first defined what
he called “undefined terms”. Among the undefined terms, one can find these symbols: {}(),
All, II, 3, and &, and he also allows to have variables. Then he defined the notion well-formed
formula inductively: (1) variables are well-formed (2) II, ¥, and & are well-formed (3) if M
and N are well-formed then {M }(N) is well-formed (4) if x is a variable and M is well-formed
then Az[M] is well-formed. Although those are called undefined terms, Church had (as it is
mentioned by himself in page 8 of [Chu32]) an intended meaning for them which was coming
from a functional view. He says that if F'is a function and A is a value, then { F'}(A) represents
the application of the function F' on the value A. He also uses the idea of Schonfinkel [Sch]
to deal with multi variables functions which is now called Currying function. Then we will

5Gentzen actually presented different proofs for the consistency of arithmetic in different years, as there
was some discussions by Godel and Bernay on each of them [vP 18]

SActually, he first proved that there are infinitely many numbers in any interval [a,b] (Cantor’s notation
for interval was (a---b)). Then, as two corollaries, first he proved there are infinitely many transcendental
numbers in any interval. And secondly, real numbers cannot be written as an infinite sequence.

13
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also see his postulates in order to do reasoning in the system. There we can find basically
the first place he provides his conversion rules such as converting the formula {A\z[M]}(N)
into formula S§;,M which denoted the result of substituting N in M for x. This particular
conversion is now called 8 reduction. Although Stephen Cole Kleene and John Barkley Rosser
proved that Church’s system was inconsistent [[XR35], his system lead to introduce A-calculus
and simple theory of type in [Chud0, Chu4l]. What we see in [Chu40] seems closer to what
we nowadays called Higher-order sorted logic. Church first explained his hierarchy of types in
[Chu40]: The class of type symbols is the least class of symbols which contains the symbols ¢
and o and is closed under the operation of (af) from symbols av and 5 '. In a similar way as he
did in [Chu32], he defined his notion of well-defined formulas that were based on the notion of
primitive symbols which were the same as undefined terms with the difference that now they
have type as their subscript. Among the primitive symbols, one can see A, Noo, Aooos Ip(oa)-
He called A\ the improper symbols, and the others ones the proper symbols. Well-formed
formulas is now defined inductively as follows: (1) proper symbols are well-formed (2) If zg
is a variable and M, is a well-formed formula, then (/\SUﬁMa)(a,a) is a well-formed formula
(3) If F,,3 and Bg are well-formed formulas, then (Fi,3Bg)q is a well-formed formula. As an
example, the formula B,V C, can be written as Ay, B,C\, and the formula - B, can be written
as Ny,B,. This work is basically the first place that we can see a typed system based on a A
language which is based on the notion of functions and variables. However, the simple type
theory is not the only outcome of Church’s work in [Chu32]. The underlying pure A-calculus
was also another outcome. The very early work on the pure A-calculus was begun to study its
conversion theory (now called reduction theory) in [CR36] which Church and Rosser proved
confluence theorem using the method of residuals. Further studies on A-calculus were made in
[Chu36a, Chu36b, Pé37] that introduce the notion of A-definable function and prove that this
notion coincides with the Herbrand-Godel recursive functions. This also answered negatively
the question that we mentioned above by Hilbert about the decidability of predicate logic.
Church first showed that the convertibility problem for pure A-calculus was undecidable, and
then deduced the undecidability of predicate logic from this result [Chu36b, Chu36al.

Propositions-as-Types

Church gave his last version of the simple theory of type in [Chu40]. Afterward, there were
many studies on Church’s system and its extensions. For an instance, Leon Henkin in [Hen50]
proved the completeness of simple type theory for his wider class of models. The question of
completeness of predicate logic was answered positively by Godel in [God29]. But, by Godel’s
first incompleteness theorem, we can see that completeness of second order logic will be failed
as a finite set of axioms for natural numbers can be formulated in a second order calculus
with an added functional constant. However, Henkin provide a wider notion of models (he
called them general models) in which he proved the completeness of simple theory of type
(and calculi of higher order). About this wider notion, he says that “Roughly, these models
consist of an arbitrary domain of individuals, as before, but now an arbitrary class of sets of
ordered n-tuples of individuals as the range for functional variables of degree n.”. There was
also another study on Church’s system by Peter Bruce Andrews that he extended Church’s
system to the theory of transfinite types [Gan68]. However, if we go back again before work
of Church in [Chu40], we will see that Haskell Curry has also developed a type theory in

"This operation is now denoted by 8 — «
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[Cur34, Cur35] with the aim of investigating the foundations of mathematics. He called his
theory combinatory logic °. Combinatory logic is a formal theory based on a set of primitive
axioms and rules of procedure and does not suppose the notion of variables. One of the main
ideas of Curry was to decompose a substitution process into elemental steps, and to do so,
he introduced a concept of combinator [Cur30] ”. Getting back to Curry’s type theory in
[Cur34, Cur35], one can see that his approach is different from the one by Church. Curry
added a functionality constant F in a way that an expression such as Fabf means intuitively
Va(x € a = f(x) € b). In his approach, the range of f includes a and not exactly a. In other
words, a term in Curry’s type theory can have an infinite number of types, whereas as we saw
above in Church’s type theory, any well-formed formula has a unique type which is shown
as its subscript '". In addition to the functional symbol F, Curry in [Cur42] also considered
another combinator P to represent implication. He used the notation Pab for the implication
that we now usually write it as a — b, and then he provided some Postulates for P and F. In
footnote 28 of [Curd2], Curry says the following: “Note the similarity of the postulates for F
and those for P. If in any of the former postulates we change F to P and drop the combinator
we have the corresponding postulate for P.”. As noted in [CHOG], we can say that here is
the very first place that one can see more explicitly some sparks of the appearance of the
proposition-as-types. Later on, Curry and Robert Feys in [Goo60], proved a formal statement
for propositions-as-types that they called them “The P-to-F transformation” (Section 9.E of
[Goo60]). There were two following axioms in their basic (type) theory where two combinators
K and S are defined respectively as Kxy = x and Szyz = zz(yz):

F Fa(Fba)K F F(Fa(Fbe))(F(Fab)(ac))S

If we replace the combinator F with P, and remove their subjects, then these two axioms will
be as follows (remember that Pab is a notation for a — b):

a— (b—a) (a—(b—¢)— (a—b)— (a—c)

Moreover, there was also a rule for F saying that Fabf,az - b(fz). Under the same transfor-
mation, this rule for F will be modus ponens. As we know, modus ponens plus the two axioms
above will generate a theory of implication in the intuitionistic propositional logic. Hence,
under this transformation, one can show every theorem of the Curry’s basic (type) theory is
related to a theorem in the pure theory of implication in the intuitionistic propositional logic
[Goo60]. By looking at the proof of this theorem and a partial converse of it in [Goo60], it can
be observed that the transformation is not only restricted between propositions and types,
and moreover there was a correspondence between type-assignment deductions and the proofs
in the propositional logic. This fact and its extension to the A-calculus (Church’s type theory)
were mentioned by William Alvin Howard in [How80] ''. Howard called this correspondence
formulae-as-types which is also known today as the Curry-Howard correspondence. This cor-
respondence was also pointed out independently and with different motivations by Dana Scott
in [Sco70] and Nicolaas Govert de Bruijn in [dB80] as part of the automath project. This

8The idea of having a syntax such as combinatory logic of Curry appeared also before him in a work by
Moses Ilyich Schonfinkel [Sch]. Schénfinkel’s idea was to remove bound variables, which he thought are just
auxiliary syntactic concepts

9As it is mentioned in [CTI06], when Curry discovered [Sch], he admits “This paper anticipates much of
what I have done”.

10This different typing is now called intrinsic and extrinsic typing due to John Reynolds [Rey98]

1 According to [CTI06], this fact were pointed out by William Howard in a manuscript in 1969, and then
published in [How80] in 1980
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correspondence between proposition and types was also used by Per Martin-L6f, and then he
introduced the intuitionistic type theory [Mar84]

Normalization and Higher order type theories

We talked above about the normalization theorem in the natural deduction with the aim
of eliminating detours in the proofs. By the Curry-Howard correspondence, we saw that
proofs of a proposition will be transformed into terms of the corresponding type. Hence,
one should have a similar notion to detours in terms which is now called redex (or S-redex).
Hence the property of normalization in the natural deduction will be transformed to the
following property in type theory: any typed term has a normal form which can be obtained
via the reduction system of the given type theory. This property is sometimes called weak
normalization which says that there exists at least one finite reduction of the terms. Similarly,
a type theory has strong normalization, if all reductions of typed terms are finite. Alan Turing
proved the weak normalization theorem for A-terms with pure arrow types and S-reduction
[CHS80] . Curry also proved the weak normalization using the cut elimination of the
sequent calculus [Goo60]. As it is mentioned above, one of the questions of Hilbert was
about the consistency of logical systems, and Gentzen proved the consistency of arithmetic.
However, there is another proof of the consistency of arithmetic due to Gédel in his Dialectica
paper [God58]. Roughly speaking, Godel interpreted first order arithmetic in an impredicative
primitive recursive functionals of finite type (we call it theory T'), and he proved that all
closed terms T of the integer type will be computed to a natural number. From this result,
he deduced the consistency of intuitionistic first order arithmetic (Heyting arithmetic). Later
on, William Walker Tait formalize the theory T as an extension of typed A-calculus with
a primitive-recursion operator and proved weak normalization of his typed system [Tai6G5].
Tait again provided another proof of normalization of his system in [Tai67]. In his second
proof, he defined the so-called computability predicate by induction on types in a way that
this predicate implies normalization. Then he proved by induction on terms that all terms
satisfy this predicate. Although one can notice that one can adapt Tait’s proof to have a
strong normalization, Howard proved directly a strong normalization result [How70].

In the meantime, Gaisi Takeuti provided a sequent calculus for higher-order logic and he left
the question of cut elimination for his system in [Tak53]. Afterward, Tait in [Tai68] and
Dag Prawitz in [Pra67] proved that statement for second order predicate logic. Later on,
Moto-o Takahashi in [Tit73] and Prawitz in [Pra68] provide the proof for the full Takeuti’s
system. However, if we look at all these proofs, we can not see an explicit procedure to
construct the cut-free proof . Jean-Yves Girard gave a constructive (algorithmic) proof
of cut elimination for second and higher order logic in [Gir71, Gir72]. He first developed a
typed system corresponding to the second order predicate logic and called it system F, and
then proved the strong normalization result for his system. His idea was to develop Tait’s
computability predicate, and it is called candidats de réductibilité which is widely used in

2The very first work of Martin-Lof on the theory of type, which had an impredicative character, was
published in 1971, and it turned out that it was inconsistent. Then he remove this impredicative character in
his subsequent versions in 1972, 1975, 1982, and 1984 [CHO6]

13This system is now called simply typed A-calculus

1 As it is noted in [CTT06], this was the first proof of normalization which was before 1942. However, it took
around 40 years to be published.

15That is why we nowadays distinguish between cut elimination and cut admissibility
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proof theory and type theory. In system F, there is a type construction of the universal
quantifier which is denoted by Va.p where « is a type variable. Apart from abstraction and
application for terms, we also have abstraction and application for types. Let r be a term of
type p, and the abstraction for type is the term Aar of type Va.p. Let r be a term of type
Va.p, the application for type is the term (ro) of type pla/c]. In Va.p, the type variable «
ranges over all types, including Va.p. This impredicativity of the language made the proof of
normalization of system F delicately complex. However, this universal quantifier construction,
which is called polymorphism, was also seen useful in programming languages [Str00], and
that was one of the motivations of John Charles Reynolds to develop, independently, a similar
language to system F in [Rey93]. An example taken from Section 3.6.4 of [Str00]: Let f be a
function of type a — [, and L be a list of elements of type a which will be denoted by list(«).
Consider a function map that applies f respectively to each element of L so that it produces
a list(8) (map(f, L) will be of type list(5)). Now, using the universal quantifier of system
F, one can assign the type VaVf(a — ) — (list(a) — list(5)) to term map. From another
perspective, one can derive many other data types using polymorphism. For instance, type
of integers can be written as Va(a — a) — (o — «) [Gir72], the boolean type can be written
as Va.ao — (a — «), ete.

Birth of Linear Logic

One of the questions that arose after presenting system F and the other similar systems was
asking about how we should interpret polymorphic types. Reynold conjectured in [Rey83]
that there is a set-theoretic interpretation of polymorphic typed A-calculus, and he disproved
himself his conjecture '°. Anne Sjerp Troelstra in [Tro73] provided a semantic for system
F based on partial equivalence relations (PER), i.e, binary relation satisfying the symmetry
and transitivity conditions, over Kleene structure (N,-) where n - m is the result of applying
the n-th partial recursive function to m as its argument. This model is called “hereditarily
recursive operations of order 2”7 by Troelstra. As it is mentioned in [Gir86], there were
many other attempts to interpret system F using some sort of Scott domains, but those were
essentially the same as Troelstra’s; Girard says in [Gir86] “simply partial recursive functions
are replaced by A-terms, and these A-terms are in turn interpreted in a Scott domain.”.
However, new semantic ideas were presented in [Gir86] using coherence spaces which was
called qualitative domains by Girard in [Gir88]. Now, we are in a position where linear logic
was invented by Girard in [Gir87a]. Although there is almost no doubt that linear logic is
coming from coherence spaces, we can also look at this sentence by Girard in [Gir87a] saying
that “Let us explain what is the starting disturbance that led to linear logic: the semantics of
coherent spaces,...”. In classical and intuitionistic logic, the multiplicative and additive rules
are equivalent thanks to the free structural rules. However, in linear logic we do not have that
freedom on structural rules, and those rules are only accessible on so-called modal formulas.
Hence the equivalence of multiplicative and additive rules will be broken. Based on this fact,
one has two different conjunctions, two different disjunctions, and the same on units of logic.
In fact, as an example, one has both intuitionistic and classical disjunctions at the same time
in linear logic. More precisely, there is a formula A & B in linear logic for any formula A and

6Reynold said if there is such an interpretation, then the endofunctor (ZX)X over category of sets and

function has initial algebra, i.e, a set A such that A = (24)%. But this is not possible by a cardinality
argument
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B together with the following rules:
'FAA I'-BA
'-A® B, A I'-A® B, A

Moreover, one also has a formula A % B with the following rule:
I'FA B A
'FA® B, A

And one can see that the formula A @ A’ is not provable in general in linear logic where
A* is the linear version of negation. Whereas the formula A% A+ is provable in linear logic.
Hence linear logic provides a fine-grain analysis of proofs in intuitionistic and classical logic,
and also of their cut-elimination. Based on this idea of having explicitly a restricted version
of structural rules, linear logic provides us with a logical understanding of the evaluation
strategies. Although the structure of the cut-elimination procedure is essential, one can
see that this structure is quite problematic in sequent calculus as we have problems of the
permutation of rules. That is to say one can have a single proof of a formula, whereas it can
be represented in two different ways in sequent calculus. To avoid this problem, Girard gave
a new syntax of proofs [Gir87a] which is called proof-nets. Cut elimination theorem was also
obtained in [Gir87a] using normalization for proof-nets. However, as it is also mentioned in
[Gir95], one can of course prove cut elimination for propositional linear logic directly in the
sequent calculus using essentially the argument of Gentzen, and moreover, the proof can be
simpler due to the restrictions on structural rules.

Fixpoint theory

If we split the title of the manuscript into three parts of “Fixed Points”, “Linear Logic”,
and “Curry-Howard-Lambek”, till now we have almost talked about the last two, i.e, “Linear
Logic”, and “Curry-Howard-Lambek”. It is said “almost”, since we did not talk about the
role of Lambek. But a short history of categorical logic is provided in Section which
will talk about Lambek’s role in this story. But we really have not talked about the “Fixed
Points” part yet, and this is what we are going to do now. The goal is to give a very short
background on order-theoretic fixpoints. Once we are done with this, we will talk about the
connection of these three parts which is the main goal of this manuscript.

Fixpoint theorems in mathematics are the results that says that an operation (or a func-
tion) f on a particular space has fixpoints, meaning that there is an element = of the space
such that f(x) = . Bronistaw Knaster and Alfred Tarski in [Kna28] proved a set-theoretical
fixpoint theorem saying that any function on the family of all subsets of a set, which is in-
creasing under set-theoretical inclusion, has at least one fixpoint. Later on, Tarski gave a
lattice-theoretic generalisation of the set-theoretical one ''. He proved that the set P of all
fixpoints of a given increasing function f on a complete lattice (A, <) is a non empty

17 Although this result was published in 1955, Tarski says in [Tar55] that most of his results contained in
that paper were obtained in 1939. He also tells us that in the meantime he was working on a research project
in the foundations of mathematics which was founded by Office of Ordnance Research, U.S. Army

18 A lattice is a partial order set (A, <) such that for any two elements a,b € A there is a least upper bound
(join) and a greatest lower bound (meet). A lattice is said to be complete if every subset B of A has a least
upper bound and a greatest lower bound
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complete lattice (Theorem 1 of [Tar55]). In particular, we will have the least and great-
est fixpoints of f, since P is a complete lattice. This theorem is an existential statement
and it is not completely obvious how one can build the fixpoints. There is another fixpoint
theorem that is more constructive in the sense that one can see a procedure to build the
least fixpoint under an assumption on the function. This theorem is called Kleene fixpoint
theorem ', and it says that if a function f : X — X on inductive poset X °’ preserves
directed joins then there it has a least fixpoint. Patrick Cousot and Radhia Cousot relaxed
the assumption of preserving directed joins, and proved that any monotone function on a
complete lattice has both the least and greatest fixpoints [CC79]. Their proof also provides
a transfinite procedure to build fixpoints. They actually showed that the set of fixed points
of f is the image of preclosure operations on the complete lattice which is defined as lim-
its of stationary transfinite iteration sequences. Although their proof is constructive (in the
sense of mentioned above) and relaxes the assumption of preserving directed joins, it works
on a more restricted domain (complete lattice) compare to Kleene’s theorem which was on
inductive poset. The good news is that there is a theorem by Dito Pataraia, called Pataraia’s
theorem, which indeed proves that any monotone operation f : X — X on inductive poset
X has a fixed point “'. Paul Taylor in [Tay22] proved Pataraia’s theorem under the “special
condition” which simplifies the original proof of Pataraia. This special condition is saying
Ve,y € X((z = f(z) <y =[f(y) =z =y).

The fixpoint theorems have many applications in mathematics. For example, one can see
in [Kna28] that the set-theoretical fixpoint theorem gave us a generalization of the Cantor-
Bernstein theorem, and also some applications topology are mentioned there. And of course,
many other applications that are way much more than the author’s knowledge. To see the
application that this manuscript is based on that, we should get back again to 1895 where
Cantor introduced well-orderings or ordinals in [Can95, Can97], and that led Zermelo to
generalize it to the notion of a well founded relation [Zer35]. Let A be a set and < be a well
founded relation on A, then it obeys the well founded induction scheme:

Vaec A(Vbe Ab<a= ®(b)) = ®(a)
Va € A®(a)

for any predicate ® on A. This well founded induction makes us able to prove a predicate
by induction. From this ability, John von Neumann proved in [vN] a recursion theorem that
will make us able to define a function by recursion. The interesting point is that one can
also prove the same recursion theorem using Pataraia’s theorem [Tay22]. So, here is a place
where we can see, as an example, an application of fixpoint theory in the field of inductive
definitions and proofs. In this spirit of using fixpoint theory, one can develop an induction
principle in a sequent calculus style. For instance, the following rules can be seen as a kind
of Pataraia’s theorem where X .F(X) is a notation for the least fixpoint of the operation F:

A+ F(uX.F(X)),T F(S)+ S
AF pX.F(X),T pX.F(X)F S

9The author is not able to find easily the first place that this theorem has appeared, so not fully sure why
this is called Kleene fixpoint theorem. But most probably it is because of the similarity between this theorem
and Kleene’s recursion theorems in [Kle38, Kle71].

20 An inductive poset is a poset with a least element, and admitting joins of all directed subsets.

2! Acording to [Tay22], Pataraia never wrote it up formally himself, and his proof was simplified by Alex
Simpson.
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Along this approach, one can try to develop an extension of the propositional logical system
by inference rules such as those above. We said propositional because, as it is mentioned
above, one can encode fixpoints types in second order logical systems such as system F.
However, along this connection of proof theory and fixpoint theory, Ralph Matthes developed
an extension of system F with iteration and Primitive recursion on inductive Types [Mat99a],
as he mentioned in [Mat99a] that he considered a “magnifying glasses of proof theory” on the
theory of complete lattices. And, finally, we are relatively in a good position to talk about
the topic of this manuscript which will be done in the following sections.

Fixpoints theory, Linear Logic, Curry-Howard-Lambek

Girard in [Gir92] suggested considering of extension of linear logic with fixpoints of formulas
in an unpublished note, though the first comprehensive proof-theoretic investigation of such
an extension of linear logic is by Baelde [Bae12]. He considered an extension uMALL of Multi-
plicative Additive linear logic with induction and coinduction principles. It seems, apparently,
his motivation was more coming from proof-search and system verification point of view and
therefore his uMALL logical system is a predicate calculus. We will look at that system from
the fixpoint theory approach mentioned above together with a Curry-Howard-Lambek per-
spective. So, in the first place, we do not need to deal with a predicate calculus, and we stick
to the proposition calculus setting. Unlike [Bac12] we include the exponentials in our system
from the beginning, so we call it yLL rather than propositional uMALL. Exponentials are not
considered in uMALL because some form of exponential can be encoded using inductive/coin-
ductive types, however, these exponentials are not fully satisfactory from our point of view
because their denotational interpretation does not satisfy all required isomorphisms; specifi-
cally, the Seely isos are lacking (This is explained in Chapter 1). The uLL system is described
in Chapter 0, and there we can also see a brief background on linear logic, and its model.
Now, we explain below what we have done in each chapter along with our main motivation
which is making relations between fixpoints theory, linear logic, and Curry-Howard-Lambek
correspondence.

Chapter 1

In Chapter 1, we first decided to investigate the denotational semantics of ulLL, whose defi-
nition does not rely on the rewrite system uLL is equipped with, since the proof-theory (and
hence the “operational semantics”) of uLL is still under development. We develop there a
categorical semantics of pLL extending the standard notion of Seely category “~ of classical
linear logic. Such a model of pLL consists of a Seely category £ and of a class of functors
L" — L for all possible arities n which will be used for interpreting ulLL formulas with free
variables. These functors have to be equipped with a strength to deal properly with contexts
in the v rule. Then we develop a simple instance of this setting which consists in taking for
L the category of sets and relations, a well-known Seely model of linear logic. The strong
functors we consider on this category, that we call variable sets, are the pairs F = (T, I?‘) where
F is the strength and F : Rel” — Rel is a functor which is Scott-continuous in the sense

223ometimes called new-Seely category: it is a cartesian SMCC with a *-autonomous structure and a
comonad !__ with a strong symmetric monoidal structure from the cartesian product to the tensor product.
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that it commutes with directed unions of morphisms which implies categorical cocontinuity
on the category of sets and injections and maps inclusions to inclusions (this light additional
requirement simplifies the presentation). There is no special requirement about the strength
F beyond naturality, monoidality and compatibility with the comultiplication of the comonad
!_. Variable sets form a Seely model of uLL where linear negation is the identity on objects,
the formulas ¢ F and v( F' are interpreted as the same variable set, exactly as ® and % are
interpreted in the same way (and similarly for additives and exponentials): this denotational
“degeneracy” at the level of types is a well known feature of Rel which doesn’t mean at all
that the model is trivial; for instance normal multiplicative exponential LL proofs which have
distinct relational interpretations have distinct associated proof-nets [dCdF12, dC16]. Then
we “enrich” this model Rel by considering sets equipped with an additional structure of to-
tality: a non-uniform totality space (NUTS) is a pair X = (| X[, 7 (X)) where | X| is a set and
T(X) is a set of subsets which intuitively represent the total, that is, terminating computa-~
tions of type X. This set 7 (X) is required to coincide with its bidual for a duality expressed
in terms of non-empty intersections. Given two NUTS X and Y there is a natural notion of
total relation t C | X| x |Y| giving rise to a category Nuts which is easily seen to be a Seely
model of linear logic. To turn it into a categorical model of ulLL, we need a notion of strong
functors Nuts” — Nuts. Rather than considering them directly as functors, we define vari-
able non-uniform totality spaces (VNUTS) as pairs X = (|X|, 7 (X)) where |X]| : Rel” — Rel
is a variable set and, for each tuple X = (X1,...,X,) of VNUTS’s, T(X)(Y) is a totality

structure on the set [X|(|X]). It is also required that the action of the functor [X| on Nuts
morphisms and the strength X respect this totality structures. Then it is easy to derive from
such a VNUTS X a strong functor Nuts” — Nuts and we prove that, equipped with these
strong functors, Nuts is a model of yLL. And finally, we will apply the same notion of totality
on coherence spaces, and we will provide another concrete model of uLL based on coherence
spaces with totality.

Chapter 2

In Chapter 2, along our path to make a relation between fixpoints, linear logic, and Curry-
Howard-Lambek approach, we decided to develop a A-calculus for this extension ulLL. How-
ever, the explicit structural rules in linear logic make such a language very heavy, hard to
use and analyze. In particular, explicit substitutions would be necessary in such a plLL-based
syntax. However, Olivier Laurent in [Lau02] introduced a “polarized” linear logic LLP which
relaxes the use of structural rules on so-called negative formulas. So, we take this advantage
of the relaxed structural rules in LLP, and we call LLP;y, for the polarized linear logic with
implicit structural rules.

We study pLLP;imp, an extension of LLP;m, with least and greatest fixpoints, by introducing
and studying a system L calculus [CHOO, CN 10, Mun13, Mun09] for a polarized version of uLL.
The search for a maximal syntactic simplicity guided our design of this calculus. We use the
Greek letter x for the name binder instead of the more traditional p/f [Par92] which would
lead to confusions with the standard notation associated with least and greatest fixpoints
(1/v). Related to this syntactical simplicity is that a negative term or a command can be
typed by a negative or a positive sequent so that there are actually five kinds of typing
judgments and this partitioning is taken into account by the semantics. The polarization
of fixpoints means that least fixpoints allow to define data-types (integers, lists, trees etc.)
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while greatest fixpoints allow to define co-data-types, that is types of data-consumers
We refer to [APTS13] for a detailed discussion of the computational duality between data
and co-data-types. The typed calculus introduced in that way is called kulLLP. It features
natural construction rules associated with the positive connectives and constants (pairing
for ®, injections for @ etc). It has a positive promotion construct s' for putting a negative
term s in a box (or thunk) which can be used as a piece of data and a negative dereliction
der p which allows to open such a box. Just as the Au-calculus, kuLLP has names a, (...
associated with the negative formulas of a sequent”". Since at most one positive formula can
occur in a single-sided LLP sequent, we need only one variable that we denote as e. There are
several binders for names: one general binder ka.c which allows to select a negative formula
in the context, and the other ones are associated with 1, 2% and Park’s rule. All these binders
produce a negative term whose type is a negative formula made active for further uses. There
is also a binder &.c associated with the unique variable e which produces a positive term. One
crucial feature of e is that it can occur only linearly in a command or negative term. Again,
this is due to the fact that all the formulas in the context of a promotion must be negative.
Notice also that e cannot occur free in a positive term due to the fact that a positive sequent
has exactly one positive formula. All these binders apply to commands which are cuts s x p
between a negative term s and a positive term p. Our operational semantics provides only
reduction relations for commands and can be seen as describing the interactions between
positive constructors and negative destructors. One specific critical command is ka.c x &.d
which could a priori lead to ¢[k.d/a] or d[ka.c/e]; we choose the second option making our
reduction semantics deterministic; we are actually defining a kind of abstract machine whose
states are commands sxp where s is the program and p is the stack (there are no environments
because substitutions are executed immediately).

Our goal in this chapter is twofold. On the one hand, we provide a categorical semantics
of kuLLP building on the one provided in Chapter . Given a model (£, £) (simply denoted
as L) of pyLL the main idea is standard: interpret a closed positive formula P as an object
of the Eilenberg-Moore category £'. This requires however to deal also with open positive
formulas: we take them into account introducing the notion of positive functors which are
strong functors (as specified by £) equipped with a distributive law wrt. the comonad !, they
are a functorial generalization of the notion of !-coalgebra. We illustrate this semantics in the
concrete models Rel and Nuts.

On the other hand, we also prove some form of normalization (cut-elimination) for ruLLP.
This turned out to be surprisingly difficult. The solution came from understanding that prov-
ing a termination property with respect to the relational semantics — saying very roughly
that if a command has a non-empty relational semantics its reduction terminates — would be
possible because the points of the relational model are finite trees on which induction is pos-
sible. Concretely this means that we associate sets of terms to points of the relational models
and these sets are easily defined by induction. To make this proof of normalization more
natural we also provide a presentation of the relational semantics of kuLLP as an intersection
typing system. To derive from this relational normalization a standard normalization prop-
erty, it is enough to prove that, in sufficiently many meaningful situations, when ¢+ o : N,

Z3This strongly suggests that lists and streams are not of the same nature, streams are not data but data
consumers.

2Indeed in the Au-calculus all formulas are negative and the names are associated with the formulas occurring
on the right side of a sequent whereas variables are associated with formulas on the left.
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the command ¢ has a non-empty relational semantics. We do that for NV = 7nat where nat is
a type of integers defined as a least fixpoint formula. The model Nuts of non-uniform totality
spaces gives us precisely this information: any total subset of the relational interpretation of
7nat is non-empty and hence, in particular, the interpretation of ¢ is non-empty.

Chapter 3

Till now, we have only considered finitary logical system with inductive and co-inductive
types. However, in those systems, cut elimination theorem will not imply the sub-formula
property as one basically need to guess an invariant in the inductive proofs, and this can not
be avoided in these finitary systems. There are morally two ways to obtain a cut elimination
result and sub-formula property in the logical system with inductive and co-inductive types:
either considering infinitary logic in the sense of [ST58, Tar58], or considering non-well founded
proofs meaning that one has infinite proofs in depth but finite branching in the sense of [Doul7,
BDS16]. In this chapter, we actually consider non-well founded proofs from a denotational
semantics point of view. In [Doul7, BDS16], the uMALL, system, which is non-well-founded
multiplicative and additive LL with two rules for unfolding fixed-points, is studied. They have
defined a syntactic notion of validity on proofs in order to distinguish sound from unsound
proofs. We consider an extension of uMALL.,, called ull.,, with exponentials. We first
recap the language and the inference rules of ullL.,. Then we will provide an interpretation
for uMALL,, proofs in Rel. However, the proofs are possibly non-well-founded. So, we
consider, as it is standard, all finite approximations of a proof, and then take the supremum
of the interpretation of them. To define the precise definition of this approximation, we
consider an extension of ulLs with this rule: " for any sequence I'. We interpret this
rule as the empty set, and this helps us to consider any finite sub-tree of a given ull, as
a proof in this extension of yulLL.,. As the cut elimination procedure in plls is an infinite
process, we will consider a notion of limit by defining a metric on the set of all ulL, finite
proofs. Based on this notion of metric, we define a equivalence relation on the collection of all
Cauchy sequences. Then we will show the metric completion of the collection of all Cauchy
sequences is isomorphic to set of all (potentially infinite) pulLs, proof (Although, what it is
provided till now is standard in the literature, we will provide them in this chapter for the sake
of self-containdness of the manuscript). We then proved the preservation by cut elimination
procedure, which can be possibly an infinite reduction path, using a result showing that the
interpretation of any Cauchy sequence is obtained by limsup of the interpretation of each
proof in the sequence. Afterwards, we relate the validity condition and totality of Nuts by
proving that each pull., valid proof will be interpreted as a total element in Nuts. Our
proof method is similar to the proof of soundness of LKID* in [Bro06]. However the system of
[Bro06] is classical logic with inductive definitions, and this proof is for a Tarskian semantics.
So, we need to adapt that proof in two aspects: considering ullL., instead of LKIDY, and
trying to deal with a denotational semantics instead of a Tarskian semantics. The adaptation
for uLLo is somehow done in [Doul7], since there is soundness theorem for tMALL,, with
respect to the truncated truth semantics (a Tarskian semantics). So, basically, the main
point of our proof is turning a Tarskian soundness theorem into a denotational soundness
theorem. Finally, we end this chapter by proving that the semantic of proofs is preserved via
the translation operation which sends any plLL proof to a ulL. proof.
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Chapter 4

In this chapter, we get back to the question that arose in the Chapter 0 about consider-
ing exponentials in pLL. In [Bacl2], he did not consider the exponentials in his system of
uMALL, and one the reason is that using an encoding !A =1& A& (1A ® !A) of A, one can
derive all structural rules of exponentials in uMALL. However, this is not satisfactory from
a denotational point of view. Although this encoded exponential !* is functorial and also has
a comonad structure, it does not fulfill all the categorical requirements as stipulated in the
definition of a Seely category, as it is also mentioned in [Laf88h, Laf88a]. More precisely, we
will not have the Seely iso with this ! exponential (Proposition 6 of [Laf88b] is not iso but
equivalence). In other words, the associated Kleisli category £, is not a CCC. In this chapter,
we will study a general categorical construction for this encoded exponential. Based on the
notion of comagma in a category £ with a binary functor, we turn the class of comagmas over
a given object into a category. Then we define the notion of free magmatic quasi-exponential
(FMQE) as an operation which associates, with each object X of £, a terminal object of
the cateogry comagmas over X. We will afterward show the functoriality, comonadicity, and
monoidality of a FMQE. And we will end the categorical construction of !* by providing Seely
morphisms.

We will also consider some concrete models as instances of this categorical structure.
Interpreting this encoded !* as a binary tree, we will show that Rel and coherence spaces are
indeed two concrete cases. We end this chapter by proving that the interpretation of a linear
logic proof in coherence spaces with this tree-based exponential is related to its interpretation
in non-uniform coherence spaces with Boudes’s exponential. To do so, we use the logical
relation method, and so, we define another instance of our categorical setting provide, and we
called it local totality spaces. A local totality space (LTS) is a tuple generated by a coherence
space, a non-unifrom coherence space, an operation sending tree-based exponential to multiset
exponential denoted as p, and a local totality gadget to define composition properly. And we
will prove that if we apply the operation p on interpretation of linear logic proofs in coherence
spaces with the tree-based exponential, we will get its interpretation in non-uniform coherence
spaces.

We end up this manuscript by a concluding Chapter 5, in which we expose the perspectives
of our work.

LTRB &uv!

We can summarize this manuscript by saying that it is about studying the connection
between fixpoint theory, linear logic, and Curry-Howard-Lambek correspondence.
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Chapter 0

Background on denotational and
categorical semantics of linear logic

In this chapter, we will recall some background on proof theory of linear logic, denoted by
LL, and its denotational and categorical semantic. As linear logic is a logic that is discovered
from a denotational semantic (coherence spaces) [Gir87a], we start this chapter with a very
short history on denotational and categorical semantics in general. In this manuscript, by
“denotational semantics” we mean the construction of concrete models, and by “categorical
semantics” we mean a categorical axiomatization of what the concrete models of a given
logic/computational system are. And all the proof systems presented in this manuscript are
classical (not intuitionistic).

0.1 Short history on categorical and denotational semantics

0.1.1 On categorical semantics

The connection between intuitionistic propositional logic and cartesian closed categories was
introduced by Lawvere and Lambek [Lam68, Lam69, Law63] which is known by proposition-
as-object and proof-as-morphism, and in fact it was the heart of categorical logic. Whereas we
require some structure on the category (e.g., cartesian closed category), one needs also some
other theories and structures in order to study predicate logic, dependent and polymorphic
type theory, etc in a categorical setting. The idea started with Lawvere who introduced
the notion of hyperdoctrine, a kind of indexed category or fibered category, to study logic
[Law(69, Law]. Then Seely based his logic on “a natural deduction formulation of intuitionistic,
multisorted, first order predicate calculus with equality” and showed that hyperdoctrines are
equivalente to that logic in more details [See83, See77]. Makkai and E. Reyes also wrote a
book [MR77] on the connections of first order model theory and categories, and Makkai then
published two papers [Mak93a, Mak93b] about “give an algebraic framework for the proof
theory of intuitionistic predicate calculus” based on Lawvere’s notion of hyperdoctrine. In
fact, as it is in title of the papers, those were focused on two completeness theorems: “Godel
completeness theorem” and “Kripke completeness theorem”. In the meantime there was a
work by Benabou [Ben] (its source is not available to me). Of course we cannot refer to all
the work that have been done due to the lack of space (and of course lack of knowledge of
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the writer); among those we refer the reader to some particular ones [Cur89, Cu97, HPS7].

0.1.2 On denotational semantics

In 1969, at the almost same date as the very early work on categorical logic by Lambek,
Christopher Strachey and Dana Scott invented denotational semantics [Sco93, Sco72, DST71].
The goal was to provide a mathematical interpretation of functional programs that Strachey
was promoting since 1960’s. Strachey’s idea was to look at functional programs as functions.
However, one of the main problem was to see what sort of functions and spaces we should
consider as the interpretation of programs. Scott was able to find an answer to this question,
and he gave a meaning to the A-calculus using ordered topological spaces and continuous
functions. And so, he found a way to the solution of recursive type definitions which involve
positive and negative occurrences of variables such as D ~ (D = D). It is worth mentioning
that later on Freyd gave a categorical framework to the canonical solution of recursive types
namely coinciding of initial algebra and final coalgebra of endofunctors. And then using that
he developed solutions of fixpoint equations of mixed variant functors [Fre91, Fre92].

Later on, Berry developed the notion of stability in order to capture sequentiality in math-
ematical models [Ber78, Ber79]. And one can see in works of Lamarche and Kegelmann
[Keg99, Lam] that those two notions Scott-continuity and stability are indeed coming from
a same notion, i.e, factorized domain. Girard also rediscovered this notion of stable function
once he provided a model of system F (second-order typed A-calculus) [Gir86] based on co-
herence spaces which is the origin of LL [Gir87a].

Scott mentioned in [Sco93] the parallel or function which is not definable in PCF (a term lan-
guage for higher-order computable functions). Plotkin proved that Scott semantics (lattices
and continuous functions) is fully abstract for PCF extended with a constant implementing
the parallel or function [Plo77]. Notice that, as it is shown by Berry, parallel or function
is not stable. Even by replacing Scott-semantics by stable semantics, we will not have full-
abstraction of PCF. Actually, full abstraction fails because of so-called Gustave function'.
This function is indeed stable but not sequential in the sense of Sequentiality introduced by
Jean Vuillemin. We refer to [BCLE3, Mul85, BE91, Ehr05, Cur94, AJ94, JEMT96] to see more
details on sequentiality problem and full abstraction. We just mentioned that sequentiality
has been introduced before stability and not at all for the A-calculus, but for analyzing the
computation flow in the execution of (first order) recursive programs. Then stability has been
discovered by Berry as a simplification of sequentiality because he realized that there was a
real problem for extending sequentiality to higher order functions.

0.2 Linear logic with fixpoints

Linear logic (LL) was introduced by Jean-Yves Girard in his seminal work [Gir87a] that is a
refinement of classical and intuitionistic logic. The origin of the discovery of this new logic
comes from the semantical analysis of the coherence space denotational interpretation of Sys-
tem F [Gir86]. The relation between LL and linear algebra will be more clear in Section

where we recall the category of coherence spaces and linear morphisms. One can also look at

'Based on the MPRI course by Pierre-Louis Curien: the name of the function is a joke, it was the nickname
of Gérard Béry, because there was already two other Gérard in the lab where he worked.
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the work by Lamarche [Lam92] to see a clearer relation between LL and linear algebra, and
also some more recent works [Ong17, LMMP13] to see this relation. Tsukada and Asada gen-
eralized this linear algebraic perspective [TA22] based on categories of modules over special
semirings (sigma-semirings [TA22] Definition 12). However, in this section we focus more on
proof-theoretical (syntax) aspects of LL. For instance, one feature of LL, contrary to classical
logic LK, is that we do not have a free access to structural rules, that is weakening and con-
traction rules. More precisely, we can only do weakening and contraction rules on so-called
exponential formulas. In other words LL provides more control on structural rules.

In this section, we first recall briefly LL [Gir87a] in Section and we will review some
basic materials of proof theory of LL. And then we will describe the syntax of formulas and
proofs of uLL [Bael2] in Section

0.2.1 Syntax of LL
The LL formulas are defined inductively as follows:
AB,....=1| L | A B | A®B |0 | T | AaB | A&B |!A|7A

We do not assume a negation connective explicitly in the syntax, whereas a negation operator
is defined using De-Morgan duality by induction on formulas: 1+ = 1, 1+ =1, (A% B): =
AteBt (A®B)t = A*BBL 0L =T, T+ =0, (A&B)* = A*@B*, (A®B)t = AL&B*,
(1A)+ =24+ (74)+ =141, Obviously A+ = A for any formula A.

There is also no connective for implication in our presentation of LL. Instead, a linear
implication is defined similarly to the decomposition A = B = =A V B in classical logic, as
A— B:=A'%B.

The logical system of LL presented here is the usual single-sided sequent calculus of classical
propositional LL [Gir87a], see also [Mel09] Section 3.1 and 3.13. In this setting we deal with
sequents - Aq,..., A, where the A;’s are formulas. It is important to notice that the order
of formulas in this list is not relevant, which means that we keep the exchange rule implicit
as it is usual in sequent calculus. The inference rules of LL are given in Figure

Remark 1 If weakening and contraction were allowed for any arbitrary formulas, then ®
and & would be identified. That is to say if we replace the ® with the & or vice versa, then
the provability would be preserved. In this case (free weakening and contraction), we also
have this identification between & and %, as well as 1 and T, 0 and L. One can summarise
this identification by saying that if we have free weakening and contraction on any formula,
then the multiplicatives (different context in the premises) and additives (same context in the
premises) rules would be identified. And actually, based on this, there is a separation of linear
logic comnectives in multiplicatives and additives ones. The multiplicatives connectives are
® and %, and the additives connectives are ® and &. The same is done for the unit; the
multiplicatives units are 1 and 1, and the additives units are 0 and T.

We say two LL formulas A and B are equivalent if both implications A —o B and B — A
are provable. Related to this notion of equivalence, there are also two other notions; namely
isomorphism (stronger than equivalence) and equiprovability (weaker than equivalence). We
say two LL formulas A and B are equiprovable, when - A is provable iff - B is provable.
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The identity fragment:
(ax) FT,A  FALHA

AL A T A (cut)
The multiplicative fragment:
FTA +FAB FT FT,A, B
— W () (L) ()
FT,A,A® B FT, L FT,A% B
The additive fragment:
(T) FT,A . FT,B o FTLA FI,B &
=TT I—F,A@B( ) I—F,A@B( 2) FT,A& B (&)
The exponential fragment:
FT FI,74,7A FT,A A
—w g (d) (p)
FT,7A FT,7A FT,7A FoT 1A

Figure 1: Inference rules of LL

For instance, A ® B and A & B are equiprovable for any LL formula A and B. To define
isomorphism, we first need to talk about cut-reduction rules of LL. We refer to [Gir87a] to
see all cut-reduction rules, and we just bring some examples of those reductions here.

T T ™ 1 ™
l_rl,A |_P2,B l_AL)BLvA T I_PlaA '_AL7BL7A
® T o ol ~ (%) —re.n n (cut)
FT1,T9, A® B FAL® B ,A( 9 S - B ,Fl,A( 9
cu cu
FI'q,T9, A FIq, T, A
1 T 2
+A BT, C =) 2 FABT,C FCHA .
- AN B.T.C SOLA e CABTA (cut)
Ccu S
FA®B.T,A I—A@B,F,A( )
m
T ™ m T A (») M
EoT A 241,241 A For, A 7T, 1A F2AL 24+ A
— (p) — () — . ———— (p) n (cut)
F 7T, 1A F?AL A < RLIA F?A4L T, A
(cut) (cut)
- T, A - 9T, T, A
FOT, A

And then LL enjoys cut-elimination theorem [Gir87al:

Theorem 1 A sequent b T' has a LL proof iff it has a LL proof that does not use the (cut)
rule.

This theorem has many consequences such as the subformula proprerty:

Theorem 2 A sequent b I' is provable iff there is a LL proof of = T" such that each interme-
diate conclusion is made of subformulas of the formulas of T'.
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And as one of the main purposes of cut-elimination theorem, one also has consistency of LL:

Theorem 3 It is impossible in the LL proof system to prove that = A is provable for any LL
formula A.

Remark 2 There is an extension of LL with the the miz rules:
FT FA . — (mixo)
———— (mix 0

T ) -

One can prove 1 and L are equivalent using these two rules, and also show that = L is
provable. However, this doesn’t entail that LL is not consistent, because 1. — A for any
formula A is not still provable.

As another proof-theoretical property of LL, one can also prove the n-expansion theorem:

Theorem 4 Let T be a LL sequent and w be an LL proof. Then there is a proof @’ of = T’
in which the (ax) rule is not used. Moreover, there is a cut-free .

Proof: It is enough to prove that the sequent - A, AL has a cut-free proof in which the
(ax) rule is not used. And this can be done by a straightforward induction on A. [

Now we can define the isomorphism of two LL formulas. Two LL formulas A and B are
isomorphic, denoted by A = B, if there are two proofs w of - A+, B and n’ of F A, B+ such
that eliminating the (cut) rule of

T i

AL B + A Bt
HA A

(cut)

ends with an n-equivalent proof to | A A (ax) , and moreover eliminating the (cut) rule of

T i

AL B A Bt
- B,B

(cut)

ends with an n-equivalent proof to @ (ax). As an example of two isomorphic formulas,
we will investigate the example (A & B) = A ® !B which is known as Seely iso. Proof m of
F1(A& B) — A ® !B is as follows:

(ax) ()

FAL A - B+, B
— (1) —— (®2)
FAL@ B+ A (@ - At® BY, B @

F?(At e Bh), A o) -?(At® BY),B )
P P
- ?2(At @ BY), 1A F?(At @ B, !B )

F?2(At @ BY),?(At @ BY),!A® B
F?7(At @ BY),'A® !B

C

2By n-equivalent, we mean proof equivalence modulo commutation of rules and n-expansion, and 7-
expansion can be defined systematically by induction on A.
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And proof 7’ of F!A® !B — (A & B):

(ax)

(ax)

FAL A + B+, B

oAl A d) —onl (d)

F?4L, A +?B+.B
—_— (W — (W)
F?24L ?BL A F?A4L ?BL B

T (&)
F24L ?2BL AL B

F?A+ 7B+ (A& B)
F?AL 3 7BL (A& B)

Now, if we try to eliminate the (cut) rule of

/

™ T
F?2(At e BY),'A®!B  F?A-®7BL (A& B) (cut)
Cu
F?2(At @ BY), (A& B)
we will end with the following proof p:
(ax) (ax)
FAL A - B+, B
— T (¢) —— (P2
FAL@ B+ A (@ - Ate BY, B @
F2(Ate Bh), A F?2(Ate BY), B

(w)

(&)

F?(At @ BY),?(At @ BH), A A ?7(A+ @ BY),?(At @ B+, B
F?2(At @ BY), (At e BY), A& B
F?2(At @ BY),?(A+ @ BY), (A& B)
F?(At @ BY), /(A& B)

(p)

C

However, an n-equivalent proof to F ?(A+ @ B1),!(A & B) is the following proof:

(ax) — (ax)

FAL A + B, B
— (&)  —— (D2)
FAL@ B+ A FA-e B+, B ()

F?2(At @ BY), A F?2(At® BY), B

(&)
F?2(At o BY), A& B

F?(At @ BY), /(A& B)

(p)

And the proof p is not exactly an n-equivalent proof to - ?(A+ @ B+),!(A & B). In the
literature, there are some equivalence relations on LL proofs making the proof p and the 7-
expansion of - ?(At @ B™1),!(A& B) in a same class. Those usually called Rétoré equivalences.
For instance, one can identify the two following proofs:

T
- 24,T .
——— (W) <
F2A4,7A,T - ?A,T
— (C
24,7
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We have a similar situation if we try to eliminate the (cut) rule of

T i

F?2(At e BY),'A®!B  F?A-®7BL (A& B)
FIA®!B,7A+- 3B+

(cut)

The proof above will be normalized to the following proof p':
(ax) — (ax)

AL A (@) + B+, B ()

F74+ A +?B+. B
—_— (W —_— (W)
F?A4L ?BL A 7?4+ 7B+ B
F?AL ?BL 14 (®) 7?4+ ?BL B (P)

(®)

FIA®!IB,?A+ 7B+ ?2A+ 7B+
(c) (c)

F1A® !B, 7A+, 7Bt
F1A®IB,7A+ 3 7B+

whereas the n-expansion of - !4 ® !B, ?7A+ % 7B~ is as follows:

(ax)  —— (ax)

H A, AL + B, B+
— () ———— (d)
HAA +B,?B
———(p) ———— (p)
14,74 -1B,?B

FIA®!B,?A+ 7B+

(
(®)
FIA®!B,?A+ %3 7B+ )

(3

However, one can ask this question that why we really need to have Rétoré equivalences.
There are different ways to think about this question. For instance, there is Call-by-name
Girard’s translation of intuitionistic logic to LL that translates A = B into !A — B. If one
wants to prove that cut-reductions of LL simulate the S-reduction of intuitionistic logic, we

will see that Rétoré equivalences are essential.

Remark 3 One can also think about this question more semantically (categorically) once
we provide the categorical model LL in Section : All Rétoré equivalences indeed hold in
any model of LL, and those are crucial to prove the soundness theorem (Theorem (). And
moreover, the Kleisli category Ly for any model L of LL is a CCC category and therefore model

of simple typed A-calculus, and this is true due to fact that we have the Seely iso in L.
We end our presentation of LL with a very short discussion on reversibility.
Theorem 5 The connectives %%, 1, & are reversible. That is to say:

o A sequent =T, A% B is provable iff - I', A, B is provable.
o A sequent -1, L is provable iff = I is provable.

o A sequent FT,A& B is provable iff - T', A and - T, B are provable.
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Proof: The direction from right to left is trivial for all cases using the inference rules of LL
(Figure 1). For the other direction of all cases, one can proceed by induction on the proof. B

The reversible connectives are called the negative connectives of LL, and their dual are
called positive connectives. Corresponding to this reversibility property of negative connec-
tives, there is a property for positive connectives, which is called focalization [And92]. In
Chapter 2, we will discuss about these positive and negative connectives [Lau02] in more
details. However, our view on the polarity is more from a Curry-Howard perspective rather
than reversibility /focalization.

Term calculus for LL

One of the engrossing and active research areas of proof theory is try to develop a term cal-
culus for a given logic in the sens of Curry-Howard correspondence. And this correspondence
is sometimes done via the seqeunt calculus style and sometimes via the natural deduction.
Moreover, from the categorical point of view, it is quite useful to develop an internal language
for certain categories, in the same sense that simply-typed A-calculus (augmented by appro-
priate structures for products and the terminal object) is the internal language for cartesian
closed categories. The same question is studied for different fragments of LL in the litera-
ture, and indeed there are many different languages that each of them has some advantages
and disadvantages; we will discuss about them briefly and refer the reader to more suitable
references. Perhaps one can refer to [Jay89, Lam89] as one of the earliest attempt to have
such a language for monoidal categories. In [Abr93] we see a term calculus for intuitionistic
and classical LL based on the sequent calculus in which one can find a concrete computa-
tional interpretation of LL, based on the Curry-Howard correspondence. Their calclus for
classical LL is based on a syntax of the concurrency theory, and one of their motivation to
use such a syntax is because of the (cut) rule in classical LL, since the (cut) rule in classi-
cal LL is fully symmetric whereas this is not the case in intuitionistic LL. In intuitionistic
LL the left premise is distinguished from the right as that the cut formula appears in the
output position (i.e. right side of turnstyle ) in one, and in input position (i.e. left side
of turnstyle ) in the other. In term of programming languages, we can say that the (cut)
rule in intuitionistic LL is noncommutative operation of function composition while the (cut)
rule of classical LL is commutative which can be seen as parullel composition in the con-
currency theory [Mil80, Mil92]. However, their systems lack two important properties; the
substitution property and (consequently) subject reduction. This important issue is addressed
in [BBAPH93, BBAPHI2] for the intuitionistic LL without the additive connectives. Their
approach is basically in two ways; the sequent calculus style (using the underlying categor-
ical structure) and the natural deduction one, and it is shown that those two approaches
produce equivalent systems. However, the relation between their process of cut-elimination
and their proof normalisation is not clear. So, one needs to consider [Zuc74, Pot77] in their
linear type system. In the same time, and independently to [BBdPH92], a similar work as
[BBAPH92] have been done in [MRA93]. However, in [MRA93], they have moreover proved
that their term calculus is indeed an internal language to autonomous (symmetric monoidal
closed categories) categories. And they have also shown the coherence theorem of Kelly and
Mac Lane as an application of their theorem [KKM71, Mac63]. Afterwards, in [KKhLO9&], one
can find an extension of [MRA93] to a classical version using a Parigot-style p-abstraction.
More precisely, they provide a term calculus for classical multiplicative linear logic, and they
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show that their calculus is an internal language for x-autonomous categories. One can also
find an extension of the previous work to multiplicative and additives linear logic in [CP05]
using a m-calculus syntax [BS94].

While talking about a term calculus for LL, we should of course talk about an important
innovation of [Gir87a] which is the introduction of proofs net. One can think about proof-nets
as a kind of natural deduction for LL. Although proof-nets provide a kind of term calculus
for LL and moreover those give rise to an elegant proof for the coherence theorems of Kelly
and Mac Lane [Blu93, BCST96], proof-nets have two major drawbacks. One is handling of
the units of LL, and the other one is that dealing with additives connectives is not obvious.
But we must admit that proofs net allow us to discard a lot of peripheral syntax that one
can have in a term calculus for the sequent calculus; in particular the problematic commuting
conversions are removed in the case of proofs net.

This question of having a term calculus for the sequent calculus LL has a difficulty that is
probably not only related to LL, but more to the sequent calculus itself. One of the benefits of
having a term calculus for the sequent calculus is that this kind of language has a symmetry,
and one can also see implicit symmetries such as input/output in programming languages.
So, having a term calculus for Gentzen’s LJ and LK [Gen64] is studied in the literature. We
mention some of them such as [UB99, Her95, Her94, UB99, Gal93, BTKPI3]. Another work
that led to a term calculus for linear logic is [CHO0] in which a syntax for LK (and LJ) is
provided. It is called A\ufi-calculus which is basically a A-calculus plus the control operators
[Par92]. One of the important issue in the classical languages is the Lafont’s critical pair.
This issue have been solved in [CHO0] using a symmetry of call-by-name and call-by-value
reduction strategy. Based on the \uji-calculus, we see another solution to this problem of
critical pair in [CHOO, Mun09]. There, they tackle this problem from the focalisation point
of view. They provide a language called system L, as traditionally sequent calculus system
names begin with the letter L. In this style, we have developed a term calculus for an extension
of linear logic with fixpoints in Chapter

0.2.2 Syntax of ulLL

We assume to be given an infinite set of propositional variables V' (ranged over by Greek
letters ¢,&...). We introduce a language of propositional LL formulas with least and greatest
fixed points.

AB,....=1| 1| A®B | A% B
| 0| T| A®B | A&B
|14 | 74
| ¢ | uCA | vCA.

The notion of closed types is defined as usual, the two last constructions being the only
binders.

We can define two basic operations on formulas.

o Substitution: A[B/(], taking care of avoiding the capture of free variables (uses a-
conversion).
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The identity fragment:
(ax) FT,LA F AL A

- AL A “T.A (cut)
The multiplicative fragment:
0 iawer @ f® s
The additive fragment:
(D s s e S @

The exponential fragment:

FT (w) FF,?A,?A() FT,A (d) oA 0)
— (c
FT,7A FT,7A FT,7A FoT 1A P
The fixed point fragment:
- T, F [ F/() FAA DAL FIA/
——————— (pu — fold) (v — rec)
FT, uC F FAT,vCF

Figure 2: Inference rules of ulLL

e Negation or dualization: extended LL negation with ¢+ = ¢, (u¢ Ayt = v¢ At and
(v¢ A)t = u¢ A+, Obviously A+ = A for any formula A.

Remark 4 The only subtle point of this definition is negation of propositional variables:
¢t = (. This entails (B[A/¢(]))t = Bt {AL/C} by an easy induction on B. If we consider
B as a compound logical connective with placeholders labeled by variables then Bt is its
De Morgan dual. This definition of ¢+ is also a natural way of preventing the introduction of
fized points wrt. variables with negative occurrences. As an illustration, if we define as usual
A —o B as A+ % B then we can define E = u¢ (1 & (1¢ —o ¢)) which looks like the definition
of a model of the pure \-calculus as a recursive type. But this is only an illusion since we
actually have E = pu¢ (1 & (?7¢ X ()) so that |E — E is not a retract of E. And indeed if it
were possible to define a type D such that !D —o D is isomorphic to (or is a retract of) D
then we would be able to type all pure A-terms in our system and this would contradict the
fact that pLL enjoys strong normalization and has a denotational semantics based on totality
as shown below.

Our logical system extends the usual single-sided sequent calculus of classical propositional
LL [Gir&7a], see also [Mel09] Section 3.1 and 3.13.
We give now the deduction rules, in a standard single-sided LL sequent calculus as in [Bael2]
(Figure 2), and we use only closed formulas in the sequents. Basically, the deduction rules of
puLL are the ones for LL plus (u — fold) and (v — rec) rules.

By taking, in the last rule, A = AL and proving the left premise by an axiom, we obtain
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the following derived rule:
=T, AL F A/
-, AT ¢ F

(v —red)

In Chapter 3 we will study another extension of LL which is non-well-founded LL [Doul?7,
BDS16].

The only cut-elimination rule of uLL that we give is (u—fold) /(v —rec), in Section ; for
the other ones, see for instance [Gir&7a] or any other presentation of the classical LL Sequent
Calculus. We refer to [Bacl12] for a proof that tMALL (multiplicative and additive linear logic
with fixpoints of types) admits cut-elimination. Observe that a cut-free proof has not the
sub-formula property in general because of rule (v — rec). But Baelde’s theorem makes sure
that a proof of a sequent which does not contain any v-formula has a cut-free proof with the
sub-formula property.

Remark 5 If we consider the (v — rec’) rule instead of the (v — rec) rule, then the cut-
elimination does not hold, as one can find the following counter-example in [Doul7]:

o7
’ (v —rec’) (T)
H 0, VCC F 07 07 T
(cut)
F0,0,vC¢

However, without the (cut) rule, the sequent 0,0, v( F' is not provable in uLL simply because
there is no rule on 0 and the context are not ? formulas, so we cannot apply the (v —rec’) rule.
But this is not surprising, since there is some sort of integrated cut formula in the (v — rec)
rule, i.e, the formula A. And the price to pay to have the cut-elimination theorem for ulLL
is to loose the sub-formula property. The situation is general for finitary inductive logical
systems, as it is well explained in [ML71] as follows:

“The opinion seems to have been generally accepted that there be no real cut elimination
theorem for first order arithmetic and that such a theorem could only be obtained by
eliminating the induction schema in favour of the w-rule. However, when arithmetic is
formulated as a theory of inductive definitions, it becomes possible to formulate and prove a
cut elimination theorem which is just as natural and basic as the one for pure first order
logic, although, like in second order logic, the subformula principle is necessarily lost.”

Syntactic functoriality of formulas

The reduction rule for the (u — fold)/(v — rec) cut requires the possibility of substituting a

proof for a propositional variable in a formula. More precisely, let ({,&1,...,&k) be a list of

pairwise distinct propositional variables containing all the free variables of a formula F' and

let 8 = (C1,...,Cy) be a sequence of closed formulas. Let 7 be a proof’of - ?T", A+, B, then
%

one defines a proof F[r/(, 8/ ¢ of

T, (FIA/C, C /€], FIB/C, C €]

3 Again the fact that the formulas of the context bear a ?__ is absolutely necessary to make this definition
possible.
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by induction on F, adapting the corresponding definition in [Bael2]. We illustrate this
definition by two inductive steps.

Assume first that F' = p& G (so that ((,&, &, ... ’_ék) is a list of pairwise distinct variables
containing all free variables of G). Let G' = G [8 /&

¢ and &. The proof F[r/(, 8/?] is defined by

whose only possible free variables are

 Gln/¢ (G [B/() /6, C €]
- T, (G'A/S (1€ G [B/C) /) G'B/C, (€ G') [B/4) /8]
- (GA/G (1€ G [B/CL /D (€ &) B/

-0, (u€ G') [A/C) -, (uE G [B/C]

Notice that this case uses the additional parameters 8 in the definition of this substitution
with k+1 parameters in the inductive hypothesis. To see that the last inference in this deduc-

tion is an instance of (v—rec’), set H = (G')* {AL/C} and notice that (G'[A/¢, (u€ G') [B/C] /€])* =
H[((u€ G [A/CD/€] and ((u€ G')[A/¢])t = v€ H. Another example is F = G1 ® Go:
F[?T/C,ﬁ/?] is defined as

(1 — fold)

(v —rec’)

 Gilr/¢, /€  Galr/¢, /€
=T, (G [A/C) Y, G IB/CL T, (GY[A/C)*, Gy [B/(]
=70, 70, (GY [A/CD)* (GY [A/C)*, Gh B/ @ Gy [B/(]
- 7T, (Gh [A/C)™, (Gh [A/C)*, Gh [B/C] @ Gy [B/C]
- T, (G) [A/C): 3 (Gy[A/Q))*, G, [B/C] @ Gh [B/C]
Observe that we use in an essential way the fact that all formulas of the context are of shape

?7H (even if F' is exponential-free) when we apply contraction rules on this context. Notice
again that the exchange rule is kept implicit.

(p — fold) /(v — rec) Cut elimination rule

We can now provide the (u — fold)/(v — rec) reduction rule. Let 8 be the following proof:

o A P
' A AL T, A (FIA/C)E
F A, F [uC F/(] (14— fold) (F'[A/CD) (v — rec)
AU F = AT, (¢ F)*
A, AT

and let p’ be the proof
P
=0 A (F A/
=7, A, (u¢ F)*
Then 6 reduces to the following proof

(v —rec’)
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L F o/ X
=T, F[A/CL (F[uC F/C) - A F [uC F/] P
- A, 7T, F[A/C] =T, A, (F A/
- A, 70, 7T, A D
FA,T, A © A, AL
- AL A, T

We end this section by some remarks about the differences between our system plLL and
Baelde’s puMALL:

Remark 6 e Baelde’s logical system is a higher-order predicate calculus whereas our
system is a propositional calculus. Indeed, Baelde is mainly interested in applying
uMALL to program verification where the predicate calculus is essential for expressing
properties of programs. We have a Curry-Howard perspective where formulas are seen
as types and proofs as programs and where a propositional logical system is sufficient.

o Qur system has exponentials whereas Balede’s system has not because they can be en-
coded in uMALL to some extent. However the exponentials encoded in that way do not
satisfy all required isos (in particular the “Seely morphisms” are not isos with Baelde’s
exponentials) and this is a serious issue if we want to encode some form of A-calculus
in the system and consider it as a programming language.

o Our (v —rec) rule differs from Baelde’s by the fact that we admit a context in the right
premise. Notice that all formulas of this context must bear a 7__ modality: this restriction
s absolutely crucial for allowing to express the cut-elimination rule in Section
which uses an operation of substitution of proofs in formulas and this operation uses
structural rules on the context. The semantic counterpart of this operation is described
in Section where it appears clearly that it uses the fact that P is an object of L'
So such a version of (v — rec) with a context would be problematic in Baelde’s system,
due to the absence of built-in exponentials.

0.3 Categorical semantics of LL

Two early formulations of categorical model of intuitionistic LL are the one by Lafont [L.af88h)]
and by Seely [See89]. The formulation by Lafont, which is based on a free construction of the
exponentials, will not capture some concrete models of LL. For example, coherence spaces with
the Girard exponential [Gir87a] is not a free one. For that reason, a more relax definition
of Lafont categories is presented in Section 5 of [Mel03]. Regarding the Seely formulation
in [See89], Benton, Bierman, de Paiva and Hyland in [Hyl97, BBdPH92] pointed out that
Seely’s formulation is not complete. And more rigorously, Bierman showed in [Bie94, Bie95]
that Seely’s category is not a sound model of intuitionistic LL. Hence Bierman in [Bie94]
add a new assumption in Seely’s formulation, and then proved its soundness using another
formulation, so-called linear categories introduced in [BBAPH92]. Afterwards, Benton in
[Ben95] provides linear-non-linear category definition which seems a simpler definition at
first sight rather than Seely and linear categories.
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In this thesis, we consider the notion of Seely category as presented in [Mel09]. Although,
we do not recall all technical details, we ensure that a reader can follow the thesis with the
provided definitions. And we refer to [Mel09] for all the other technical materials. We also
assume that a reader is familiar with the following notion in the category theory: Categories,
Functors, Initial and Final Objects, Natural Transformations, Products and Coproducts,
CCC categories, Monoidal and *-autonomous categories, Monads and Comonads, Strong and
Lax monoidal functors, Algebra and Coalgebra of endofunctors. And we refer the reader to
[Mac71, Bar79] to see all those notions in the category theory.

0.3.1 Seely categories

We define the basic notion of categorical model of LL (our main reference is the notion of a
Seely category as presented in [Mel09]. We refer to that survey for all the technical material
that we do not recall here).

A Seely category is a symmetric monoidal closed category (SMCC) (£, ®,1, A, p, a, )
where Ax € L(1® X,X), px € LX®1,X), axyz € L(XRY)® Z,X ® (Y ® Z))
and yxy € L(X ®Y,Y ® X) are natural isomorphisms satisfying coherence diagrams that
we do not record here. We use X —o Y for the object of linear morphisms from X to Y,
ev e L((X —=Y)®X,Y) for the evaluation morphism and cur for the linear curryfication map
LIZ@X)Y)— L(Z,X —Y). We assume L to be x-autonomous with dualizing object L
(this object is part of the structure of a Seely category). We use X+ for the object X —o L of
L (the dual, or linear negation, of X). It is also assumed that £ is cartesian with final object
T, product X; & X5 with projections pry, pro. We will denote by tx the unique morphism
from an object X to T. So, if there are morphisms f; : X — X7 and fo : X — X5, then there
is a unique morphism (f1, f2) : X — X1 & X3 such that pr; o (f1, fo) = f; for i = 1,2.

By %-autonomy L is cocartesian with initial object 0, coproduct & and injections 7;.

We also assume to be given a comonad ! : £ — £ with counit derx € L(!X, X) (derelic-
tion) and comultiplication digy € L(1X,!1X) (digging) together with a symmetric monoidal
structure (Seely natural isos m? : 1 — 1T and m? with m%ﬁ,Xg X @1Xy — (X & Xa) for the
functor !, from the symmetric monoidal category (£, &) to the symmetric monoidal category
(L, ®) satisfying an additional coherence condition wrt. dig. This strong monoidal structure
allows to define a lax monoidal structure (u°, u?) of ! from (£, ®) to itself. More precisely
p € £(1,'1) and N§<1,X2 € L(IX1®!X2,!(X; ® X3)) are defined using m® and m? (and are not
isos in most cases). Then, by induction on n, one has " € L(!X1®- - @!X,,, (X1 ®---®X},)).
Also, for each object X € Obj(L), there is a canonical structure of commutative ®-comonoid
on !X given by wx € £(!X,1) and contrx € L(!X,!X®!X). The definition of these morphisms
involves all the structure of ! explained above, and in particular the Seely isos.

In Chapter 4, we will use the fact that the following equation holds
ngﬁ,XZ = (Ipr; ® lpry) contrx, &x, (1)
and also, as a consequence:

2
WX, & X5 mX1,X2 = WX, ®WX2
2
derx, &x, M, x, = (derx, ® wx,,wx, ®derx,) (2)

2 2 2
contrx, & x, My, x, = (le,X2 ® mX17X2> v2,3 (contry, ® contry,)
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We use ?__for the “De Morgan dual” of |__: ?X = (!((X)*))* and similarly for morphisms.
It is a monad on L.

0.3.2 Oplax monoidal comonads

Let M be a symmetric monoidal category (with the same notations as above for the tensor
product) and (T, €, ) : M — M be a comonad (e is the counit and p the comultiplication).
An oplaz monoidal structure on T consists of a morphism §° € M(T1,1) and a natural
transformation €§<17X2 € M(T(X; ® X2),T(X1) ® T(X2)) subject to standard symmetric
monoidality and compatibility with e and g, this latter reading (ex, ® €x,) 0x,,x, = €x,0Xs
and:

0x,,x, Xy QpX,

T(X1 ® XQ) — 3 TXTTXy —— T2X1 ® T2X2
#X1®X2l T9TX1,TX2

T
T2(X; ® X5) Ox1.x3) T(TX, ® TX>)

Then the Kleisli category Mt has a canonical symmetric monoidal structure, with unit 1
and tensor product X; ® Xo defined as in M for objects. Given f; € Mp(X;,Y;), f1r @7 fa €
Mrp(X] ® Xo,Y1 ® Ys) is defined as

02
T(X1 ® Xo) 2 TX @ TX, Lol YI®Ys .

Let Fr : M — M7 be the canonical functor which acts as the identity on objects and maps
fe M(X, Y) to fex € MT(X, Y).
0.3.3 Eilenberg-Moore category

Let £ be a Seely category. Since ! is a comonad we can define the category £' of I-coalgebras
(Eilenberg-Moore category of ! ). An object of this category is a pair P = (P, hp) where
P € Obj(L) and hp € L(P,!P) is such that the following diagrams commute:

BL!B

P L 24
h lderg hpl ldigg
r

P T np
Then f € £'(P,Q) if f € L(P, Q) and the following diagram commutes:

BLQ

hPl lhcz

!B'—fﬂg

The functor | can be seen as a functor from £ to £' mapping X to (1X,digy) and
f € L(X,Y) to!f. It is right adjoint to the forgetful functor £' — £. Given f € L(P, X), we
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use f' € L£'(P,!X) for the morphism associated with f by this adjunction, one has f' = !f hp.
If g € £'(Q, P), we have f' g = (f g)!. Then L' is cartesian with final object (1, h; = uO) still
denoted as 1 and product Py ® P, = (P ® P2, hp,gp,) with hp gp, defined as follows:

hp, ®h Wby, p
PP — PPy ——— 5 (PO D) .
This category is also cocartesian with initial object (0, ko) (ho comes from the initiality of
0) still denoted as 0 and coproduct P; @ P = (P1® P2, hp,gp,) with hp g defined as follows.

hpl 175

For i = 1,2 one defines h' : P, — (P, ® P2) as P, Py (PL & P;) , and then
hp,gp, is the unique morphism P, & P, — !(Py & %) such that hp,gp, T = h; for i = 1,2.
More details can be found in [Mel09]. We use contrp € L'(P, P ® P) (contraction) for the
diagonal and wp € L'(P,1) (weakening) for the unique morphism to the final object. These
morphisms turn P into a commutative ®-comonoid, and are defined as the two following
morphisms:

P hp P !(Id,Id) !(B&B)%!B(@!B%B@B
I 0y—1
ptep oy M,

We summarize the Seely’s formulation of categorical models of linear logic that
we will use several times in this thesis as follows:

*_autonomous

symmetric monoidal closed

symmetric monoidal cartesian comonad strong symmetric monoidal functor
—_—~— ~N ﬁ
<L7 ®7 1’A’ p7 a?’y 7ev7 Cur7 J—? &’—l— 7!7derX7d|gX7 m 7m >
Model of LL

0.3.4 Interpretation of LL proofs and formulas

Interpretation of LL formulas are basically using the structure of Seely category L. Inter-
pretation of LL proofs is defined by induction on the last inference rule. So, one only needs
to provide interpretation of each inference rule in £ which is done in Figure 3. The gen-
eral idea is to interpret a proof 7 of - I'; A as a morphism [r] in L(([T])*,[A]) where
' = Ay, -, A, (respectively A = By,---,By,) and ([T)* = ([A1])* @ ([A2])* @ -+ (ve-
spectively [A] = [B1%B2%---]). In this thesis, we keep symmetric monoidality isomorphisms
of £ and of | implicit (see for instance [Ehr18] how monoidal trees allow to take them into
account).

And then one can prove the following [Mel09]:

Theorem 6 If m and ©’ are proofs of = T' and 7 reduces to ' by the cut-elimination rules of
LL, then [x] = [#'].
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571'1 L T2

[Faar @)= fira caia = @Dt =0 gy Ly
FT,A (cut)
LM )
1 W)= ‘ra ras | = @Dteqapt EEEL e s
FT,A,A® B
T ol = cur([x]) I AB ol = [{I— r,T (T)ﬂ = trn+
FT, L FT, A% B
= @t e T e 4
+ F,Al @AQ
™ ([m11.Im2])
-rA rrB T (IPH+ ————= [A] & [B]
FT, A& B
X (Irp+ [['AL]] — ([Tt @1 —=— (Ir)h*
ET = cur(f) where f is ]
T4 W %
F T, ?i4, 74 = cur(f) where f is
FT,74
([T])* ® (14+ @14ty L2t L gat 1,
o

FTA || = cur(f) where £ = ([T @ [1A+] ——=a%, ([t @ 4+ 10 1

T4 ¥

Q R digg,
FT A = H@B}er(!Bi)]] — [[®BLG1“”BZ]] LN '(H@Bier Bi]) — [A]
F T 1A

Figure 3: Interpretation of LL rules
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0.4 Concrete models of LL

In this section we recall three concrete models of LL that we will use later. We start by
recalling the relational model of LL.

0.4.1 Sets and relations

The category Rel has sets as objects, and relations as morphisms: given sets F and F,
Rel(E,F') = P(E x F). Identity is the diagonal relation and composition is the usual com-
position of relations, denoted by simple juxtaposition; Let ¢t € Rel(E, F) and s € Rel(F,G),
then sot = {(a,c) € ExG|3be F ((a,b) €t and (b,c) € s)}. If t c Rel(E,F) and u C E
thent-u={be€ F|3acu (a,b) €t}

This category is a well-known model of LL in which 1 = 1 = {«}, EQ F = (FE — F) =
E®F = FE x F so that E- = E. As to the additives, 0 = T = @ and &;e1 B = ®icr B =
User {i} x E;. The symmetric monoidal structure of Rel is closed, and this closedness mani-
fests itself by the existence of the canonical ev and cur() operations:

Cur(f) = {(a7 (b7 C)) ‘ ((a,b),c) € f}
evpr = {(((a,b),a),b) |lae E N be F}

The exponentials are given by |E = 7E = Mg, (F) (finite multisets of elements of E). For
the additives and multiplicatives, the operations on morphisms are defined in the obvious
way. Let us be more specific about the exponentials. Given s € Rel(E, F), !s € Rel(!E,F)
is Is = {([a1,...,an],[b1,...,bn]) | Vi (ai,b;) € s}, der E € Rel(!E, E) is given by der £ =
{(la],a) | a € E} and digg € Rel(!E,!IE) is given by digy = {(m1 4+ - -+ mp, [m1,...,my]) |
Vi m; € Mgn(E)}. Last m® € Rel(1,!T) is m® = {(x,[])} and m2E7F € Rel(lE®!F,I(E & F))
is given by

mQEjF: {(([al,...,ak],[bl,...,bl]),[(1,(11),...,(1,ak),(2,1)1),...,(2,191)])
|ay,...,ax € E and by,...,b; € F'}.

Weakening wg € Rel(!F,1) and contrg € Rel(lE,!E ® |E) are given by wg = {([],*)} and
contrp = {(m1 + ma, (my,m2)) | m; € Mgy(E) for i =1,2}.

We end this section with an auxiliary lemma about the Eilenberg-Moore category of Rel
that will be useful in Chapter

Lemma 7 If P is an object of Rel', then any morphism f € Rel!(l, P) is non-empty.

_r

e

Proof: Since f € Rel!(l,P), one has the commutations of j, hp - Let assume f

= — =
%

S

|

f
is the empty morphism. So, one has (x,[]) € (If) o (h1). But (x,[]) &€ (hp) o (f) = @ which
contradicts commutation of the diagram. |
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0.4.2 Coherence spaces

We consider now the case where L is the category Coh of coherence spaces and linear maps,
a well-known model of LL introduced in [Gir86, Gir87a).

Definition 8 A coherence space is a structure E = (|E|,<g) where |E| is a set called the
web of E and g is a binary, reflexive and symmetric relation on |E|.

A clique of E is a subset u of |E| such that Va;,as € v a1 g as. We use CI(E) for the
set of all cliques of E that we consider as a domain, the order relation on CI(E) being always
inclusion. Observe indeed that @ € CI(E) (that is CI(E) has a least element), if u C v and
v € CI(E) then u € CI(F) and last if D C CI(E) is directed then UD € CI(E).

Coherence spaces as a model of LL

Given coherence spaces E and F' we define a coherence space E — F whose web is |E| X |F|
and coherence is: (a1,b1) Spop (az,b2) if a1 ©g aa = (by Sp be and by = by = a1 = ag).

We now define category Coh that has coherence spaces as objects, and homsets Coh(E, F') =
CI(E — F). In this category the identities are the diagonal relations and composition is the
ordinary composition of relations.

Remark 7 It can be useful to keep in mind that these morphisms can be considered as linear
functions: a function f : C(E) — CI(F) is linear if it is stable (that is Vui,us € CI(E) u1Uug €
CI(E) = f(u1 Nu2) = f(ur) N f(u2)) and commutes with arbitrary well-defined unions of
cliques. Such a function f has a trace trf = {(a,b) € |E| x |F| | b € f({a})} and this
trace operation defines a bijection between CI(E — F') and the set of all linear functions
from CI(E) to CI(F). The converse of this operation maps t € CI(E — F) to the function
fun(t) : CI(E) — CI(F) defined by fun(t)(u) = {b € |F| | Ja € u (a,b) € t}. We will always
write t.u instead of fun(t)(u). In this manuscript we stick to the relational point of view on
morphisms.

This category is monoidal, with tensor product E; ® Eo having |F;| x |E2| as web and
(a1,a2) SpoR, (d),db) if a; cp, a) for i = 1,2. Given t; € L(E;, F;) for i = 1,2, one defines
t1 @t as {((a1,a2), (b1,b2)) | (a;,b;) € t; for i = 1,2} € L(FE ® Ey, F1 ® Fy) as easily checked.
So ® is a functor £2 — L, which equips £ with an obvious symmetric monoidal structure
that we will not make explicit here, for a unit object 1 = ({*},=). This category is monoidal
closed with E — F object of morphisms from E to F' (and evaluation and curryfiaction
morphism ev € L((E — F) ® E,F) defined by ev = {(((a,b),a),b) | a € |E| and b € |F|}
and cur(f) = {(a, (b,¢)) | ((a,b),c) € f}). Taking L =1 as dualizing object, £ is easily seen
to be x-autonomous and the corresponding orthogonality is a functor (_)* : £°P — £ where
(E)t = (|E|,<E) ~ (E — 1) (by a trivial iso), the incoherence binary relation <g being
defined by a; =g as if a; S as = a1 = as. The transpose () of t € L(E, F) is simply
{(b,a) | (a,b) € t}. Under this linear negation, the De Morgan dual (par or cotensor) of the
tensor product is £y ¥ Fy = (Ef ® E5- )% whose web is |E;| x |E3| and whose coherence
relation is characterized by: (a1, a2) ~p,3g, (a},dy) iff a; ~g, a} for i = 1 or i = 2 (where
a ~g bmeans a g band a # b and is called strict coherence; strict incoherence — g is defined
similarly). Remember that, with these notations, E — F = E+ % F.
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The category Coh has a final object T = (&,2) and a cartesian product E; & Ey =
({1} x| E1|U{2} X | E2|, © g, & B, ) Where the coherence relation is defined by: (i,a) <p &, (4,d)
if i = j = a cp, d, the associated projections pr; € L(E) & Es, E;) being pr; = {((¢,a),a) |
a € |E;|}. Dually the initial object is 0 = T+ = T and the coproduct is By ®Fs = (Ei & FE5 )+
whose web is {1} x| E1|U{2} x| E2| and whose coherence is characterized by (i, a) <g,er, (j,d’)
if i =7 and a <p, a’. There are canonical injections E; — Ey @ Fy which are the transposes
of the projections defined above.

We define !E as the coherence space whose web is the set of all finite elements of CI(E)
and the coherence is: u; < ug if uy Uuy € CI(E) (that is Ya; € u1Vag € ug a; g a2).
This operation is a functor: given t € L(E, F) one sets It = {({a1,...,an}, {b1,...,b,} €
'E| x |'F| | Vi (ai,b;) € t}. The comonad structure of this functor is given by the natural
transformations der £ = {({a},a) | a € |E|} € L(E,E) (dereliction) and digy, = {(u1 U
Ut {u, .y un}) | ut, e un € 1B with ug U--- Uw, € CI(E)} (digging). Last, there
is an obvious isomorphism m® € £(1,!T) and a natural isomorphism mfghE2 € LB ®
B9, |(E1 & E3)) (these isos defining a strong monoidal structure), satisfying an additional
technical condition explained in [Mel09] for instance.

0.4.3 Non-uniform coherence spaces

Before going to details of Non-uniform coherence spaces, we first try to provide some moti-
vation on why this notion is introduced.

As we saw in Section , we have A~ = A in Rel. So, in this sense, one can say
that Rel is a degenerate model to interpret types. However, this does not mean necessarily
that it is a degenerate model for interpreting proofs. And one can also say that it is quite
the contrary; as we see in [dCdF12]; two cut-free proof-nets which have the same interpre-
tation in Rel are “essentially” equal up to the equivalence on proofs induced by Rétoré’s
reduction relation, including the fact that (w) is neutral for (c) and that (c) is associative
and commutative [Ret93]. Nevertheless, the interpretation of a proof in Rel provides almost
no information about it, i.e, given a proof 7w of F I' we only know that [7]rel € [[]|Rel
but we do not know if this subset has a specific property or not. This issue is solved in
coherence spaces, since we know that the interpretation of a proof would be an element of
cliques, i.e., [T]con € Cl([I']con). For instance, in coherence spaces, the cliques of 1 @ 1
are {(1,%)},{(2,%)} and @ which are the basically two boolean values and the undefined
one. So, by the information that [7r]con € CI([1 ® 1]con), we know that this proof 7 is
either true or false or a non-terminating proof. Moreover, the proof cannot take both values
true and false, and hence that the model Coh says something non-trivial about the deter-
minism of the syntax. Notice that if we moreover consider interpretation of 14 1 in Nuts
(Section ) we know that [7]nuts cannot be empty, so 7 is certainly not non-terminating
proofs. And the reason for it is that 7 ([1 @ 1]Nuts) is {{(1,%)},{(2,*)}} (@ ¢ T([1 ® 1]Nuts)
and [[W]]Nuts S T([[l D 1}]Nuts)‘

Although we know that the interpretation of any LL proof is the same in both model Rel
and Nuts ([7]rel = [7]Nuts), this is not the case between the models Coh and Rel. As an
example, consider the following proof 7 of = ?(L & 1),1 @ 1 which is basically a program of
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(1 (1) (1)

type (L& L) B (1@l =11a1) - (1&1)"
) (1)
(@1

1 = 1 =
(B2) (©1) (©2)

[ F1a1l Flol Fl1opl
ﬁ(i),(l) —_— (L), (1) (), (L) —— (1),(1)
L@l FLLlel o FL 1ol FLLLIsL o

FLl& 1ol NN

Fl&l, L&l 1ol
Fo(L& L), ?2(L&L),1®1
F(L&L),1®1

d), (d)

C

First, for the interpretation of ?(L & L) in Rel and Coh we have:
[?(L & L)lrel = Man(({(L, %), (2,%)}))

I[?(L & L)]con| = [['(1 & 1)]con| = CH[(1 & 1)]con) = {2,{
cliques of [1 @ 1]con are finite. Although we have [(1, %), (2,%)] €
{(1,), (2,%)}  |[7(L & L)]con|

If we compute the interpretation of 7 in Rel and Coh according to Figure 3, Section ,
and Section , then we have

[[TF]]Rel = {([(17 *)7 (17 *)]7 (17 *))7 ([(1 *)7 (2
[Tlcon = {({(1,%), (1, )}, (1,%)), ({(2,%)

So, we do not have these two points (]
interpretation of 7 in coherence spaces

(1,%)},{(2,%)}}, since all
[7(L & L)]Rel, as you see

0] (2,)), ([2,%), (1, )], (1,4)), ([(2,%), (2, %)) (2,4)) }
(2,4)}, (2,%))}-
(1,%), (2,%)]5 (2, %)), ([(2,%), (1, )], (1,%)) in the

Remark 8 In order to have these two points ([(1,%), (2, )], (2,%)), ([(2, %), (1,%)], (1, %)) in
coherence spaces, one might think that we can redefine |\E| as Mg, (|E|). If we do this, then of
course, we have [(1,%),(2,*)] in |?(L & L)|. But we have ([(1,%),(2,%)],(2,%)) “1(11)—(11)
([(2,%), (1,%)], (1,%)), so, what we obtain is not a model of LL, since the proof is interpreted
by something which is not a clique.

So, we can say that one of the main goals of Non-uniform coherence spaces is to define a
model of LL that lies over Rel, i.e, For any formula A of LL we would have |[[A]ncon| = [A]Rel
where [[Ncon is the interpretation of A in non-uniform coherence spaces.

Definition 9 A non-uniform coherence space is a triple E = (|E|, ~g,~g) where |E| is a set
and ~p and —g are disjoint binary and symmetric relations on |E|, called strict coherence
and strict incoherence respectively.

There is also a binary relation on | E|, called neutrality and denoted by v, which is defined
as complementary set of w g U ~p.

4This example and the following explanations are basically coming from two lectures by Thomas Ehrhard
and Christine Tasson in CIRM Linear Logic Winter School.

50ne can also take finite multi-cliques which are multisets whose supports are cliques as web of |E, as
observed first by Van de Wiel [vdW&87] indeed one obtains in that way a nice example of Lafont category.

50ne might consider this as a negative feature of coherence spaces. However, if we cut the proof 7 with
any proof p of - (1 ® 1), we will see that indeed the two middle branches of proof 7 will not appear in the
cut-elimination process. So, one can consider this as positive feature of coherence spaces that would guess
what are the parts of the proof that will not be considered in cut-elimination.
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We also use the following notations: cp=~pg U vg (called large coherence) and <p=—p U vg
(called large incoherence) which are symmetric relations on |E)|.

Remark 9 This neutrality v is clearly symmetric, but neither reflexive nor anti-reflexive in
general.

Definition 10 Given a non-uniform coherence space E, a clique of E is a subset u of |E|
such that Va,a' € u (a <g a'). Then we define NCI(E) as the set of all cliques of E.

Apart from Definition 9, a non-uniform coherence space can be defined equivalently by
providing any pair of relations among the following ones, satisfying some conditions as follows:

e Two symmetric relations ©g and ~g such that ~gCcp.
e <p and vg such that vgCcp.
e ~p and vg such that ~g Nvg= @.

o and the duals of the cases above, i.e, considering g instead of ~pg.

The non-uniform coherence space E* is defined as E+ = (|E|,~g,~g). So, we have
~pL=vp and —p1=~p, and we also obviously have E++ = F.

Given two non-uniform coherence spaces F1 and Fs, then |Ey ® Es| is defined as |E7 | x| Es|,
and (a1,a2) <g (a},ab) if a; g a) for i = 1,2, and (a1, a2) vg (a},ab) if a; vy o) for i = 1,2.

Then one sets £ — F as (E ® F+)%. If we unfold the definition, we have |E — F| =
|E| x |F| and the following for cp_.r and vg_op:

e (a,b)cp.op (dV)ifacpd = bopb anda~pd = b~pb.

e (a,0) vpop (dV)ifavg d and bup b.

Now, one can define the category NCoh; it has non-uniform coherence spaces as ob-
jects, and NCoh(E, F') is defined as NCI(E — F'). The identity relation Idg obviously is in
NCI(E — FE), and the composition in this category is the relational composition defined in
Section (one should check that the composition of two morphisms is a morphism and
that this is an easy verification). This category is easily seen to be symmetric monoidal using
the ® defined on objects above, and one can extend it to morphisms in the same way as in
Rel. The structural isos of being symmetric monoidal also are defined as in Rel. The neutral
element of ® is 1 = ({*}, @, ). This category NCoh is also monoidal closed using £ — F
defined above on objects, and evaluation and curryfication is defined as in Rel. It is also
x-autonomous with dualizing object L. = 1. NCoh is also a cartesian category. The terminal
object is T = (&, d, ). Given two non-uniform coherence spaces F; and Es, the cartesian
product is defined as |Ey & Eo| = ({1} x |E1]) U ({2} x |E2]) and

o (i,a) Sp&m, (J,0)ifi=j = acg b

o (i,a) vE,&E, (J,b) ifi=jand a<pg, b
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The projection morphisms are defined as in Rel.

For the exponentials, there are many ways to define it in non-uniform coherence spaces.
In this thesis, we will provide the definition of Boudes’s exponential [Bou02, Boull], as we
are going to use this definition later in Chapter

Boudes’ the exponential

Given a non-uniform coherence space E, we denote by !z E the Boudes’ the exponential of
NCoh. Its web |l,E| is defined as Mg, (|E|) and

o Given two multiset m = [a1,--- ,a,] and m’ = [d],--- ,a],], we have m <, p m/ if

VZ,] (ai ZE a;)
e mu,pm if mo,gpm and m = (a1, -+ ,ay] and m' = [a},--- ,a],] (same length) such
that Vi (a; vg a}).

One can show that ! is a functor from NCoh to NCoh; its action on objects has already
been defined, and on morphisms it is defined as in Rel. And if we take the same definitions
for der and dig as in Rel, one can prove that these relations are morphisms in NCoh and
turn !, into a comonad.

And for the Seely iso, if we take again the one mentioned for Rel in Section , we have
the fact that m® € NCoh(1 — !, T) and m2E7F € NCI(hE @ I, F —o lp(E & F)). And this ends
the proof that NCoh is a model of LL.

Now if we get back to the example that we started with it at the beginning of this section,
one can see that ([(1,%), (2, *)], (1,%)) <1, 1e1)—1e1) ([(1,%), (2,%)], (2, %)) whereas this is not
the case in usual coherence spaces. This is due to the fact that [(1,x%),(2,%)] is strictly
incoherent with itself, which was impossible in Coh.

We end this section by the following remark.

Remark 10 One can see the usual coherence spaces as a special case of non-uniform co-
herence spaces. So, the coherence spaces can be defined equivalently by saying that E is a
coherence spaces if it is a non-uniform coherence spaces and a vg b < a =b.

There is also a definition in the literature by Boudes saying that a non-uniform coherence
space E is a Boudes space F if a vg b = a =b. One can define category NCohB of Boudes
space and linear morphisms, and prove that indeed NCohB, as a full subcategory of NCoh,
is a model of LL.
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Chapter 1

Categorical and denotational
semantics of finitary linear logic
with fixpoints (uLL)

In this chapter, we develop a denotational semantics of LL with least and greatest fixed points
in a general categorical setting based on the notion of Seely category and on strong functors
acting on them. We exhibit a simple instance of this setting in the category of sets and
relations, where least and greatest fixed points are interpreted in the same way, and in a
category of sets equipped with a notion of totality (non-uniform totality spaces) and relations
preserving totality, where least and greatest fixed points have distinct interpretations.

1.1 Categorical semantics of finitary linear logic with fixpoints

To define our notion of model of plLL, we first need to remind the notion of free comodules
on a given coalgebra, and strong functors.

1.1.1 The LL model of free comodules on a given coalgebra.

Given an object' P of £', we can define a functor fcp : £ — £ which maps an object X to
P ® X and a morphism f to P® f. This functor is clearly an oplax monoidal comonad (with
structure maps defined using wp, contrp and the monoidal structure of £)”. A coalgebra
for this comonad is a P-comodule’. By Section 0.3.2 the Kleisli category L[P] = L¢, of
this comonad (that is, the category of free P-comodules) has a canonical structure of SMC.
We set Fp = Fg,, : L — L[P]. Girard shows [Gir99] that L[P] is a Seely model of LL with
operations on objects defined in the same way as in £, and using the coalgebra structure of

'Tn this thesis we could restrict to the case where P is a tensor of “free coalgebras” (1X;, digx,) but it is
more natural to deal with the general case, which will be quite useful in further work.

2The definition of this comonad uses only the comonoid structure of P. The !|_-coalgebra structure will be
used later.

3This is just the dual notion of the standard algebraic notion of an M-module which can be defined as soon
as a commutative ®-monoid M is given.
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P for the operations on morphisms. Intuitively, P should be considered as a given context
and L[P] as a model in this context. This idea appears at various places in the literature
[CEM16, UVO08]. Let us summarize this construction. If f; € L[P](X;,Y;) for i« = 1,2 then
[1®p foa = f1 ®cp f2 € LIP](X1 ® X2,Y1 ® Ya) is given by

contrp ® Id f1®f2
PoX 99Xy ——— POPRX18Xs — PO X1 0P Xy 2B V0V,
The object of linear morphisms from X to Y in L[P] is X — Y, and the evaluation
morphism evp € L[P]((X — Y) ® X,Y) is simply Fp(ev). Then it is easy to check that if
feLP(Z®X,Y), thatis f € L(P® Z® X,Y), the morphism curf € LIP|(Z,X —Y)
satisfies the required monoidal closeness equations. With these definitions, the category L[P]
is *-autonomous, with L as dualizing object. Specifically, given f € £[P](X,Y), then f+1is

YLD po (P —o X))~ XL Using

implicitly the iso between (Z ® X)* and Z — X+, and the *-autonomy of £ allows to prove
that indeed fLFILF] = 1.

The category L[P)] is easily seen to be cartesian with T as final object, X; & X3 as cartesian
product (and projections defined in the obvious way, applying Fp to the projections of L).
Last we define a functor !p__ : L[P] — L][P] by |pX = !X and, given f € L[P](X,Y), we define
Ipf € LIPJ(IX,1Y) as Po!X 25 1poix 5 (PoX) —4 1v | and this functor
has a comonad structure (der [P], dig[P]) defined by der [P] = Fp(der ) and dlg[P] = Fp(dig)".

the following composition of morphisms: P ®

Remark 11 Any p € L'(P,Q) induces a functor L[p] : L[Q] — L[P] which acts as the
identity on objects and maps f € L|QI(X,Y) to Lp](f) = f(p® X) € LIP|(X,Y). This
functor is strict monoidal symmetric and preserves all the constructions of LL, for instance

L[p|(dig[Q]) = dig[P] (simply because Lp] o Fg = Fp) and also L[p|(\qf) = 'p(Lp](f)).
We can actually consider L[ ] as a functor from L' ? to the category of Seely categom’es and
functors which preserve their structure on the nose. This functor could probably more suitably

be considered as a fibration in the line of [PRI7], Section 7.

1.1.2 Strong functors on L

Given n € N, an n-ary strong functor on L is a pair F = (T, I@)) where F : £ — L is a functor
and IF‘X 7 € L(IX® ﬁ(?),?(!X ® ?)) is a natural transformation, called the strength of F.

We use the notation Z ® (Y1,...,Y,) = (Z®Y1,...,Z®Y,). It is assumed moreover that
the diagrams of Figure commute, expressing the monoidality of this strength as well as
its compatibility with the comultiplication of !

The main purpose of this definition is that for any object P of £' one can lift F to a
functor F[P] : L[P]" — L[P] as follows. First one sets IF[P](?) = ﬁ(?) Then, given
€ £[P]"(?,7) we define [P](?) € L[P|(F (?),F(?)) as the following morphism:

PaF®) 2 1p o) —Fs FPe X) 19220, pp o B) IO, 5

The fact that we have defined a functor results from the three diagrams of Figure and
from the definition of wp and contrp based on the Seely isomorphisms.

4The definition of !p f requires P to be a !-coalgebra and not simply a commutative ®-comonoid. Of course
if | is the free exponential as in [Gir99] the latter condition implies the former.
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(1X) 1) 0 F(T) ") (X, & X) 0 F(Y)
xef,, | Lo T(T) " 1 o TP
1X; @ F(1X, @ Y) Fyiexy ¥ F fF},v
Py xae? Fle?) ), FiTe 7)
F1X, 1% 0 F(Y)) ™9V, F1(x, & Xo) © T)
X o F(Y) T FO, v o 7
Fer| |Fxr

'X®? dlgx®?) ”X®?

Figure 1.1: Monoidality and dig diagrams for strong functors

Operations on strong functors

There is an obvious unary identity strong functor Z and for each object Y of L there is an n-ary
Y-valued constant strong functor C'; in the first case the strength natural transformation is
the identity morphism and in the second case, it is defined using wx. Let [F be an n-ary strong
functor and Gy, . .., G, be k-ary strong functors. Then one defines a k-ary strong functor H =
F o (Gy,...,Gy,): the functorial component H is defined in the obvious compositional way.

= F((G))E o
The strength is 1X ® F(Y) —— F((IX @ Gi(Y)™,) — =), F(G0X ® Y)),) , and

is easily seen to satisfy the commutations of Figure 1.1. Given an n-ary strong functor, we
can define its De Morgan dual (F)* which is also an n-ary strong functor. On objects, we

set (IF)H?) = (F(?l))J— and similarly for morphisms. The strength of F* is defined as the
Curry transpose of the following morphism (remember that !X —o Y= (IX® 7)L up to
canonical iso):

X @ (F(V)) L @ F(1X — VL) —25 IX @ F(1X — (Y)1) ® (F(Y L)L
J{ﬁ@ld
FIX ® (1X — Y1) @ (F(Y 1)L
F(ev)@ld
1 = FYY) e FY )

]FLL

Then it is possible to prove, using the *-autonomy of £, that and F are canonically
isomorphic (as strong functors)’. As a direct consequence of the definition of (F)* and of the
canonical iso between F++ and F we get:

Lemma 11 (Fo (Gy,...,G,))* = (F)* o ((G){,...,(G)y) up to canonical iso.

n

5In the concrete settings considered in this thesis, these canonical isos are actuality identity maps.
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The bifunctor ® can be turned into a strong functor: one defines the strength as

contrix ®Id
_

IXQY, @Y, IXIXQY,0Y — IXQY,0!X2Y,

By De Morgan duality, this endows % with a strength as well. The bifunctor @ is also
endowed with a strength, simply using the distributivity of ® over @ (which results from
the monoidal closedness of £). By duality again, & inherits a strength. The functor !__ is

di Y 2
equipped with the strength X @ Y X5 11X @1V £ 11X ®Y) .

Fixed Points of strong functors.

The following facts are standard in the literature on fixed points of functors [Poh73, Ada74].

Definition 12 Let A be a category and F : A — A be a functor. A coalgebra'of F is a
pair (A, f) where A is an object of A and f € A(A,F(A)). Given two coalgebras (A, f)
and (A’ f) of F, a coalgebra morphism from (A, f) to (A’ f') is an h € A(A, A") such that
f'h = F(h) f. The category of coalgebras of the functor F will be denoted as Coalg 4(F).
The notion of algebra of an endofunctor is defined dually (reverse the directions of the arrows
f and f") and the corresponding category is denoted as Alg 4(F).

By Lambek’s Lemma, if (A, f) with f € A(A, F(A)) is a final object in Coalg 4(F) then
f is an iso. We assume that this iso is always the identity~as this holds in our concrete models
so that this final object (vF,Id) satisfies F(vF) = vF. We focus on coalgebras rather than
algebras for reasons which will become clear when we deal with fixed points of strong functors.
This universal property of vF gives us a powerful tool for proving equalities of morphisms.

Lemma 13 Let A € Obj(A) and let fi, fo € A(A,vF). If there exists | € A(A, F(A)) such
that F(f;)l = fi fori=1,2, then f1 = fs.

Proof: Since F(f;)l = f; for i = 1,2, we have f; € Coalg 4(F)((A,1), (vF,Id)) for i =1,2.
(vF,Id) is the final object in Coalg 4(F)((A,1), (vF,Id)), so there is a unique morphism from
(A,1) to (vF,Id). Hence fi = fo. [

Let F: B x A — A be a functor, then we denote by Fp the partial application of F, i.e,
Fp: A— A where Fp(A) = F(B, A).

Lemma 14 Let F : B x A — A be a functor such that, for all B € Obj(B), the category
Coalg 4(Fg) has a final object. Then there is a functor vF such that (vF(B),Id) is the final
object of Coalg 4(Fg) (so that F(B,vF(B)) = vF(B)) for each B € Obj(B), and, for each
g € B(B,B'), vF(g) is uniquely characterized by F(g,vF(g)) = vF(g).

5This definition, as well as the following one, shows that our assumption that the strength is available for
“context object” of shape !X only cannot be disposed of.

"Not to be confused with the coalgebras of Section which must satisfy additional properties of com-
patibility with the comonad structure of !_.

8This assumption is highly debatable from the view point of category theory where the notion of equality
of objects is not really meaningful.

51



CHAPTER 1. CATEGORICAL AND DENOTATIONAL SEMANTICS OF FINITARY
LINEAR LOGIC WITH FIXPOINTS (ulLL)

Proof: We have F(g,vF(B)) € AWwF(B),F(B',vF(B))) thus defining a Fpr-coalgebra
structure on vF(B) and hence there exists a unique morphism vF(g) : vF(B) — vF(B')
such that

F(B',vF(g)) Fg,vF(B)) = vF(g),
that is F(g,vF(g)) = vF(g).

Functoriality follows: consider also ¢’ € B(B’,B”), then we know that h = vF(¢'g)
satisfies F(¢' g,h) = h by the definition above. Now h' = vF(¢')vF(g) satisfies the same
equation by functoriality of F and because F(g,vF(g)) = vF(g) and F(¢',vF(q")) = vF(q'),
and hence h’ = h by Lemma 13, taking | = F(¢' g, vF(B)). In the same way one proves that
vF(Id) = Id. [ ]

We consider now the same v F operation applied to strong functors on a model £ of LL.
Let F be an n+ 1-ary strong functor on £ (so that F is a functor £"*! — £). Assume that for
each ? € Obj(L™) the category Coalg L(FY) has a final obJect We have defined vF : L" —> L
characterized by IF‘(?, VF(?)) = VIF(?) and IF( = V%? ) for all ? e L Y X)
(Lemma 141). For each Y, X € L, we define VF ? € [, 'Y ® vF vF(lY ® )). We have

Fy @ FR) =
s

Y © vF(X) =Y @ F(X, /F(X)) FY ® X,!Y @ vF(X))

exhibiting a F,Y@)Xz—coalgebra structure on 'Y’ ®ﬁ(?) Since ﬁ(!Y@?) is the final coalgebra

of the functor EY®7, we define IE’Y? as the unique morphism 'Y ® ﬁ(}) — vF(lY ® Y)
such that the following diagram commutes

Fy @ w3y =
=,

Y ® vF(X) FY ® X,V © vF(X))

FIYeX F, 3)

~

VIFY,?

FY @ X, 0F(lY @ X)) = oF(IY © X)

Lemma 15 Let F be an n + 1-ary strong functor on L such that for each Y € Obj(L™), the
category Coalgﬂ(F?) has a final object VIFg. Then there is a unique n-ary strong functor

VF such that VF(X ) = vF (and hence F(3 VF(X)) = vF(X)), F(J,vF(})) = vE([) for
all?eﬁ"?X andF'Y@? I/FY?) (RFR) = UF vR

Proof: The part of the statement which concerns the functor vF is a direct application
of Lemma 4 s0 we only have to deal with the strength. Let us prove naturality so let

7 e L™ } X') and g € L(Y,Y”), we must prove that the following diagram commutes

o VIF ’? L
Y ® vF(X) - V(Y © X)
lg@vF(f)] oF o |vFege7)
M yI.X _ =,
Y’ @ TF(X) F(Y ® X))
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Let hy = V]FY, X (lg® ﬁ(?)) and hy = VF(lg ® 7) V/FY? be the two morphisms we must

prove equal. We use Lemma , taking the following morphism I.

Y @ vF(X) =Y @ F(X,vF(X))
ﬁw?ﬁ(?))
FY © X,1Y ® vF(X))
|Fage 7.1d)
— — I
FY' ® X', 1Y @ vF(X))

With these notations we have
_ — _
F(Y' @ X, hy) ol = (V' ® X' By, ) o F (Y @ X' g )
(! |
oF(lg® F.1Y 0 7F(X)) o Fy 3 5%,

_ / / F
=F(Y' ®X',0F, ) oF Flge /. lg@vE(f))oF v, (X))

FOY' © X', 08y, 5) oFy, om0 (g ©F(F,7F(7))

by naturality of F

o (lg @ F(f, vF(f))) by (1.1.2)

.)
X!
Vi, o (g ®ﬁ(7)) by Lemma

I
%)

— —
so that F(!Y" ® X', h1)l = hy as required. On the other hand we have

_ —
FIY' © X', hy) ol = F(1Y @ X, 7 (lg® 1)) o F(1Y © X', oFF )
OF(!gi?,!mm(Y))o VR R
=FOY' @ X', F(g® f))oF(lge f.,1Y @ vF(X))
oF(lY ® }, l/FK?) o FY,(Y,W(})))
F(lg® f.vF(g® f))ovFy g by (11.2)
=vF(lg ® ?) o I;E‘Y? by Lemma

— -
so that F(1Y'® X', ha) | = hg which proves our contention. The commutation of the diagrams
of Figure for vF is proven similarly, and we only deal with the last one. We must prove
the commutation of the following diagram:

X 0 7F(Y) BT v R T

’;\FX,?J JZEF!X,?
JFIX 0 7) 9o eV) Jpae o v

93



CHAPTER 1. CATEGORICAL AND DENOTATIONAL SEMANTICS OF FINITARY
LINEAR LOGIC WITH FIXPOINTS (ulLL)

Using Lemma 14, one can reduce this diagram to the following one where h = F(dig y ®7, vF(digy ®7))
and g = F(digy ®?, digy ®ﬁ(?))

digy QVF(Y)

~ __—

X o F(Y, 78 (V) ST EDD v o FRT))

‘/F ‘/]F

Hx¥ FIX®Y,IX @ F(Y)) —2—— FIIX © ¥, IX @ vF(Y))
J/ﬁ(ldnﬁFx,7) F(Id”%‘x’?)
FIX YV, iF (X2 Y)) — " FUX 0 Y, FIIX ® V)

_— T~

VF(digx ®Y)

IX @ vE(Y) X @ vF(Y)

VF(IX®Y) VFIX ®Y)

Commutation of left and right trapezoids is coming from Diagram . Commutation of the
rectangle above is coming from the fact F is a strong functor (last diagram of Figure 1.1).
And finally the commutation of rectangle below will be deduced from functoriality of F and
last diagram of Figure 1.1. |

Lemma 16 Let F be an n + 1l-ary strong functor on L such that for each } € Obj(L™), the
category Alg, (F?) has an initial object MF?. Then there is a unique n-ary strong functor ulF

such that MTF(?) = ,u,F)—g (and hence F(Y,;TF(?)) = ,U,T(Y)), F(?,ﬁ(?)) = /LT(?) for all

T err®R.X) and FOY © X By, ) By 3 29 = #Fy 5 Moreover ((4F))* = v(F)*)

Proof: Apply Lemma 15 to the strong functor (F)=,. |

1.1.3 A categorical axiomatization of models of ulLL

We are now ready to axiomatize our notion of models of yLL. Our general definition of Seely
categorical model of plLL is based on the notions and results above. We refer in particular to
Section for the basic definitions of operations on strong functors in our LL categorical
setting.

Definition 17 A categorical model or Seely model of uLL is a pair (L, 7) where
1. L is a Seely category
2. ? = (Ln)nen where L, is a class of strong functors L — L, and Lo = Obj(L)

3. ifXeLl, andX; € Ly (fori=1,...,n) then X o g € Ly and all k projection strong
functors L* — L belong to L},

4. the strong functors ® and & belong to Lo, the strong functor | belongs to L1 and, if
X € Ly, then (X)+ € L,
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5. and last, for all X € Ly the category Coalg,(X) (see Section ) has a final object.
Moreover, for any X € L1, the associated strong functor vX : L¥ — L (see Lemma 15)
belongs to L.

Our goal is now to provide the interpretation of pLL formulas and proofs in such a model.

Remark 12 One can certainly also define a notion of categorical model of uLL in a linear-
non-linear adjunction setting as presented in [Mel09]. This is postponed to further work. And
one can also probably adapt this definition to the case of intuitionistic LL, without *-autonomy.

Interpreting formulas and proofs and Soundness

We just outline the interpretation of uLL formulas and proofs, as we will see all the details in
Chapter

We assume to be given a pLL Seely model (L, 2), see Section . With any formula

A and any repetition-free sequence ¢ = ((1,...,(x) of type variables containing all the free
variables of A, we associate [[A]]? € Ly in the obvious way, for instance [A ® B]]? =Q®o
([[A]]?,[[B]]?) € L by conditions (1) and (3) in Definition 17 and [v¢ A]}? = V([[AH?,C)
using condition (5). Then [[AJ-]]? = ([[A]]?)J- up to a natural isomorphism. With any
I'=(Ay,...,A,) we associate an object [I'] of £ and with any proof 7 of F " we associate
a morphism [r] € L£(1,[I']) using the categorical constructs of £ in a straightforward way,
see [Mel09]. Then one proves that if 7 and 7’ are proofs of - " and 7 reduces to 7’ by
the cut-elimination rules, then [7] = [#’]. This is done by an inspection of the various cut-
elimination rules. In the case of (u — fold)/(v — rec) cut-elimination, we need the following
lemma that we state in a rough way (again, isos are kept implicit).

Lemma 18 Let I' = (Dy,...,D,) be a sequence of closed formulas, F' be a formula and
(,&1,...,& be a repetition-free list of variables containing all the free variables of F. Let w
be a proof of = T, A+, B (so that, setting X = [Di] & --- & [D;], we can consider that
[7] € L(IX ® [A],[B])) and let C' = (C1,...,Cyk) be a list of closed formulas. Then

[Flr/¢, C/ €N = [F1, 2 ([7], wx e[cl) ([[?]]:?)X,([[A}LM) '

The proof of Lemma 18 is completely similar to the last case of Lemma 9% (Figure ), and to
avoid repetition, we only provide the details for Lemma 98. Notice that [F]] 07 (I7], wx ®M) €

£([FT_7 (Xe[AL, X o[Cl), TFT, 2 (IB], [C]) and that ([F]_ ) , ., 4, belongs to L( X
[F1. 2 (141 [C]). [F], 2 (X ® [4].1X & [C]))

Theorem 19 If w and 7’ are proofs of = T' and 7 reduces to ©' by the cut-elimination rules
of uLL, then [x] = ['].

The proof of Theorem is completely similar to Theorem 99, and to avoid repetition, we
only do the details for Theorem
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1.2 Denotational semantics of finitary linear logic with fix-
points

In this section, we provide some concrete models for puLL. The first model is Rel, and the
second of is non-uniform totality spaces (Nuts). One of our motivations to provide Nuts is
that the interpretation of least and greatest fixpoints collapse in the case Rel whereas they
are distinct in Nuts. We also examine the same idea on coherence spaces, and similarly
coherence spaces with totality.

1.2.1 Rel as model of ulLL

Computing recursive types in Rel is quite well-studied in the literature. And one can find
different vocabulary in different references. For example, we can see in ['i096] the notion of
cpo-functors and algebraic complete categories which Rel is an instance. In [Wan79, SP82]
we can see the notion of locally-continuous functor. So, to have a coherent notation with
the other parts, we provide all details of computing least and greatest fixpoint of linear logic
in Rel in this section. There is no novelty here. We refer an interested reader to [ANMMI&]
for a survey on fixed points of endofunctors, and to [Fi096] to see more details of axiomatic
categorical domain theory.

Locally continuous functors on Rel

Definition 20 A functor F : Rel™ — Rel is locally continuous’ if, for all ﬁ, ? € Rel” and
all directed set D C Rel”(ﬁ, ?), one has F(UD) = U{F(¥)| s € D}.

Definition 20 implies in particular that if § C ?, one has F(%) C F(?) (taking D =
{?, ?}) To simplify notations assume that n = 1 (but what follows holds for all values of
n).

)

Lemma 21 Let E and F be sets and let s € Rel(E, F') andt € Rel(F, E). Assume thatts =
ldg and that st C ldp. Then s is an injective function and t = {(b,a) € F x E | (a,b) € s}.

Proof: Let a € E, since (a,a) € ldg = ts, there must exist b € F such that (a,b) € s and
(bya) € t. If (a,b') € s then (b,0') € st C Idp and hence b’ = b. It follows that s is a total
function F — F. Let (a,b) € s (that is a € E and b = s(a)). Since ¢t s = ldg, we must have
(b,a) € t. Conversely let (b,a) € t, we have (b, s(a)) € st and hence b = s(a). We have proven
that t = {(s(a),a) | a € E}. If a,d’ € satisfy s(a) = s(a’) we have therefore (a,d’) € ts = Idg
and hence a = a’; this shows that s is injective. |

Lemma 22 Let F : Rel — Rel be a locally-continuous functor. Assume that E C F and
let niF = {(a,a) |a € E} € Rel(E,F) and ng p = {(a,a)|a € E} € Rel(F,E). Then
F(nEF) € Rel(F(E),F(F)) is an injective function.

9The right setting to express this property would be that of cpo-enriched categories but we do not really
need this general concept here.
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Proof:  We have ng UE,F = ldg and nEF Ngr € ldp and hence F(ng ) IF(UEF) = Id by
functoriality and F(nf, ») F(ng ) C Id by local-continuity. The announced property results
from Lemma 21. u

Let RelS be the category whose objects are sets and morphisms are set inclusions (so
that Rel<(E, F) has 775 7 as unique element if £ C F and is empty otherwise). Then n*

can be thought of as the “inclusion functor” RelS — Rel, acting as the identity on objects.
Obviously, Rel€ is cocomplete

Proposition 23 IfF : Rel — Rel is locally-continuous then Fnt : Rel> — Rel is directed-
cocontinuous (that is, preserves the colimits of directed sets of sets).

Proof: Let D be a directed set of sets and let H be a set. For each £ € D let sp €
Rel(F(E), H) so that (sg)gep defines a cocone, that is, for each E,F € D such that
E C F, one has sg = spF(n} ;). Let L = UD. Let s € Rel(F(L),H) be given by
s = UEeDSEF(UE,L)- Let £ € D, we have sIF‘(nEL) = UFEDSFF(HE7LWE’L) so that
sp C SF(UEL) (since sp F(np UE,L) = sp when F = FE).

We prove the converse inclusion. Let F' € D and let G € D be such that £, FF C G. We
have

where we have used the fact that n;G Nra © Idg and hence F(n;G nEG) C ldp(g) by local-
continuity of F. So sg F(n;’L UE,L) C sp for all F € D and hence sIF‘(nEL) C sg as contended.

Let now s’ € Rel(F(L), H) be such that s'F(n} ;) = sg for each E € D, we show
that s’ = s thus proving the uniqueness part of the universal property. For E € D, let
05 = n  np; € Rel(L,L). Then (0g)pep is a directed family (for C) and Ugep 0 = Idf.
By locallconéinuity of F, we have

s'=5 ldpy =5 |J FO0r) = J s Fp ) Fng) = U seFlng) =s
EeD EeD EED

by our assumption on s’ and by definition of s. This shows that the cocone (F(na 1)) EcD on
FnT is colimiting, thus proving that Fn™ is directed cocontinuous. |

We know that a locally-continuous functor F maps inclusions to injections, we shall say
that F is strict if it maps inclusions to inclusions, that is, if £ C F then F(E) C F(F)
and F(UEF) = n;(E)’F(F) (which implies F(ng z) = n]l;(E)’F(F)). As a direct consequence of
Proposition 23, we get:

Lemma 24 If F is strict locally-continuous then, for any directed set of sets D, one has

ONotice that it is not complete, for instance is has no final object.
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Variable sets and basic constructions on them

Definition 25 An n-ary variable set (Vst ) is a strong functor V : Rel” — Rel such that V
is locally-continuous and strict.

By the general considerations of Section , we know that there is a constant strong
functor Rel” — Rel with value E for each set F, that there are projection strong functors
Rel” — Rel, that x (that is ®) and + (that is @) define strong functors Rel?> — Rel,
that Mg, (_ ) (that is | ) defines a strong functor Rel — Rel, that strong functors on Rel
are stable under composition, and that if V is a strong functor Rel™ — Rel then there is a
“dual” strong functor (V)* (which is actually identical to V in this very simple model). We
have only to check that for each of the strong functors V defined in that way, the underlying
functor V is a strict locally-continuous functor.

We deal with ! and composition, the other cases are similar. The underlying functor of |
is M : Rel — Rel defined by M(E) = Mg, (E), M(s) = {([a1,- .., ax], [b1,...,bk]) | (ai, b;) €
sfori=1,...,k}if s € Rel(E, F), First if s Ct € Rel(E, F), it follows from the definition
that M(s) € M(t). Let D C Rel(E, F) be directed, we prove M(JD) C Usep M(s): an
element of M(UD) is a pair ([a1,...,ax],[b1,...,bg]) with (a;,b;) € UD for i = 1,... k.
Since D is directed, there is an s € D such that (a;,b;) € s for i = 1,...,k and the inclusion
follows. Strictness is obvious.

Composing variable sets Let V; : Rel” — Rel be Variilole sets for ¢ = 1,...,k and let
W : Rel” — Rel be a variable set. Then the functor W o V : Rel” — Rel is clearly strict
locally-continuous (since these conditions are preservation properties) from which is follows

that the strong functor U =W o V is a variable type.

Fixed point of a variable set

Let F : Rel — Rel be a strict locally-continuous functor. Since @ C F(2) we have F" (@) C
F*t1(2) for all n € N, by induction on n and hence F(U>2,F*(2)) = UF*(2) by Lemma
since {F"(@) | n € N} is directed. Let oFF = U, —,F"(2), so that (¢F, ld,r) is an F-coalgebra.

Lemma 26 The coalgebra (oF,Id) is final in Coalgge (F).

Proof: Let (E,t) be an F-coalgebra. Let e = @ € Rel(F, o) (this is the unique mor-
phism to the final object of Rel). We define a sequence e, € Rel(E,oF) as follows:
ep = @ and ep+1 = F(ep)t. Then e, C e,4q for all n by an easy induction, using the
fact that I is locally-continuous. Let e = 52 ye, € Rel(E, oF), by locally-continuity of
F we have F(e)t = (UpeoF(en)) t = Upeo(F(en)t) = Up—pent1 = e which means that
e € Coalgrq(F)((E,t), (cF,1d)). We end the proof by showing that e is the unique such
morphism, so let

¢' € Coalgre (F)((E, ), (oF,Id)),

which means that ¢’ € Rel(E, oF) and F(e/)t = ¢’
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Let i, € Rel(oF,oF) be defined by induction by iy = & and i,+1 = F(iy). Then
(in)nen is monotone and (J;2in = Id by definition of oF. We prove by induction on n that
Vn € N i, e =i,e. Clearly ige’ =ige = @. Next

iny1€ =TF(in)F(e')t =F(ine’)t =F(ine)t by induction hypothesis

= in+1 €.

Therefore €' = (Upenin) € = Unen(in€) = Unen(ine) = e. [ ]
Notice that (oF,|d) is also an initial object in Algg(F). When we insist on considering
oF as a final coalgebra, we denote it as V.

Lemma 27 Let F : Rel"™! — Rel be a strict locally-continuous functor. The functor vF :
Rel” — Rel is strict locally-continuous.

Proof: As usual we assume that n = 1 to increase readability. We need to prove first that
vF is monotone on morphisms, so let s,t € Rel(E, F) with s C t. We have vF(s) = U,en n
and vF(t) = Upentn with so = to = &, spy1 = F(s, s,) and t,41 = F(t,¢,). By induction
and monotonicity of F we have ¥n € N s,, C ¢, and hence vF(s) C vF(t). Let us prove
now local-continuity so let D C Rel(E, F) be directed and let ¢ = |JD, we prove that
VIF(t) = Usep VF(s) € Rel(vF(E), vIF(F)) using Lemma |3 (with the notations of that lemma,
we take | = F(¢t,vF(E))). We have Fp(vF(t)) F(t,vF(E)) = vF(t) by definition of the functor
vIF and

Fr( U vF(s))F(t,vF(E)) = U F(F,vF(s)) U F(s,vF(E)) by locally-cont.

seD seD seD
= U F(s,vF(s)) = U vF(s).
seD seD

In the second equation, we used the facts that D is directed and the monotonicity of F and
vF on morphisms.

Let E C F, we prove that vF(FE) C vF(F). This results from the observation that if
E' C F', then Fg(E') € Fp(F’) and hence ¥n € N Fj (@) C Fi(2). Let us check that
VF(ng p) = e ey € RelWEF(E), vF(F)). We have F(F,vF (1, p)) F(ny, g, vF(E)) =
F(nEF, VF(UE’F)) = I/F(?]EJ;) by definition of the functor v[F and

F(F, ndE'(E),VF(F)) F(nE,F7 vIF(E)) = nI;_(E,VIF(E)),F(FW]F(F)) = n:F(E),uIF(F)

by strictness of IF. The equation follows by Lemma 13, so that the functor vF is strict. |

Let V : Rel”"! — Rel be a variable set, by Lemma 15, there is a unique strong functor
vV : Rel” — Rel which is characterized by: W(ﬁ) = VVE, for each § € Rel”(ﬁ,?),

WV(F) =V(F09(F) and last VIE@ F.V, ) =V, 2.

Lemma 28 The functor vV is a variable set.

Proof: By the conditions above satisfied by ¥V we have that ¥V = vV and hence vV is
strict locally-continuous by Lemma 27. |
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A model of uLL based on variable sets.

Let Rel, be the class of all n-ary Vst, so that Rely = Obj(Rel). The fact that (Rel, (Rel,,)nen)
is a Seely model of uLL in the sense of Section results mainly from the fact that we take
all variable sets in the Rel,,’s so that there is essentially nothing to check. More explicitly:

Theorem 29 (Rel, (Rel,),en) is a Seely model of uLL.

Proof: (1) holds by Section , (2) holds by construction, (3) holds by the fact that
variable sets compose as explained in Section (notice that this condition refers to the
general composition of strong functors defined in Section ), (1) holds by Section

and by the fact that the De Morgan dual of a strong functor is strong, see Section and
(5) holds by Section . [

1.2.2 Non-uniform totality spaces

As we saw in Section , the interpretation of least and greatest fixpoints are not distin-
guished in Rel. We now move to our second concrete model of pLL in order to distinguish
least and greatest fixpoints. This second model is based on the notion of totality on top of
Rel, and we denoted it by Nuts. As our categorical model of plLL lies over a categorical
model of LL, we first need to prove that Nuts indeed is a model of linear logic. To do so, we
show that Nuts is actually an instance of Seely category mentioned in Chapter

Let us first define this category.

Definitions of Nuts
Let E be a set and 7 C P(E). We define

(Mt ={CE|VueTunu #a}.
If SC T CP(E) then (T)* C (S)+. We also have 7 C T+ and therefore 7+ = (7)1,
Lemma 30 Let T C P(E), then Tt =T ={v CE|3u e T u Cv}.
Proof: The D direction is obvious, let us prove the converse so let ©« C E and assume that
u ¢ 1T7T. This means that for each v € T there exists a(v) € v such that a(v) ¢ u. Let

v = {a(v) |v €T} C E. By construction we have v/ € (7)* and uNu' = @. This shows
that u ¢ T++. [ ]

Definition 31 A non-uniform totality space (NUTS) is a pair X = (|X|, T (X)) where | X|
is a set and T(X) C P(|X|) satisfies T(X) = T(X)*+, that is T(X) = 1T (X), in other
words, T(X) is upwards closed wrt. inclusion.

And we set X+ = (| X, (T(X))1).

Here is an example: take X = (N, 7 (X)) where 7(X) is the set of all infinite subsets of
N. It is a NUTS because a superset of an infinite set is infinite. Then |X+| = N and 7(X*)

60



Fixpoints of types in linear logic from a Curry-Howard-Lambek perspective.

is the set of all cofinite subsets of N (the subsets u of N such that N\ u is finite). If, with
the same web N, we take 7(X) = {u C N | u # @} (again T(X) = 17 (X) obviously), then
T(X*) = {N}.

Lemma 32 For a NUTS X we have @ € T(X) & T(X*) = 2.
We define four basic NUTS:
e 0=(9,9)
- T=(2,{2})
o 1= ({x},{{x}})
o L=1=({x},{{*}})
Given NUTS X; and X9 we define a NUTS X7 ® X5 by | X1 ® Xo| = |X1| x | X2| and

T (X1 @ Xa) = {u1 x ug | u; € T(X;) for i = 1,2}
=M{ur X ug | u; € T(X;) fori=1,2}.

And then we define X — Y = (X @ Y1)+,

Lemma 33 t e T(X -oY)eVueT(X)t-ueT(Y).

Proof: Lett€ T(X —Y)andlet u € T(X). Let o' € (T(Y))*, sinceu xv' € T(X®Y™1)
we have t N (u x v') # @ and hence (t - u) Nv' # @. Therefore t -u € T(Y)+ = T(Y).
Conversely assume that Vu € T(X) t-u € T(Y). Let u € T(X) and v’ € T(Y 1) = (T(Y))*.
Since ¢t -u € T(Y) we have (t-u) Nv' # @ and hence t N (u x v') # & and this shows that
teT(X —Y). [

We define the category Nuts whose objects are the NUTS and Nuts(U,V) = T(U —o
V'), composition being defined as the usual composition in Rel (relational composition) and
identities as the diagonal relations. Lemma 33 shows that we have indeed defined a category.

Multiplicative structure

Lemma 34 Let X and Y be NUTS and t € Nuts(X,Y). Then t is an iso in Nuts iff t is
(the graph of) a bijection |X| — |Y| such that Vu C | X| (u € T(X) < t(u) € T(Y)).

Proof:  Assume that ¢ is an iso in Nuts so that there is ' € Nuts(Y, X) such that t't = Id|
and tt' = Idy| and since we know that the isos in Rel are the bijections we know that ¢ is a
bijection. The fact that Vu C |X| u € T(X) < t(u) € T(Y) results from the fact that both ¢
and ¢/ = t~! are morphisms in Nuts.

The converse implication is obvious. |

Lemma 35 Let t C |X| x |Y]. One has t € Nuts(X,Y) iff (t)* = {(b,a) | (a,b) €t} €
Nuts(Y+, X1).
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Proof: This is an obvious consequence of Lemma and of the fact that (X — Y)
(X@YH)tand (Y — X)) = (¥Yte X)L

Lemma 36 Lett C |X; ® Xo — Y|. One has t € Nuts(X; ® Xo,Y) iff for all uy € T(X1)
and uz € T(X2) one hast - (u; @ ug) € T(Y).

Proof: The condition is obviously necessary, let us prove that it is sufficient so assume that
t fulfills it and let us prove that t € T(X; ® X9 — Y). To this end it suffices to prove that
)t e T(Y+ — (X1 ® X2)1Y). Solet o' € T(Y1) and let us prove that (1) .o € T((X; ®
X)) = ({us ®ug | ug € T(X1) and ug € T(X2)})*. Solet u; € T(X;) fori = 1,2. We know
that ¢ - (u; ® uz) € T(Y) and hence (¢- (u; ® uz)) N’ # @, that is (u; @ uz) N (1)L -0') # 2,
proving our contention. [ |

Lemma 37 The bijection o|x,| |x,|,|v| i an isomorphism from (X1 ® X3) — Y to X; —o
(X9 —-Y).

Proof: Lett e T((X1®X2) — Y) and let us prove that s = a -t € T(X; — (X2 —Y)).
Given u; € T(X;) is suffices to prove that (¢ - u1) - ug € T(Y) which results from the fact
that (s-wu1)-ug = t- (u; ®ug). Conversely let s € T(X; — (X2 —Y')) and let us prove
that t = a~!-s € T((X; ® X3) — Y). This results from lemma 36 and from the equation
(s-up)-ug=t-(u; @ ug). [ |

We turn now that ® into a functor, its action on morphisms being defined as in Rel. Let
t; € Nuts(X,;,Y;) for i = 1,2, we have t; ® t3 € Nuts(X; ® Xo,Y] ® Y2) by Lemma 36 and
by the equation

(t1 @t2) - (u1 @ ug) = (t1 - u1) @ (t2 - u2).

This functor is monoidal, with unit 1 and symmetric monoidality isomorphisms A, p, ~y
and « defined as in Rel. The only non-trivial thing to check is that « is indeed a morphism,
namely

Q) x|, X, X5 € Nuts((X1 ® X2) @ X3, X1 @ (X2 ® X3)).
This results from Lemma and from the observation that
(X1 ® X2) ® X3)" = (X1 ® Xo) — X3)
(X1 ® (X2 ® X3))" = (X1 —o (X2 — X3)).

The SMC category Nuts is closed, with X —o Y as internal hom object from X to Y,
and evaluation morphism

ev={(((a,b),a),b) | a € |X| and b € |Y|}

which indeed belongs to Nuts((X — V) ® X,Y) by Lemma 30 since, for all t € T(X — Y)
and u € T(X) we have

ev(t@u)=tueT(Y).

This category Nuts is also *-autonomous with dualizing object AL = 1.
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Additive structure

Let (X;)ier be a family of objects of Nuts. We define X = &;ecr X; as follows: |X| =
User {i} x [Xi[ and

T(X)={uC|X||Vielpr ueT(X)}.

It is clear that 7(X) = 17 (X) and hence X is an object of Nuts. By definition of X and
by Lemma 33 we have Vi € I pr; € Nuts(X, X;). Given 7 = (ti)ier with Vi € I t; €
Nuts(Y, X;), we have <7> € Nuts(Y, X) as easily checked (using Lemma 33 again). It
follows that (&;er Xi, (pr;)icr) is the cartesian product of the X;’s in Nuts.

This shows that the category Nuts has all countable products and hence is cartesian.

Since it is *-autonomous, the category Nuts is also cocartesian, coproduct being given by
Bier Xi = (&ier(Xi)1) L. It follows that we have

‘EeBIXi = (U {i} x| Xil, {U - U {i} x| X;||FielueT(X;) {i} xuc v}) .

i€l el

Indeed, let v € (T (&ier(X;)))*. This means that for any family (u});e; such that Vi € I u} €
(T(X:))*, one has vN(U;e; {i} xul) # @. If, for some i € I and u € T(X;), one has {i}xu C v,
this condition obviously holds. Otherwise, this means that Vi € I pr;(v) ¢ T(X;) = T(X;)*,
and hence, for all i € I, there exists u. € T (X;-) such that pr;(v) Nu} = @. Then we have v N
(Uies {i} x u}) = @ contradicting our assumption about v since U {i} x u} € T (&ier(Xi)L).
The injections 7; € Nuts(X;, ®;cr X;) are those of Rel. Also, given ¢; € Nuts(X;, X), the
co-tupling [7] € Nuts(®ier X, X) is defined as in Rel.

Notice that the final object is T = (&, {@}) and that 0 = T+ = (@, @).

Exponential

This exponential is an extension of the multiset exponential of Rel with totality. Remember
that u(") = Mgy, (u). We set [!X| = Mg,(]X]|) and

70X) = {u® [ue T} =1{u® [ue T(X)} .

Lemma 38 Let t C Mg, (|X|) X |Y|. One hast € Nuts(!X,Y) iff for allu € T(X) one has
t-u) e T(Y).

Proof: The condition is obviously necessary, so let us assume that it holds. By Lemma 35,
it suffices to prove that (¢)* € Nuts(Y+, (!1X)+). Let o' € T(Y1), we prove that (t)* - €
(T(Y)E. Solet u € T(X), since t-ul") € T(Y) and hence (¢ -u)) Nv' # @, that is
(O -v)nu®) £ 2. [ |

Lemma 39 Let t C Mg, (| X1]) X Man(|X2]) X |Y]. One has t € Nuts(!X; ® ! X5,Y) iff for
all up € T(X1) and uz € T(X2), one has t - (ug!) ® ug)) eT(Y).
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Proof: The condition is necessary since, if u; € 7(X1) and ug € T(X2), then ug!) ® ug) €
T(1X; ® 1X5). So assume that it holds. Let ¢’ = cur(t) € Rel(|X1]| — (| X2| — |Y])). Let
u; € T(X1), we have ¢’ - ugl) € P(|'!X2 —Y|). Let ug € T(X2), we have (¢ - ug!)) . ugl) =
t- (ugl) ® ug)) € T(Y) by our assumption. It follows by Lemma 38 that t’-ug!) eT(I Xy —Y)
and since this holds for any u; € T(X1) we actually have ¢’ € Nuts(!Xy, !Xy — Y). It follows
that t = cur 1 (') € Nuts(!X; ® ! X»,Y) as contended. [

Lemma 39 generalizes easily to n-ary tensors ®.

Lemma 40 For anyt € Nuts(X,Y), one has It € Nuts(!1X,!Y).
Proof: By Lemma 3¢ and the fact that 1t - u() = (¢ - u)®. [ |

Nuts as a model of LL: To prove that Nuts is a categorical model of LL, it suffices to
show that the various relational morphisms defining the strong symmetric monoidal monadic
structure of |__in Rel (see Section ) are actually morphisms in Nuts. This is essentially
straightforward and based on Lemma

Lemma 41 Equipped with der , dig, m® and m? defined as in Rel, | is a symmetric monoidal
comonad which turns Nuts into a Seely model of LL.

Proof: Given an object X of Nuts, we set dery = derx| € Rel(|'X],|X]) and digy =
dig|x| € Rel(|'X]|, [!''X]). Given u € T(X), we have derx - u) =wu e T(X) and digy -ul") =
uM) € T(NX). It follows by Lemma 38 that dery € Nuts(!X, X) and digy € Nuts(1X,!'X).

Naturality and monadicity trivially hold because they hold in Rel: we have an obvious

faithful forgetful functor Nuts — Rel which commutes with all LL categorical constructs.

We are left with defining the strong monoidal structure of ! (Seely isomorphisms), for
m? € Nuts(1,!T) we take the same morphism as in Rel. And we set mg(l’X2 = m‘QXﬂ 1Xa| €

Rel(|'X; @ ! Xo, [/(X1 & X)) Let u; € T(X;) for i = 1,2. We have m%., y, - (ug!) ® u(!)> =

(uy & up)) € T((X; & X3)) since u; & us € T (X1 & Xo), and hence by Lemma 39 we
have m§(17X2 € Nuts((!X; ®!X9),1(X1 & X2)). Any element w of T(X; & X2) is of shape

w = uy & ug with w; € T(X;), namely u; = pr; - w. We have (mg(hXQ)_1 ) = ug!) ® ug) €

T(1X1 ®!X5) and hence by Lemma 38 we have (mg(LXQ)_1 € Nuts(!(X1 & X2), (X1 ® 1X2)).
This ends the proof that Nuts is a model of classical LL since the required commutations
obviously hold because they hold in Rel. |

Variable non-uniform totality spaces (VNUTS)
Let E be a set, we use Tot(E) for the set of all totality candidates on E, that is, of all subsets

T of P(E) such that T = T+ (remember that (7)* = {/ CE |Vu e T unu' # @}). In
other words 7 € Tot(E) means that 7 = 17 by Lemma

Lemma 42 Ordered by C, this set Tot(E) is a complete lattice.
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Proof: Indeed, let © C Tot(E), we have
no={uCE|vT cov e (T unu £o} = ((V{(M*|Teo})*
from which it follows that N© € Tot(FE). [ ]

Definition 43 Let n € N, an n-ary VNUTS is a pair X = (|X|, T (X)) where |X]| : Rel” —
Rel is a variable set |X| = (|X[, |X]) (see Section ) and T(X) is an operation which

associates with each n-tuple X of objects of Nuts an element T (X Y) of Tot(IX]( ?\)) in
such a way that

1. for any 7 € Nuts” } ? the element \X!( ) of Rel([X|( \?\ IX|( ]7] ) belongs to
Nuts(X(X),X(Y)) (where X( ) denotes the NUTS (|X[(| X]|), T(X)(X))

2. and for any Y e Obj(Nuts") and any X € Obj(Nuts) one has |X|‘X| ) € Nuts(!X ®
X( 7 'X®7 In other words, foru € T(X) andv € Tot(X)(?), one has |X\‘X| s
(u @ w) € Tot(X) (X © V),

Remark 13 The most obvious approach to define VNUTS would have been to define them
directly as functors Nuts™ — Nuts. We prefer to define a VNUTS as a gadget from which
such a functor can be derived (Lemma /). Because we know that Rel underlies VNUTS and
that in Rel we have a very simple fizxpoint for all Vst (and these Vst are really defined as
functors) of which we take advantage for defining VNUTS least and greatest fizpoints by a
simple application of Knaster—Tarski theorem on top of the set obtained by this Vst fixpoint
which is the same for both fizpoints.

Remark 14 [t is essential to keep in mind that, if 7 € Nuts( Y 7 then actually ? €
Rel( ?\ \7\ so that the morphism X\(?) € Rel(|X\(]}]) \X!(|?|)) is defined, indepen-
dently of the notions of totality on and and similarly for |§§|Y)—(> This decoupling of
the totality-free part of the notions involved from the totality dependeﬁt ones makes life much
simpler. This definition also defines VNUTS as a generalization of Nuts: a web (which is
now a Vst and not a set) plus an additional totality structure (which is parameterized). We
will use exactly the same definition for variable coherence spaces with totality (Definition 58).
It would be nice to find the general categorical framework for this kind of 2-level definition
(See Section for more details on this).

Lemma 44 Any VNUTS X : Nuts” — Nuts induces a strong functor X : Nuts” — Nuts
which satisfies

- XX =TE(X)),

- T((X) = TE)X),

e X(7)=TX|(T) € Nuts(X(X),X(Y)) for T € Nuts(X,Y),
o and 2}(,? = ]§§||X‘7|7|

and X can be retrieved from X.
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Proof: It is clear that X so defined is a strong functor. Let us check that X can be retrieved
from X. Given a set E, (E,P(E)) is a NUTS that we denote as p(E). Notice that p can
be extended into a functor Rel — Nuts which acts as the identity on morphisms. There is
also a forgetful functor u : Nuts — Rel which maps X to |X| and acts as the identity on
morphisms (btw. p is right adjoint to u). Let X be a unary VNUTS and let X : Nuts — Nuts

be the associated strong functor. Then we have [X| = u o X o p and ]§§|EF = /'?p(E)’p(F)
for any sets E and F. Last, given a NUTS X, we have that 7 (X)(X) is just the totality
component of the NUTS X' (X). This shows that X is determined by X as contended. |

For this reason we use X to denote the functor X.

Given n € N let Vnuts,, be the class of strong n-ary VNUTS. We identify Vnutsg with
the class of objects of the Seely category Nuts. The following refers to Definition

Theorem 45 (Nuts, (Vnuts,,),en) is a Seely model of uLL.

Proof: Concerning Condition (3), let (X;)%_, be elements of Vnuts,, and let X € Vnutsy.
Considering X and the X;’s as strong functors, we know that X o § is a strong functor
Nuts”™ — Nuts. We simply have to exhibit a VNUTS whose associated strong functor
is X o X. Let F = IX| o |X]| (composition of variable sets, Section ). Let €
Nuts"”, each K(Y) is an object of Nuts and hence (F(|}|),T(X)(X71(}), . ,E(}))) is
a NUTS. Moreoveréiven 7 e Nuts”(?, 7), we know that for each ¢ = 1,...,k, one has

X(?) € Nuts(X;( ),K(?)) since X; is a VNUTS. Since X is a VNUTS we have F(?) €

Nuts(X(X1(X), ..., Xgx(X)), X(Xq( ),,3@(7)))
Let X € Obj(Nuts) and Y € Obj(Nuts*). For i = 1,...,k we know that K-X? €
Nuts(!X ®E(7),E(!X ® ?)) Therefore

(% 3)1) € Nuts(R((X © K(V)). X (X © V)Ey)

and hence
KK 7)) Ky e, € Nuts(X @ (V)LL) R(E X 0 V)k).

=1
Moreover we have

F = X[((X4] EOVK L .
]F|X|7|7| = |X‘((‘Xz||x‘7|?|)z:1) !X||X|7(|Xi(7)|)§:1 by definition of F

_ X | E VX

= XXl ) 920 1K e e
XS o) R

= XKy 2)i=) Xy iy,

using again the fact that X and the X;’s are VNUTS. This shows that the pair Y = (|Y|, 7(Y))
given by |Y| = F and T(Y)(Y) = T(X)(K(?), . ,X%k(;())) is a VNUTS whose associated
strong functor is X o X thus proving our contention.

Concerning Condition (1), let us deal only with the case of |, the others being similar.
We have to exhibit a unary VNUTS X whose associated strong functor Nuts — Nuts

coincides with ! _ (which is known to be a strong functor Nuts — Nuts by Section
and by the general considerations of Section ). For |X|, which has to be a variable set
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Rel — Rel, we take the interpretation E of | in the model Rel (Section ) which is
an element of Rel;, that is, a unary variable set. Next, given X € Obj(Nuts), we take
T(X)(X) =T(X). Condition (1) in the definition of VNUTS holds by functoriality of | on
Nuts. Condition (2) holds by the definition of IAF| x|,ly| as described in Section which
coincides with p? (digy ®!Y) € Nuts(!X @Y, !(IX @ Y)).

Let us now turn to Condition (5) which is a bit more challenging.

Let first X = (]X],7(X)) be a unary VNUTS. Let E = o|X| which is the least set such
that [X[(E) = E, that is E = U2, [X| (@). Let ® : Tot(E) — Tot(E) be defined as
follows: given 7 € Tot(E), then (E,7T) is a NUTS, and we set ®(7) = T(X)(E,T) €
Tot(|X|(E)) = Tot(E). This function ® is monotone. Let indeed S,7T € Tot(E) with S C 7.
Then we have Id € Nuts((E,S), (E,T)) and therefore, by Condition (1) satisfied by X, we
have Id = [X|(Id) € Nuts(X(E,S),X(E,T)) = Nuts((E, ®(S)), (E, ®(T)) which means that
®(S) C ®(T). By the Knaster-Tarski Theorem [Tar55, Kna28] (remember that Tot(E) is a
complete lattice), ® has a greatest fixpoint 7 that we can describe as follows. Let (74)ac0,
where O is the class of ordinals, be defined by: 79 = P(F) (the largest possible notion of
totality on E), To41 = ®(7a) and Ty = \y<r To when A is a limit ordinal. This sequence is
decreasing (easy induction on ordinals using the monotonicity of ®) and there is an ordinal
0 such that Tgp11 = Tp (by a cardinality argument; we can assume that € is the least such
ordinal). The greatest fixpoint of ® is then Ty as easily checked.

By construction ((E,Tp),ld) is an object of Coalgns(X), we prove that it is the final
object. So let (Y,t) be another object of the same category. Since (|Y],¢) is an object of
Coalgg.;(|X]) and since (E,1d) is the final object in that category, we know by Lemma

(Y) ——E

that there is exactly one e € Rel(|Y|, E) such that Jt /IX(') . We prove that

XI(1Y1)
actually e € Nuts(Y, (E,7p)) so let v € T(Y). We prove by induction on the ordinal « that
e-v € To. For a = 0 it is obvious since Ty = P(E). Assume that the property holds for o and
let us prove it for a+1. We have t-v € T(X)(Y) = T(X(Y)) since t € Nuts(Y,X(Y)). Since
X(e) € Nuts(X(Y),X(E,T,)) and since X(E,T,) = (E, Tot1) we have (X(e)t) - v € Tor1,
that is e - v € To41. Last if A is a limit ordinal and if we assume Voo < A e - v € T, we have
eV € Naer Ta = Tr. Therefore e - v € Ty. We use vX to denote this final coalgebra (E, Tp)

(its definition depends only on X and does not involve the strength X)

So we have proven the first part of Condition (5) in the definition of a Seely model of
puLL (see Section 17). As to the second part, let X be an n + l-ary VNUTS. We know by the
general Lemma 15 that there is a uniquely defined strong functor vX : Nuts™ — Nuts such
that

e UX(X) = v(X5), so that X(X,7X(X)) = vX(X), for all X € Obj(Nuts"),
. X(?,K(?)) = K(?) for all ¢ € Nuts(?,?)
o and X(Y@?, &Y?) XY,(F() TRy~ V/§\§Y5(> forallY” € Obj(Nuts) and X e Obj(Nuts").

To end the proof, it will be enough to exhibit an n-ary VNUTS Y = (|Y|, 7(Y)) whose associ-
ated strong functor coincides with vX. We know that |X| is a variable set Rel”™* — Rel so let
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F = v|X| = o|X] which is a variable set Rel” — Rel (see Section ). Let X c Obj(Nuts"),
we have [PX(X)| = [v(Xg)| = Uil [Kz"(@) = F(X). Let 7 € Nuts"(X,Y), then
V() is the unique element s of Nuts(@X(X),7X(Y)) C Rel(IFQX]),IF(]?])) which sat-
isfies X(t',5) = s, that is [X[(t',s) = s, which means that vX(t) = s = F(t'). By a
completely similar uniqueness argument we have vX, o = Fl X7 for all X € Obj(Nuts)

and Y € Obj(Nuts"). So we set |Y| =TF.

Next, given X € Obj(Nuts™) weset T(Y)(X) = TX(X)) € Tot([rX(X)[) = Tot(F(| X))
Given t € Nuts(X, Y ) we have

F(7) = vX(7) € Nuts((F( X)), T(V)(X)), F(Y), T(V)(Y))

since (F(|Y|),T(Y)(})) = ﬁ(?) and similarly for Y. Last, since IAF|X| ¥ = I;XX? €

Nuts(!.X ®K(7),K(X ® ?)) we know that Y = (|Y|, 7(Y)) is a VNUTS whose associated
strong functor is vX. This ends the proof that (Nuts, (Vnuts,),cn) is a Seely model of uLL.
[ |

Remark 15 For any closed formula A, the web of its interpretation [A]N"*S in Nuts co-

incides with its interpretation [AJR®! in Rel. It is also easy to check that for any proof ©
of - A, one has [r]NUs = [r]Rel (this can be formalized by a structure preserving functor
Nuts — Rel which acts trivially on morphisms).

We end this section by providing interpretation of some of data-types as examples.

Integers: The type of “flat integers” is defined by ¢« = u¢ (1®¢). In Rel, 1 is interpreted
as the unary variable set [1 @ C]]?el : Rel — Rel which maps aset Fto1® F = {(1,*)} U
({2} x E). Hence [J®®! is the least set such that [.] = {(1,%)} U ({2} x [¢]) that is, the
set of all tuples m = (2, (2, (--- (1,%)---))) where n is the number of occurrences of 2, that is
[]®¢! = N up to renaming''. We have |[;JNu*| = [J®®! = N and we compute T ([.]Nut5)
dually wrt. the proof of Theorem 45: it is the least fixed point of the operator ® : Tot(N) —
Tot(N) (remember that Tot(N) is just the set of all C-upwards-closed subsets of P(N)) such
that, if 7 € Tot(N) then ®(7) = {uCN|O0Ocuor {neN|n+1ecu} e T} Therefore
Tot([.]Nut) = {u C N | u # @}. So if 7 is a proof of I 1, we know that [r]Rel = [r]Nuts ¢
T ([¢]N"*), and hence is a non-empty set. Using an additional notion of coherence (which can
be fully compatible with Rel as in the non-uniform coherence space model of [BEO1, Boull])
we can also prove that [7]®e! has at most one element, and hence is a singleton {n} (See
section ). This is a denotational version of normalization expressing that indeed 7 “has
a value” (and actually exactly one, which expresses a weak form of confluence). We will use
crucially this observation in the proof of Theorem

Binary trees with integer leaves: This type can be defined as 7 = u (1t & (¢ ® ()).
Then an element of [r]Re! = |[7]NUt| is an element of the set described by the following
syntax: «,3,--- := (n) | (a,B). A computation similar to the previous one shows that

Tot([r]Nuts) = {u C [F]Re! | u # &7}

" One can take alternatively this set [.]® as a definition of integers in order to not deal with the problem
of equality
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An empty type of streams of integers: After reading [BDS16], one could be tempted
to define the type of streams of integers as 0 = v( (¢t ® ¢). The variable set [t ® C]]?el :
Rel — Rel maps a set £ to N x E. The least fixed point of this operation on sets is &
and hence |[¢]N"**| = @ and notice that Tot(@) = {@,{2}}. In that case, the operation
O : Tot(@) — Tot(@) maps 7 to {u x v |v e T and u € P(N) \ {@}} and hence {@} to itself.
It follows that T ([o]Nut) = {@} that is [¢]N"* = T, the final object of Nuts. What is the
meaning of this trivial interpretation? It simply reflects that, though o has a lot of non trivial
proofs in pLL, it is impossible to extract any finite information from these proofs within uLL,

and accordingly all these proofs are interpreted as &.
Theorem 46 In plLL, there is no proof of - (o)*,¢.

In other words there is no proof of F ¢ — ¢ in ulLL; typically a function extracting the
first element of a stream would be a proof of this type... if it would exist! Here is the
proof: if m were a proof of - (¢)*, 1, we would have [r] € Nuts([o]Nu*s, [.]N"*$) and hence
[7] - @ € T([.]™N"3) which is not the case since [r] - @ = @. If such infinite types are
meaningful in a proof-search perspective, their significance as data-types in a Curry-Howard
approach to uLL is dubious.

A non-empty type of streams of integers: We set now o = v( (1& (¢ ® ¢)). This type
looks like the previous one, but the type 1 leaves space for partial empty streams. Warning:
it is not a type of finite or infinite streams; the & means that this empty stream will not
be a total element: it will have to be complemented by some total element from the right
argument of the &. More precisely [1 & (N® ()]]?el : Rel — Rel is the variable set which

maps a set £ to {(1,%)} U{2} x N x E so that up to renaming |[c]N"%| = N<¥ (all finite
sequences of integers). In this case, the operator ® : Tot(N<¥) — Tot(N<“) maps 7T to

{fvCN¥|()evandIneNueT {n} xulov}
where we use () for the empty sequence. So for instance
PO(P(N<¥)) = P(N<¥).
¢! (P(N<)) = {u e P(N**) | () € u} .
P}(P(N<¥)) = {u € P(N<¥) | 3ny,na (), (n1), (n1,n2) € u} .

The greatest fixed point is reached in w steps:

Tot([o]N"*) = (] ®"(P(N*¥)) = {u C N |3f e N*Vk <w (f(1),..., f(k)) € u} .

nw

So a total subset of |[¢]™N"**| must contain (at least) an infinite stream of integer. For this
type of streams o it is easy to build a proof of F (o), extracting the first element of a
stream, interpreted as {((n),n) | n € N}.

1.2.3 Coherence spaces with totality

We showed that Rel is model of yLL, and on top of Rel, we provided another model of uLL,
called Nuts. We believe that one can apply the same idea to almost all models of linear logic,
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that is to say, take a model of linear logic and try to build another model on top of it via an
appropriate notion of totality. In this section, we examine this idea on coherence spaces.

We first show that the category of coherence spaces (Coh) is indeed a model of ulLL.
The methods developed in this section are by no way specific to coherence spaces and could
be used in many other models of LL (relational semantics, Scott semantics, hypercoherence
spaces, probabilistic coherence spaces, game models, up to some adaptations since these are
not models of classical LL, etc).

Coherence spaces as a model of ulL

Let F and F be coherence spaces, we write E C F if |E| C |F| and Va,d' € |E| acpd <
ac<fpa.

Observe that when E C F, one has two linear morphisms 77;5’ » € Coh(E, F') and Ngr €
Coh(F, E) given by 775F =ngr=1{(a;a)|ac€|El}

They satisfy Ne.F- UE r = ldg and 77}5 FNgr Cldr, defining an embedding-retraction
pair of coherence spaces as considered for instance in [Gir86] (all embedding-retraction pairs
are of that shape, up to isomorphism of coherence spaces). One major feature of this order

relation is that it makes linear negation monotonic, making life quite easy when one needs to
compute fixed points of arbitrary LL formulas in this model.

Lemma 47 The relation C is a partial order relation on coherence spaces, and we have
ECF& E-CFt,

We use Coh for the class of coherence spaces ordered under the C partial order relation.
This partially ordered class has a least element denoted as @ (the coherence space which has
an empty web).

Any countable directed subset £ of Coh has a lub UE, which is the coherence space defined
by |UE| = Ugeg|E| and, for all a,a’ € |UE|, one has a cyg a iff a ©p o' for some E € .

The family & gives rise to two diagrams in the category Coh:

o the inductive diagram ' with morphisms UZC_F € Coh(E,F) when E,F € £ with
ECF

o and the projective diagram £~ with morphisms 1y » € Coh(F), E) when E, F € £ with
ECF.

Lemma 48 Let G = UE. Then, in Coh, the cocone (E,n} a)Ece 1s the colimit of the
inductive diagram ET and the cone (E>77§,G)E65 is the limit of the projective diagram £~ .

Proof: We prove the first statement, the second one following by duality. Let F be a
coherence space and, for each £ € £ let tg € Coh(FE, F) defining a cocone based on 7,
which means VE,E' €¢ £ E C E' = tp nng, = tg, that s VE,E' € € E C E' = tgp =
tgr N|E| x |F|. Then the unique morphism ¢ € Coh(G, F') such that VE € & tnE’G =tp is
given by t = Ugegtp as easily checked. |
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Definition 49 A functor F : Coh™ — Coh is continuous on objects if whenever ﬁ, F €
Coh" satisfy E; C F; fori=1,...,n, one has ]-"(ﬁ) - ]-"(?) and ]-"(T]JEthl, e ,nEan) =
+ — — _ — .
7]}_(3)’}_(?) and ‘F(nEl,FN e ,nEan) = 77;@)),]_—(?) . Moreover, F commutes with the lubs
of countable directed families of coherence spaces. In other words, for any countable directed
families of coherence spaces &1, ...,Ey, one has F(U&y,...,UE,) = U{F(E,...,E,) | E1 €
&,...,E, € gn}

One says that F is continuous on morphisms if when ?, ? € Coh”(ﬁ, ?) satisfy 7 C 7
(that is Yi f; C g;) one has .7:(?) C F(9) and, if D is a directed subset of Coh™( ,?),

one has F(UD) = U?eD]:( ) (equivalently F(UD) D U?GD‘F(7))'

Last one says that F is continuous if it is both continuous on objects and on morphisms.

Notice that this property is preserved by composition and duality (setting, consistently with
Section , ((}')J‘)(ﬁ) = (}"((E)J‘))L and similarly for morphisms).

Remark 16 One can alternatively deal with Definition /9 in a similar way as what we saw
for Rel where everything was reduced to local continuity. If we do so, then essentially using
similar facts as Lemmas 22, and Proposition 25, the second part of Definition /9 implies
its first part. However, we preferred not to do so to simplify the presentation for the case of
coherence spaces.

Definition 50 A (n-ary) variable coherence space (VCS) is a strong functor E : Coh™ —
Coh such that E is continuous.

Proposition 51 The operations ®, %, @, &, ! and ? are VCSs and VCSs are closed under
De Morgan duality and composition.

Proof: This results immediately from the properties of strong functors stated in Section
and from straightforward computations (for the continuity statement). |

Least fixed point of a VCS, universal properties wrt. algebras and coalgebras

Let F : Coh — Coh be continuous on objects (in the sense of Definition 19). Then we have
@ C F(@) € CFY @) C F*"(@) C --- as shown by an easy induction on n. We set
o F = U2 o F(2). By Scott continuity of F, we have F(o F) = o F.

Lemma 52 One has o ((F)*) = (¢ F)*. If moreover F is continuous on morphisms then
o F is at the same time the initial object of Algcon(F) and the final object of Coalggon (F).

Proof: The first statement results from the observation that ((F)%)" = (F™)*. For the
second statement, since o ((F)*) = (o F)*, it suffices to prove that (o F,Id) is initial in
Algcon(F). This results easily from Lemma 48 and from continuity on morphisms. [

Let E be an n + l-ary VCS. Applying Lemma 52 to the functors Eﬁ for all ﬁ € Coh",
Lemma 16 shows that there is an n-ary strong functor pE uniquely determined by the following
equations
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e 1E(E) = oF
« B(F.7E(7)) = iE(T) for J € Con(E, E))
o and E(!F ® E’@F,ﬁ)ﬁF,(E,E(ﬁ)) = /TEF,?‘

Proposition 53 The functor ulE is a variable coherence space. Defining the dual operation
as VE = (u((E)*1))*, one has vE = uE. We use o E for this unique (final and initial) fived
point VCS.

Proof: The proof that uE is monotonic and Scott continuous on Cohf is a standard

domain-theoretic verification. We are left with proving that given E, ? in Coh™ such that
C F', one has

Tt Y o = Y
MO 2) = EdEe  MEURR) T NEE) e
Let us prove the first equation, the proof of the second one being completely similar. By

Lemma 13, it suffices to prove E(n% ?,nl%(ﬁ)ﬁ(?)) = n:ﬁ(ﬁ) TE(E) which in turn results
from the assumption that [E is a VCS.

The identity uE = vE results from the uniqueness statements of Lemmas 15 and 16 and
from the fact that E(ﬁ) = O'EE = ,uTE(ﬁ) [

So, we have seen that Coh is a model of ulLL, and just as in Rel, the least and greatest
fixpoints are interpreted similarly. Now, we build a model on top of Coh with a notion of
totality.

Let Vcs,, be the class of all n-ary VCS, so that Vesy = Obj(Coh).

Theorem 54 (Coh, (Vcsy,)nen) is a Seely model of pLL
Proof: By a direct application of Lemma 52, Propositions 53 and 51. |

Coherence spaces with totality: Let F be a coherence space and let A C CI(E). We set
(A ={a' e C(E) |[Vz e Axna’ # o).

Observe that if x N2’ # @ then this intersection has exactly one element, due to the fact that

z and 2’ are cliques in F and E respectively.

If A,B C CI(E) and A C B, we have Bt C A, and also A C A+L. Therefore AL =
AJ_J_J_.

A totality candidate on E is aset T C CI(E) such that 7+ = T, or equivalently 74+ C 7.
This property is equivalent to the existence of a “predual” of T, that is, of a set A C CI(E™)

such that 7 = AL. We use Tot(E) for the set of all totality candidates of the coherence space
FE, and we consider this set as a poset, equipped with inclusion.

Remark 17 We do not have such a simple characterization of totality candidates here as in
Nuts where they are upward closed sets (Lemma 30), this is also a good reason to move from
Girard’s coherence spaces to non-uniform totality spaces where one can develop the theory of
totality independently from the theory of coherence.
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Lemma 55 The poset Tot(E) is a complete lattice.

Proof: Let © C Tot(E) and let © = {(T)* | T € ©}, which is a subset of Tot(E+1). Given
xz € CI(E), we have z € NO iff for all 7' € © and all 2/ € T', x Nz’ # @. in other words
NO = (Uree(T)H)* € Tot(E). u

The greatest element of Tot(E) is CI(E) and its least element is (CI(E+))t = @ as easily
checked. Any subset © of Tot(E) has a least upper bound VO which is given by VO = (UB)++
and this biorthogonal closure cannot be disposed of in general (U®© is not necessarily a totality

candidate). It is useful to observe that the map 7 + (7)* is an isomorphism between the
complete lattices Tot(E+) and Tot(E)°P.

Definition 56 A coherence space with totality is a pair X = (X, TX) where X is a coherence
space (the carrier) and TX € Tot(X).

Coherence spaces with totality as a model of LL

Let X and Y be coherence spaces with totality, we define a coherence space with totality
X —-oYbyX oV=X-—-oYand T(X oY)={teCl(X -Y)|VzeTXt-2eTY} =
({r®y | * € TX and ¢/ € TYL})L, this latter equation resulting from the equivalence
(t-z)Ny £ tN(xxy') # 3. Itis clear that if s e T(X —Y) and t € T(Y — Z) then
t-s € T(X — Z), and also that Id € T(X — X), hence we have defined a category that we
denote as CohT.

We equip 1 and | with the same totality, namely {{x}}. We define X; ® X5 by X; ® X3 =
X1®Xoand T(X; ® Xo) = {z1Qu2 | z; € TX; for i = 1,2}J-J-, so that X®@Y = (X —o YJ-)J-.
Then it is easy to check that CohT is *-autonomous, with the same operations on morphisms
as in Coh (for instance one checks that if t; € CohT(X;,Y;) then ¢; ® to € CohT(X; ®
Xo2,Y1 ® Ys) which is easy using the following lemma.

Lemma 57 Lett € Coh(X,Y) and let A C CI(X) be such that TX = AL, IfVa € At-x €
TY thent € CohT(X,Y).

Proof: Let € TX, we have to prove that t -2 € TY so let 4/ € TY !, we must prove that
(t-x) Ny # @. This statement is equivalent to t N (z @ y') # @ < (t+-y') Nz # 3. So
we must prove Vo € TXVy € TYL (t+ -9/ ) Nz # @, that is t+ € CohT(Y+, X1). So let
y € TY L, we must prove that t+ -3’ € TX+ = (A)* which results from our assumption by
the same reasoning. [ |

Lemma 57 is a useful tool for proving that a linear morphism (a morphism in Coh between
the carriers of two coherence spaces with totality) is total.

Using Lemma 57, one proves easily that ev € CohT((X — Y) ® X,Y) etc). Similarly
one shows that the cartesian structure on Coh gives rise to a cartesian structure on CohT:
X1 & X=X & Xy and {1} x 21 U{2} xxp € T(X; & X3) if 2; € TX, for ¢ = 1,2. The total
cliques of X1 @ Xy are the {i} x z for i = 1,2 and z € TX;. Notice that T and 0 are different
coherence spaces with totality: TT = {&} and TO = @.

Last !X is given by !X = !X and T(!X) = {2' | z € TX}*+ (where 2' = Pga(z)).
Then one proves easily that t € CohT(X,Y) = !t € CohT(!X,!Y) again using Lemma
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It is also easy to check that dery € CohT(!X,X) and that digy € CohT(!X,!!X) so we
denote these morphisms as dery and digy turning “!” into a comonad on CohT. The same
holds for the monoidal structure (Seely isomorphisms): m® € CohT(1,!T) and m%h X, €
COhT('Xl ® 1 X, '(Xl & XQ))

Coherence spaces with totality as a model of ulL

We first need to define a notion of variable coherence space with totality.

To make the notations more readable, when E is a VCS (see Definition 50), we use E
(instead of ) to denote its functorial part. We keep denoting as E the associated strength
natural transformation.

Definition 58 An n-ary variable coherence space with totality (VCST) is a pair X = (X, TX)
where

e X:Coh™ — Coh is an n-ary VCS called the carrier of X

o and TX is an operation, called the totality of X, which, with each n-tuple } of coherence
spaces with totality, associates TX(?) € Tot(X(?)) — and we use the notation X(Y)

for the coherence space with totality (X(Z),TX( ).
Moreover the two following properties must hold.

. If? and 7 are objects of CohT" and ? € CohT”(Y,?), then the Coh morphism

X(?) belongs actually to CohT(X(?),X(?)), so that X defines a functor CohT" —
CohT (denoted simply as X).

. If? is an object of CohT" and Y is an object of CohT then the Coh morphism XY 3

belongs actually to CohT(!Y & X(}),X(!Y ® })) We denote this total morphism as
X, =
v.X

So we can consider X as a strong functor CohT" — CohT (the monoidality diagram com-
mutations of Figure hold because the LL operations on morphisms are interpreted in the
same way in CohT and in Coh).

The following remark is essentially the same as Remark

Remark 18 It is essential to keep in mind that, if ? € CohT(?,?) then actually 7 €
Coh(X, z) so that the morphism X(?) € Coh(X(X),X(z)) is defined, independently of
the notions of totality on ? and 7 and similarly for XY?.

The following remark is similar to Lemma 44, we do not provide the proof because it is
similar to the proof of that lemma (Remember that X+ is defined in Section ).

Remark 19 Strictly speaking, an n-ary VOST X is not a strong functor CohT" — CohT
but a structure which induces — as explained above — such a strong functor F, that we have
denoted simply as X. This choice of notation is motivated by the fact that X can very simply
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be recovered from F. We have indeed a forgetful functor U : CohT — Coh which maps X to
X and acts as the identity on morphisms. This functor has a left adjoint Z : Coh — CohT
which maps a coherence space E to (E, D) (no cliques of E are total) and acts as the identity
on morphisms. Then we have X = U o F o Z =U o F o (Z)* (for the functorial part

of X) and for the strength XFE = ]?Z(F) (B’ and T = TX(X) is defined by the fact that

the coherence space with totality .7:(?) is of shape (F,T). In these definitions, the choice
of Z as “inverse” of U is arbitrary. By the definition of VCSTs we could have used the
right adjoint (Z)* (it maps E to (E, CI(E)) where all cliques are total) or any other functor
Y : Coh — CohT such that U o Y = Id instead: the resulting X would have been the same.
For these reasons, it is meaningful to consider VCSTs as strong functors CohT"™ — CohT,
what we do now.

This observation also motivates our general notion of model presented in Definition

As a consequence of Proposition 51, we have the following Proposition:

Proposition 59 The operations ®, &%, ®, &, ! and ? are VCSTs and VCOSTs are closed under
De Morgan duality and composition.

Fixed Points of VCST’s

We deal first with least fixed points of unary VCST’s, so let X be a unary VCST (whose
strength is not used in this first step). We define a coherence space with totality pX. First,
we set uX = o X.

We define a map O(X) : Tot(u X) — Tot(u X) as follows: if T € Tot(u X), then TX(u X, T) €
Tot(X(u X)) = Tot(uX) and we set O(X)(T) = TX(uX, 7). We contend that this mapping
is monotonic on the lattice Tot(xX). Assume that 7,7’ € Tot(uX) with 7 C 7. Then Id €
CohT((pX,T),(uX,T")) (see Section ) and hence Id = X(Id) € CohT((u X, O(X)(T)),

(1X,0(X)(T"))) by Definition 58, from which it follows that ©(X)(7) C ©(X)(T").

Let U be the least fixed point of ©(X) (applying Knaster-Tarski’s Theorem), we set
T(1X) = U and this ends the definition of the coherence space with totality p X, which
satisfies X(p X) = X, Now we prove that it is initial in AlggonT (X).

For this we shall use the following sequence of candidates of totality for u X, indexed by
ordinals: Upt1 = O(X)(Uys) and Uy = (UpyerUa)*t when A is a limit ordinal. By Knaster-
Tarski’s Theorem, we know that there is an ordinal § such that Uy, 1 = Uy, and that we have
U = Up.

Proposition 60 pX is initial in the category Algcont(X).

Proof: Let (X,g) be an object in Algconr(X), that is g € CohT(X(X), X). This means in
particular that g € Coh(X(X), X) so that, by Proposition 53, we know that there is exactly
one morphism g € Coh(u X, X)) such that

g-X(g)=g.
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We have to prove that § € CohT(u X, X). By induction on the ordinal «, we prove that
§ € CohT((uX.U,), X)

for all ordinal a. Assume first that the property holds for a and let us prove it for a +
1. By Definition 58 we get X(§) € CohT((uX,Uat1),X(X)) and hence § = ¢ - X(g9) €
CohT((1X,Un+1), X). Let now A be a limit ordinal and assume that § € CohT((uX,Uy,), X)
for all & < A. It will be sufficient to prove that (§)* € CohT(X, (UycrUa)b) so let
2’ € (TX)+, we must prove that (§)* - 2" € (UycrUa)’ so let y € U, for some o < A, we
must prove that ((§)* - z') Ny # @, that is 2/ N g -y # @ which results from our inductive
hypothesis applied to ordinal .

So we have proven the existence of § € CohT(u X, X) such that g-X(§) = §. Uniqueness
follows from the uniqueness property for pX.
[

We consider now the case of several variables, so let X be an n 4 l-ary VCST. Given
X € CohT" consider the unary VCST X3 defined as follows: X3 = X» and T(X3)(X) =

TX(}, X) (the strength can be defined in a similar way though this is not needed actually
because the proof of Proposition 0 does not involve the strength). Then by Proposition
applied to X? and Lemma we have an n-ary strong functor ® = (®,®) on CohT such

that 5(?) = p(X5) and whose action on morphisms and strength are uniquely characterized
by

e X(7.3(7) =8(F) for all ¥ € CohT"(X, X")

~

e and X(IY ® ?, @Y,?) XY,(?,W(?)) = QDY’?.

By Proposition 53, the_lfirst equation implies that 6(?) = K(?) (remember that ac-
tually 7 € Coh"(?,X’ ) and that ¢ X is an n-ary VCS characterized by that proposi-
tion) and the second equation shows that @Y} = 0X, 3. This proves that R(%) €

CohT(u(X5), #(X5)) and that gS\SY 3 € CohT(Y @ pu(Xy), (X, 3)). Therefore we have
defined a VCST 1X whose carrier X is the VCS ¢ X and whose totality T(uX) is such that

(o X(X), T(MX)(?)) = u(Xy) for all X € CohT". We can summarize our constructions as
follows.

Theorem 61 Let X be an n + 1l-ary VCST. There is a unique VCST puX whose carrier is
o X and whose totality is such that X(Y,MX(})) = MX(Y) and (u X(?), Id) is initial in the
category Algcont(X3p)-

Moreover, we have provided a “concrete” way for defining this operation (which involves an
ordinal iteration).

Now we can define “greatest fixed points” by De Morgan duality. So let X be an n+ l-ary
VCST. Given an n-tuple of coherence spaces with totality Y, we set v X(Y) = (u (X)) ((Y)L))L
More precisely, this means that the carrier of v X is the VCS o X (the very same as for u X), and

that T(vX)(X) € Tot(o X(X)) is given by T(vX)(X) = (T(1 ((X))((X)))* which indeed
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makes sense because Ty ((X)l)((Y)J—) € Tot(o (X)J—((Y)J—)) and o (X)L((?)L) = (UX(X))J‘
by definition of the De Morgan dual of a VCS.

More concretel%, this means that T (v X)(?) = (o X(X), V) where V is the greatest totality
candidate of o X(X') such that F'(V) =V where F(T) = TX(X, (¢ X(X),7)). In other words,
V=, Fg(Cl(aX(X))) where F& = Na<x F& for limit ordinal A, and F& —Fore.

Given n € N let Vest,, be the class of strong n-ary VCST. We identify Vesty with the
class of objects of the Seely category CohT.

Theorem 62 (CohT, (Vcsty,),en) is a Seely model of plLL

Proof: By a direct application of Proposition 59 Proposition 60, and Theorem 61 |

1.3 Sum up of Chapter 1

o Axiomatize a notion of categorical model of uLL, and prove its soundness: Defi-
nition |7 and Theorem |9.

e Provide some concrete models of pLL:

— Rel: Theorem 9.
— Nuts: Theorem 5.
— Coh: Theorem 5.
CohT: Theorem (2.

e Omne can have similar constructions as what has been done in this chapter for
the other concrete models such as Scott model (which are based on the category
of preorders and downward-closed relations) and hypercoherences. So, a general
categorical setting taking into account all these situations would be quite useful
(see Section 5.1 for some discussion about this). /
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Chapter 2

Polarized LL with fixpoints and its
semantics

In this chapter, we introduce and study plLLP, which can be viewed both as an extension of
Laurent’s Polarized LL, LLP, with least and greatest fixpoints, and as a polarized version of
Baelde’s LL with fixpoints (uMALL and plLL). We take advantage of the implicit structural
rules of uLLP to introduce a term syntax for this language, in the spirit of the classical
lambda-calculus and of system L in the style of Curien, Herbelin and Munch-Maccagnoni
[CHOO0, CM10, Munl3]. Our motivation to deal with a polarized language is as follows:
We want to see pulLL as a programming language. However, the explicit structural rules
in LL make such a language very heavy, hard to use and analyze. In particular, explicit
substitutions would be necessary in such a plLL-based syntax. So there is a real benefit in
using plLLP instead of plLL, because in uLLP we will be able to use variables exactly as we
use variables in the A-calculus, that is, keeping implicit the rules of weakening, contraction
and promotion. The distinction linear vs. non-linear variables will not completely disappear
but will be almost undetectable (see Section 2.1.1). The fact that the resulting uLLP calculus
contains also classical principles (call/cc) is a cherry on top of the cake but was not our initial
motivation.

We equip this language with a deterministic reduction semantics as well as a denotational
semantics based on the notion of non-uniform totality spaces and the notion of categorical
model for LL with fixpoint introduced in Chapter 1. We prove an adequacy result for uLLP
between these operational and denotational semantics, from which we derive a normalization
property for uLLP thanks to the properties of the totality interpretation.

2.1 A classical calculus for polarized linear logic with fixpoints
(kuLLP)

Olivier Laurent in [Lau02] introduced a polarized linear logic LLP which relaxes the use of
structural rules on negative formulas. This system is better suited than LL for encoding
classical logic, as one can encode uLK into LLP using a straightforward extension of so-called
Girard’s translation. In the sense of Curry-Howard paradigm, we will develop an extension
of Laurent’s Polarized Linear Logic with least and greatest fixed points, pLLP, which one can
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Figure 2.1: LLP inference rules
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FN P L FN,IN =N, ?P + N, P]

Figure 2.2: LLPjyp inference rules

also see this extension as a polarized version of Baelde’s Linear Logic with fixed points and
exponentials.

Definition 63 The formula of LLP is described as follows:
N:J_‘N17?N2|T‘N1&N2‘?P P:1|P1®P2|0|P1@P2|'N

Notice that we are not considering the so-called weakly negative (respectively weakly positive)
formula, i.e. the formula of the shape ?N (respectively !P). The inferences rules of LLP are
the restriction of LL rules to polarized formula plus structural rules for any negative formula.
As a side-effect of this restriction, one can check that all the rules preserve the fact that at
most one positive formula may occur in a sequent. The inferences rules are provided in Figure

where N’ = Ny, -, N,, is a negative context, and N, P] is a context which includes at
most one positive formula P. Notice that whenever we use N[, P] in the inference rules such
as the (&) rule, the contexts of the premises must be the same.

In the presentation of Figure 2.1, the structural rules are explicit. One can equivalently
present LLP system so that structural rules are implicit. In order to that, we add a negative
context in the (ax) rule of Figure 2.1, and we also assume that the context N7 and N of

the (®) of Figure are the same. We call the system LLPjy,, and the rules of LLPjy; is
provided in Figure

Proposition 64 The sequent = N, P] is provable in LLP if and only if is provable in LLPjpp.
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From now on, we mostly work with the LLPjn, system unless it is explicitly mentioned
that we are considering the LLP system.

Now, we would like to add the fixpoint formulas and rules to the LLP;yp. First we extend
the syntax of formulas of LLP as the following definition, and we call them puLLP formulas.

Definition 65 Given an infinite set of literals denoted , €&, --- , we define the uLLP formulas
as follows:

N:=(C | L|NtBNy|T| N &N2|?P|v(.N
P:=("[1|PA®@P|0|PL®P|IN|ul.P

The reason why we have considered the u.P (respectively v(.N) as a positive (respectively
negative) formula will be clear once we introduce the semantic of the system in Section

Linear negation is defined as usual by induction on formulas, turns positive formulas into
negative ones and conversely. The main cases are ((*)+ = (=, (¢7)*+ = ¢F, (uC.P)t = v¢. Pt
and (v(.N)* = u¢.N*.

Remark 20 With each literal ¢ are associated two distinct variables (* and ¢~ which are for-
mulas (a literal is not a formula). In the formula uC.P, only the occurrences of ¢t are bound
and dually for vC.N. For example, if we allow to have a formula such as N = v(.(7¢t % ?71),
then formula N will satisfy the equation N = !N —o 71 which typically leads to non termi-
nating computations.

Although mot strictly necessary, we adopt the convention that for a given literal ( it is
never the case that both (™ and (= occur in a given formula. This property can be obtained
by a-renaming for closed formulas. For instance, instead of writing uC.\(v¢.(C™ & 7¢T)), we

write uC N (vE.(E~ & 7¢T)).

Before moving to the inference rules for fixpoint formulas, we need to define an important
operation which is substitution of formulas in formulas, it is defined in the obvious way
(performing as usual a-renaming of type variables when needed). More precisely we define
by induction on a negative or positive formula A:

« substitution of a positive formula P for a positive variable (* in A, written A [P/("]
o and substitution of a negative formula N for a negative variable (= in A, written

AN/,

both formulas having the same polarity as A. We use fv(A) for the set of free variables of the
type A.

Lemma 66 One has A [P/¢t]" = AL [Pi /g—} and A[N/CT)F = AL [NL /g+]

The proof is a simple induction on A.

We shall quite often deal with formulas A where pairwise distinct positive variables
Cf e C,j are substituted by Pi,..., P, and pairwise distinct negative variables &7,...,&,
are substituted by Ni,..., N, in parallel. Again the definition is a straightforward induction
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on A but the use of such parallel substitutions can lead to quite heavy notations. We use
letters such as 7, p to denote such type valuations m = (N1/€7 ..., No/E7 PGS Pk/C,j')
and write A [r] rather than A {Nl/fl_, o N 6T PG -;Pk/Ck] We set

= (N{/& . NE/E PR/, .. P/ ¢ ). We use dom(r) for the domain of 7 which
is the set {¢;F, ..., 5. &, .., &} We use - (P/¢T) and 7 - (N/¢™) to denote extensions
of such valuations (assuming of course that ¢(*,(~ ¢ dom(m)). We say that 7 is closed if all
formulas P;, N;’s are closed.

The inference rule for the introduction of (i) is as follows:

=N, P [u¢.P/CT] ()

N, uC.P
For introduction of (v), we have two following possibilities:
FNLQN Qe v - N[PLQY  FN.QN Q¢ )
FN,Q,vE.N =N, P],v{.N

Notice that, the existence of a positive formula in the context of (v) (respectively the
context of the second premises of (/) rule) is necessary as we should substitute a negative
formula in N for £~.

For a technical reason, which is discussed in Remark 21, we will consider the () rule as
the introduction rule of (v).

We call pLLPim, for the system which adds the (u) and (/) rules to LLPimp, and it has
pLLP formulas (Definition 65) as its set of formulas. Similarly, we call yLLP for the system
which adds the (u) rule and the following one to LLP:

FNLPLQY N, QN [Q1/ET]
=N, N[, Pl véE.N

Using Proposition 64, we have:

Proposition 67 The sequent = N, P] is provable in puLLPimp, if and only if is provable in
wLLP.

2.1.1 Term assignment for pLLPjn,

We now assign terms for the plLLPim, logic to develop a kind of A-calculus based on the

sequent calculus. We do it step by step as follows.

Positive terms and negative terms: Based on the distinction between positive and
negative formulas in LLPjmp, it is natural to have the same distinction on terms. We make
this distinction apparent in the typing system by the use of three different kinds of judgments.
From now on, by /' we mean (a; : N1,...,q, : Ny).

 Postive term in a negative context: FN | p: P

o Negative term in a positive context: - N, P |t: N
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o Negative term in a negative context: - N |t : N

Hence, we have two axiom rules, called (t-n) and (t-e):
(t-n) (t-o)
FN,a:Pt|a:P FN,P|e: Pt

The expression e should be considered as a variable, the unique variable of negative type.
Because of this uniqueness we do not need to mention it in the context and N, P should be
read as N, e : P.

Commands: We introduce commands ¢ to represent cuts, and they can be typed by two
different kinds of judgments:

o command in a positive context: ¢t N, P

o command in a negative context: ¢ - N

Such a command ¢ = t x p is then typed as follows:
FN[P]|t:N FN|p:N*t

(t-cut)
txpk N, P
Using these five kinds of judgment it is now easy to associate a term or command construction
with each of the rules of pulLLPinp listed in Fig . However this term assignment is not

satisfactory because it does not satisfy for instance the following expected property:

A sequent - Ny, ---, N[, P] is provable in puLLPjmp iff there is a command ¢ such that

ck N, P].

The main reason for inability of proving the statement above is explained as follows: one
basically needs to construct a negative term ¢ from a command ¢ - N[, P],a : N such that
=N, P],| t: N. Similarly, one needs to construct a positive term p from a command ¢ = N, P
such that = N | p : P. But there are no such constructions in our system so far. So, we
just simply add to our system the rules to do so. One can see a similar constructions in
[Par92, CHOO]; those construction are denoted by p and 1. However, as we already have used
the notation u for the least fixpoint formulas, we use k.and &. instead as follows:

cEN,a: N[, P] cEN,P ~
(t-r) — o (&R)
FN[,P|| ka.c: N FN | Rc:P
Extended with these two rules ((t-x) and (t-%)), our system is called kuLLP, and its syntax
and typing rules are given in Figure 2.3. The positive variable « is bounded in the nega-

tive command ka.c, and e is bounded in the positive term &.d and in the command ¢ of
FpLca.(c;s).

Lemma 68 If a does not occur in the negative context N, the following holds.
o Ifck NI, P] then ctN,a: NJ, PJ.
o IfEN[P||t: M then+N,a: N[,P]|t: M.
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o If-N|p:P thentEN,a:N|p:P

In other words, we can use freely weakening on negative formulas in the context. Assume
that - A, P | s: N. We have - N,a : N | a : N* and hence s xa - N,a : N, P so that
FN,a:N|k.(sxa): P, we shall often use this kind of change of active formula.

Proposition 69 A sequent = Ny,---, Ny[, P] is provable in pLLPjny iff there is a command
¢ such that ¢ = N, P] in kulLLP.

Proof: Straightforward induction on derivation trees and terms. For left to right one always
builds a command c¢. For the other direction, for each of the five kinds of judgments one
associates with each typing derivation a ulLLPim, proof of the underlying sequent. |

We denote by 7* the command ¢ which corresponds to puLLP proof w. And conversely,
given a command ¢, we denote by ¢# the proof 7 which corresponds to proof of the underlying
sequent of c.

And using Proposition 67, a direct conclusion of Proposition 69 is the following;:

Corollary 70 A sequentt Ny,---, Ny, P] is provable in pLLP iff there is a command ¢ such
that ¢+ N[, P] in kulLLP.

Before describing the reduction system of xkulLP, we first need to speak about two im-
portant notions of substitution which are discussed in Section and

2.1.2 Substitution of terms in terms

Substitution of positive terms for a variable o and negative terms for e are defined in
the obvious way for all terms and commands. Notice that we have (FpL ca.(c;s))[t/e] =
FrLca.(c;(s[t/e])) as e is bounded in ¢ (this is essential in our proof of Lemma 72). We have
two substitution lemmas as follows that one can prove straightforwardly by mutual induction
on terms and commands:

Lemma 71 Assume that=N|p: P.

e IfcHN,a: PH[,Q] then c[p/a] - N, Q],
e ifEN,a:P-[,Q]|t: N thenN[,Q]|t[p/a]: N,
o and if FN,a: Pt |q:Q thent N | q[p/al : Q.

Proof: The proof is by mutual induction on terms and commands. We just provide the
details of three cases below, and the other cases are essentially similar.

> If we have (txq) F N, : PY[,Q] so that - N,a: PH[,Q] |t: N and - N,a: P+ | q: Q:
By induction hypothesis, we have - N[, Q] | t[p/a] : N and F N | ¢[p/a] : Q. Hence using

ghf;i (t-cut) rule, we have (¢ x q) [p/a] = N[,Q], since (¢ x q) [p/a] = ((t[p/a]) * (¢[p/a])) by
efinition.
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Pt =l ()] (p1,p2) [ ini(p) | Rec | fd(p) | ¢
s,t,...:=e | ()| (t1,t2) | ke | ki.c| K(ar,a2).c|Ryca.(c;s) | derp

c,d,...:=txp

(t-n) —  (t-1) FN[P]|t:N FN|p:N*t

FN,a:P-|a:P FN]():1 Fxph N, P] (t-cut)

l—/\/|p1:P1 |—N|p2:P2 |—N|pPZ i€{1,2}
(t-®) _ t-@)

|—N|(p1,p2):P1®P2 FN‘Ini(p)tpl@Pg

N, P FN | p:PluC.P/(T FN|t: N

et A £7) |p: P u¢.P/¢7] (10 !| ()
FN | Rc:P =N | fd(p) : uC.P FN |t IN

FN,P|e:PL (t-2) FNLP) O T (&T)

I_N[,P]|t1:N1 I_N[,P]|t2:N2 C"N,Oé:N[,P]

FN (&-&) (t-r)
[, P] | (t1,t2) : N1 & N2 N[, P]| ka.c: N

ck N[, P] (6-1) cEN,ay: Ny, : Ny, P] (6-3)
l_N[,P]|KZJ_.C:J_ FN[,P]|/€(OQ,O&2).C:N17?NQ

c}—./\/',P,a:N{Pl/C—} "N[,QHS:PL F N p: P
(tv) —_ )
FN[Q] | Enco(c;s) : v(.N N | derp:?7P

Figure 2.3: Syntax of terms and typing rules of xKuLLP
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> If we have - N, B : S*[, Q] | RpecB-(c;s): vC. Rt so that ¢ N,a: P+ S B: R+ {SL/C_}
and - NM,a : PY[,Q] | s : S*: By induction hypothesis, we have c[p/a] F NS, :
R* {SL/C_} and - N[,Q] | s[p/a] : S+. Hence using the (t-v) rule, we have - N, (3 :
P, Q] | Rge cB-((clp/al); (s[p/al)) : v(.R*.

> If we have - N,a : Pt | fd(g) : u¢.Q so that = N,a : P+ | ¢ : Q[u(.Q/CT]. By
induction hypothesis, we have = N | g [p/a] : Q [u¢.Q/¢T]. Hence using the (t-u) rule, we
have A7 | (d()) [p/a] : 4C.Q. -

Lemma 72 Assume that = N[,Q] | t: N.
e IfcHN,N* then c[t/e] - N[, Q] and
o if FN,Nt|s: M then = N[,Q]|s[t/e]: M.

Proof: The proof is by mutual induction on terms and commands. We just provide the
details of two cases below, and the other cases are essentially similar.

> If we have - N/, N* | ka.c : M so that ¢ N, a : M, N*. By induction hypothesis, we have
clt/e] - N, : M[,Q]. Hence using the (t-x) rule, we have = N | ka.(c[t/e]) : M.

> If we have - A/, Nt | Fpeca.(c;s): v(C.Rtsothat c - N, P, : R+ {PJ-/C_} and - NV, N+ |
s : Pt for some P. By induction hypothesis, we have - N[, Q] | s[t/e] : P-. Hence using
the (t-v) rule, we have b N, N+ | (Rge ca.(c;s)) [t/e] : v(.RE, since (Rpo con(c;s))[t/e] =
FRrLca.(c;(s[t/e])) by definition. [

Remark 21 If we had used the apparently simpler rule and term construction (t-v') below
instead of our (t-v), we would not have been able to prove Lemma

ckN,Pa:R* [PL/C—] )
t-v

=N, P |Fpe ca.c:v(.R-
Let us explain why. Suppose that we are proving the second item of Lemma 72, and s is
Fpeca.c and N = P+ such that b N, P | s : v(.R+, and we also have = N | t : N. By
induction hypothesis, we have c[t/e] - N o : R+ [PL/C_}. But we cannot apply the rule

(t-v') on c[t/e], since there is no positive formula in the context. So, that is why we chose
to work with the (V') rule rather than the (v) rule. However, the (t-v) rule is derivable in
KuLLP as follows:

(t-o)

(t-v)

ckN,Pa:R* [PL/(} FN,P|e: Pt

N, P |Egeca.(c;e) : vC. R
We use (t-v') for this most important derived rule and use the notation Fpica.c forBpL ca.(c;
2.1.3 Substitution of terms in formulas

In this section, we will explain the notion of functoriality in kuLLP which is in some sense the
generalization of n-expansion. This notion will be essential to deal with the normalization
proof as we will see in Section
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Assume that F N, P | s : N, let Q be a positive formula and let ¢ be a variable. Let
also 7 be a type valuation such that (*,(~ ¢ dom(w). Then we can define a negative term
Q [, s/CT] (called positive substitution) in such a way that

FNLQ [ P/CH] 1 Q [mys/CF] QT [t N/CT

In order to make this more readable, let us remove the context N and the term annotations.
So, assume that we have a proof of - P, N and let ) be a positive formula that has ( as its
only free variable. Then we have a proof of

SQ|P/CT] QM N/

One can try to construct the negative term @ [, s/(*] by induction on formula Q. If we do
so, then we will see that we need also the following negative term (called negative substitution)
once @ is IN for some negative formula N:

FNLQm N/CTT Q[ s/ QY [t PiCt]

If we again remove context N and term annotation, we will need a proof of under the same
assumption for s:

FQ N/ Q1 [P/ct]

Remark 22 We will see later in Section that a proof of = P, N will be interpreted as a
morphism [N1] — [P]. And a proof of - Q [P/¢T],Q+ [N/¢™] will be interpreted as a mor-
phism [Q](IN*]) — [QI([P]), and this just says [Q] is a covariant functor. However, a proof
of F Q[N/C],QF [P/¢T] will be interpreted as a morphism [Q]([P+]) — [QI([N]), whereas
if [Q] were a contravariant functor we would have a morphism [Q]([P]) — [QI([N*]).
Hence, although positive substitution corresponds to covariant functoriality, negative substi-
tution will not correspond to contravariant functoriality.

We now state and prove our statement about substitution of terms in formulas:

Proposition 73 Assume that = N, P | s : N, let Q be a positive formula and let  be a
variable. Let also m be a type valuation such that (*,(~ ¢ dom(rw). Then we can define two
negative terms Q [w,s/¢T] and Q [, s/(7] in such a way that

FNLQ [ P/CH 1 Q[ms/cH] @t [t N/
FN.QImN/CTQm /] @ [t P/

In the first case we assume that fv(Q) C dom(mw) U {¢t} and in the second case, that fv(Q) C
dom(m)U{("}.

Proof: We will define the two terms @ [7,s/¢*] and @ [r, s/¢ 7] in a simultaneous induction

on Q.

>If Q = ¢T then Q [r,5/¢T] = s.

> If Q = ¢ € dom(n) then Q [rr,5/¢T] = o with - N, P; | e : P,
> If @ =1 then we set Q [m,s/¢T] =e with - N, 1|e: L.
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>IfQ = Q1®Qs. Let s; = Q; [r,s/¢T]. By inductive hypothesis we have - N, Q; [, P/( ] |
sitQf |7t N/
}_N,aile' [WL,N/Ci]‘R.(Si*ai)ZQi[ﬂ',P/CJr] fori:1,2 ( )
t-®
FNor: QF [mH N/CT] a0 Qy [mh, N/CT] | (Rest* o, Rosz * a2)  (Q1 @ Q2) [, P/CT] T

(t-cut
ok (R.sy x o, Resoxag) BN oy : QF [7H,N/(T]  ag: Qy [7, N/CT],(Q1 ® Q2) [7, P/(T] () )
FN,Q[m, P/CT) | k(an, an).(@x (R.s1 % aq, k.59 % ag)) : QF [WL,N/C_]
. (t —n)
where IS 1 A g Q1 [7h, N/CT| s Q[ N/CT] L (Que Qo) [r, P/CT] 0 QF B Q4
Hence we set (Q1 ® Q2) [, s/¢T] = k(a1, az).(8 * (R.s1 * aq, k.52 % 2)).
> Assume @ = 0. We have F N,0| () : T and we set 0 [, s/¢T] = ().
> If Q = Q1 P Q2, we use the same notations as for ®. We have
FN, o Qi [WL,N/C_} | R.(si*xag) 2 Q; [m, P/CT]
(t-o)
FN,aq;: Qll [WL,N/Q_} |ini(R.(si*x ;) : (Q1 @ Q2) [m, P/CT] T ( )
t-cut
(o*ini(k.(si*ai))) I—N; (Ql@QQ) [W,P/CJF] y QG sz_ [WL7N/C7} ( )
t-x
F N (Q1 @ Qo) [, P/CH] | ko (o % in(R.(si % ) = QF [wi, N/(*} for i =1,2
(t-&)
FNLQ[m, P/CH] | (ke (o % im(Ru(s1 % 1)), Ko (o % in(R.(s2 % 02)))) = QF [w, N/CT]

(t-s)
where 7 A7 o Qt {WJ‘,N/C_} Q1B Qo) [, P/CT] | o: (Q1 & Q2) [, P/CT]): . Hence
we set (Q1 ® Q2) [, s/CT] = (kar.(e xini(F.(s1 % 1)), kaa. (8 x ina(R.(s2 % 2)))).

> Assume that @ = pé.R and let us set Rp = R[P/CT] and Ry = R[NL/CJF}. Let
p=m-(u&.Rp[r]/ET) (it is here that one sees why the type valuation 7 is required). By
inductive hypothesis we have t = R [p, s/¢T| such that = N, Rp [p] | t : Ry [pL}.

Notice that, due to the definition of p, we have Rg [p] = Rg [r] [u&.Rp [n] /{T] for S =
P.N.

FN,a: Ry {pL},Rp[p] |t: Ry [pJ-} FN,a: Ry [pﬂ | a: (Ry [pL})L ftecut)

(txa)FN,a: Ry [pﬂ ,Rp[p]

FN,a: Ry [pL} | k.(tx ) : Rp[p)
(t-1)

B F N o R o] [ d(R-(t % @) : ¢ R [7]

(t-cut)
(o % fd(F-(t x 0))) - N, i€ R[], o - Ry [p*] = (R[] [ B [7] /67])*

FNLQ [ PICH] | Ry g con(o % fd(R(t % ) : Q1 [, N/CT

where T

(t-0)

(t-0)

- Noa: By (] Rp ] | o (uCRp [x)

87



CHAPTER 2. POLARIZED LL WITH FIXPOINTS AND ITS SEMANTICS

So we define (ué.R) [m,s/¢"] as ERMWL],QOA('*fd(’;”'(t*o‘)))'

> Assume last that Q = |R*.

By inductive hypothesis we have defined t = R [TI'J‘, s/C _} which satisfies - N, R [WL, N/¢ _} |
t: Rt 7, P/CT]

FNR[xh N/ |t R [7, P/CY]

I—N,R[WJ‘,N/C’},Q:RJ‘ (7, P/¢Y] | t: R [m, P/CY]  ms
(t-cut)

(ta) - N a: RY [r, PCT] R |7 N/¢| (t-7)
t-k

(t-7)

FN,a: R [r, P/CH] | R.(t+a): R [WJ-, N/g—]

FNoa: RY[7, P/CH] | der(tx a) - 7R [, N/C

FN,a: R [r,P/CY],B: 7R [WL,N/Q—} | der&.(t+ ) : .R[WJ‘,N/C_} m et
-Cu

(derf.(txa)xB)F N,B: 7R [WL,N/C] ,a: R [mr, P/¢T] ()

FN,B8:7R [WL,N/Q_} | ko (der &.(t x o) x B) : RE [m, P/¢T] )
FNLB 2R [rh NG| | ke (der k(1 % )  B)' 1R [7, P/CT] 7r2

(t-cut)

(o % rav(der&.(tx @) % B)') F IR [m, P/C*] B 7R [k, N/ | )

FNIRE [, PJCH] | KB.(0 % Ko (der Bt x a) % B)) : 7R |wh, N/C]

where 7 is a proof of - N, : RY [, P/¢*], B : 7R [WL,N/g—} | B: (7R [ﬁ,N/g—})L
using (t-n) rule. And o is a proof of = N, 3 : 7R {WL,N/Q*} JRE (7, P/CT] |0 (\RE [7, P/CT)E

using (t-) rule. And 3 is a proof - N, : Rt [7, P/¢T] | @ : (R [, P/¢T])*L using (t-n)
rule.

So we define |R* [, s/¢T] as the term xf3.(e x ka.(der &.(t x a) *B)")
In the same induction we define completely similarly the negative substitution @ [m, s/{™].
Let us do only the case where QQ = Q1 ® Q2.
Let s; = Q; [, s/¢”]. By inductive hypothesis we have - N, Q; [, N/¢7] | si : Qi {ﬂ’J‘, P/Cﬂ.
FN o QF [WL,P/CJ'_] | Ro(si* ;) : Qi[m,N/CT] fori=1,2 (63)
t-®
FN o QF [WL,P/CJ'_] Jan: QF [wL,P/CJF] | (R.(s1%a1),R.(s2 %)) : (Q1®Q2)[r, N/(] ™
ok (R.(s1x 1), R.(s2xa2)) F N ar : QF [, P/CT] a2 : Q3 [, P/CT],(Q1 @ Q2) [7, N/(T]
N, Qm, N/CT] | K(ar, az).(e % (R.(s1 % an), &.(s2 % a2))) : QF [1+, P/¢T]

(t-cut)

(=)

(t —n)

where IS A oy s QF [, P/CH] L az: Qf [ PICH] L (Qu@ Qo) [m N/CT] [0 QF B QF
Hence we set (Q1 ® Q2) [7,8/¢7] = ka1, az).(@ % (R.(s1 % 1), k.(s2 % @2))).
|
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The idea of our reduction relation for kuLLP system is coming from the cut-elimination rules
on sequent calculus proofs of ulLLPiyp. As we see in Proposition 69, the sequent calculus
proofs of piLLPiyp will correspond to commands of kuLLP. So, we only equip commands (and
not terms) with a rewriting relation —. There are two categories of cut-elimination rules; the
principal cases and the commutative rules. Hence, we will also consider these two cases here.

Let us first look at principal cases, and assume that we are in the following situation:

Ny, Ny,Pi, FNi,-- Ny, P (®) Ny, -, N[, Ql, P, Ps =)
l_N177Nn7P1®P2 |_N177Nn[7Q]7P1J_??P2L( t)
cu
l_Nla"' aNn[7Q]
This proof reduces to
l_Nla"')Nnv-Pl l_Nla"'an[vQLPlLvPQL ( t)
cu
'_Nla"'aNn[;Q]apj_ l_va"'aNn7P2 ( t)
cu
|_N17"' 7Nn[7Q]
This situation will be translated into kuLLP as follows.
dll_N7P1 - dz}_N,PQ -
—— (t-k) ——————— (t-R) . pl . pl
|—N|/€.d1:P1 l_N‘ﬁ.dQ:PQ t®) CFN[vQ]aal-PlaOZZ-PQ (t:)?)
FN | (R.dy, R.d) : P ® Py FNQ] | klar,az).c: P2 Pyt (t-cut)
-cu
k(a1, ag).cx (R.dy, k.dy) N, Q]
And this proof reduces to
di =N, P ~
FN | Rdy Py cHN[,Ql,a1: Pi-as: Ps do F N, Py 3
Lemma — = (t-R)
C[R.dl/al]l_/\/[,@],aglpz |_N|I~{.d2:P2
Lemma

Cc [/?;.dl/al] [R.dg/ag] F N[, Q]
So, we will consider the following rule in our reduction system:
K(aa, ag).cx (p1,p2) = ¢[p1/a1, p2/as].

Similarly, one can obtain the rules corresponding to the principal cases of (&) — (&), (1) — (d),
(n) — (V'), and (L) — (1). We only explain the case of (u) — () as it shows the motivation
of Section , and the other cases are similar to what we showed above for (®) — (%).

Let assume that we are in the following situation:
cl—N,P,a:RL{PL/C_} FNQ]|s: Pt . N | p: R[uC.R/CH] (
-V t‘M
N Q]| Brecan(css) s vC.RE N fd(p) : uC.R
Rpeca.(c;s)xfd(p) N[, Q]

t-cut)
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The proof above will reduce to the following:
FNLQ] | s PE
¢ N,Pa:R* [PL/C*} N, o R [Pl/d LQ]|s: Pt

Lemma

cls/o] - N,a: R+ [PL/C*] [, Q]
(t-5)

w FNLQ | Kon(e[s/e]) : RE [PL/¢]
(R [Fpe co(c;9)/¢H] %) Ina(c[s/]) /o]

where 7 is the following proof:

ckN,P,a: Rt [PL/C_}

Lemma

(t-11)
N, P |Fgeca.(c;e): v(.R- R

Proposition
FN,R[P/CT] | R [ERL’CO[.(C;.)/C-F} - Rt {VC.RL/C_} FN|p:R[uC.R/CT]

(t-cut)
R [ERcha.(c;o)/Cﬂ *pEN,R[P/(T]

So, we will also consider the following rule in our reduction system:
Frica.(c;s)xfd(p) — (R {ER{C@.(C; o)/g”r} *p) [ka.(c[s/e])/e].

We now turn to the commutative cases. Let us consider as an example the case of (%) rule
in sequent calculus of ulLLPimp. So, we are in the following situation:

'_va"' 7]\771151\4151\4251:)L

= Ni, -+, Ny, My B My, PL o) - Ny, -, Ny, P ()
Ny, -, Ny, My % My
The proof above reduces to the following proof:
Ny, Np, My, My, PX Ny, [N, P (cut)

l_Nla"' 7Nn7M17M2

(%)
F Ni, -+, Ny, My B Mo

This situation will be translated to kuLLP as follows. Assume that we have the proof below:
cEN,aq: My, a9 : My, B : Pt (63)
FN,B: Pt klar, az).c: My B M, T (b-cut)
ko, a0).chky =N, B Pty My Mo (6-r)
FN,y: My B My | kB.(k(a1, az).cxv) : PL m
kB.(k(a1,a).cxy) *k.dbE N,y : My B M,

(t-cut)

where 71 and 79 are the following proofs (from left to right respectively)

d+N,P o (t-n)
CNTrd P T FNBPE MM, |y (M M)
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This proof will reduce to:
d-N,P .
——— (t-R)
FN|kd:P
ckEN,oy: My,ag: My, f: PY FN,a1:M,o0: My | Rd: P
c[%.d/ﬁ]l—N,alel,ag:Mg (t 73))
= N | /-@(ozl, Oéz).(C [Rd/ﬁ}) . M1 ?S) M2
(k(1, a9).(c[R.d/B])) * v N,y : My B My
where 7 is proof of F N,y : My X Mo | v : (My % Ms)* using the (t-n) rule.
So, we see that the command xf.(k(aq, a2).cxy)xk.d is reduced to (k(aq, ae).(c[R.d/S5]))*
~. Basically, what happened is that the command kf.(k(aq, az).c x v) * &.d is reducing to
(k(a1, ag).c * ) [k.d/B] which is equal to (k(a1, a2).(c[k.d/F])) * 7.
If we look at the other commutative cases, we see that in general, we have this pattern: a
command (kf.c) x &.d reduces to c[k.d/f].

Lemma

T (t-cut)

We only considered the case of a negative cut-formula. Now, we do the same analysis for
the case where the cut formula is positive. So, let us say, as an example, we have the following
proof:

F N1>"' 7NnaM1aM2aP

(%) N
F Ny, Ny, My My, P F Ny, Ny, P (cut)
cu
Ny, Ny, My Mo
And this proof reduces to
F]\[17"'7]\[117]\4'17]\4'27]3 F]\717"'7]\/}L713J_
(cut)

F Ny, -+, Ny, My, M, @)

F Ny, Ny, My B Mo

This situation is translated to kuLLP as follows. We first have the proof below:
cHN,a1: Mi,as : My, P =) (t-n)
FN,P | k(ag,as).c: My % Mo N,y My My |y (M3 Myt (t-cut)
k(ai,ag).cxy BN, Py : My % My (6-7)
FN,y My B My | R(k(ar,a2).cxy) : P T
(ky.d) % F.(k(a1, a2).cxy) E N,y : My B Mo

(t-cut)

d-N,y: Pt 3
where 7 is (t-%). And the proof above will be reduced to:
=N | ky.d: Pt

d-N,y: Pt
=N | ky.d: Pt
cHN,o1: My, : My, 8: P l_N,althO{Q:M2|I€’}/.d§Pl
chrdelT Ny Mo Ve
FN | k(aq, ag).(c[ky.dfe]) : My % Mo
(k(1, an).(c[ky.d/e])) xv = N,~v: My B M,
where 7 is proof = N,y : My ® My | v : (M7 % Ma)* using (t-n) rule.

(t-R)

Lemma

" (t-cut)
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So, we see that one can have this reduction: (kvy.d)*k.(k(a1, a2).cxy) = (k(a1, az).(c[ky.d/e]))*
. And indeed the reduced command is (k(aq, ag).cx7) [ky.d/e]. If we look at the other com-
mutative cases, we see that in general, we have this pattern: kvy.d x k.c — ¢[k7y.d/e].

Therefore, we ended up with a critical pair, as we have this situation:
Ky.dx k.c — d[k.c/v] and ky.dx k.c — c[ky.d]e].

Both reductions are compatible with the denotational semantics, and this semantics is non-
trivial in the sense that the booleans are not identified by the semantics, and so we are not
at all in the situation of the Lafont critical pair of LK which identifies, by conversion, any
two proofs of the same formula. However, due the following motivations, we decided to have
a deterministic reduction system, i.e, we only allow k7.d * k.c — ¢ [k7y.d/e] in our system.

Our motivations is as follows: We are looking for a minimal reduction system so that one
can prove normalization. Hence, we equip commands with a deterministic rewriting relation
— specified in Figure 2.4. By p ¢ %, we mean p is not #.d for any command d.

As a direct conclusion of Lemma 71 and Lemma 72, we have the subject reduction property:
Proposition 74 If ¢ —* d and ¢+ N, P, then d = N, P].

Remark 23 Notice that although the reduction system given in Figure is quite close to
the cut-elimination rules of uLLPimp as explained above, it does not completely simulate the
cut-elimination of puLLPimp (and pLLP), simply because of the aziom/cut case. Assume that
we have the following proof w:
(ax) i
I_-Z\fla"'7]\7n>-PaPL I_Nla"'aNn’P

l_Nb"' 7NTZ7P

(cut)

This proof reduces to the following proof m:
m
l_le" 7Nn7P

However, m* = e x ] which does not certainly reduce to mi. The converse simulation also
does not hold in general. That is to say there are some reductions in the kulLLP that are
not available in plLLPiyp. For instance, consider the command ¢ = t xp of type c = 3 :
Pt & P+, P® P where t = ka.(e x (a, @) and p = &.(({e,®) x 3). The negative term t will be
translated to the following pLLPiyp proof m :

FpPL& Pt PP @) - pPL& P PP @
(ax) ) b b b (®)
- Pt & Pt P Pe P PR Pt FPL&P{PaP®P(t)

cu

FPL& P P PeP

The positive term p will be translated to the following uLLPiy, proof m

(ax) (ax)

() F Pt &Pt PP FPL&P{PaP(M
ax
FP-&P- PP - P+ & Pt P, P& Pt

- pPL&pt P (cun)
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Sx k.c — c[s/e] ka.ckp —clp/a]l ifpér
(s1,82) xin;(p) — s; *p k(a1,az).cx (p1,p2) — ¢[p1/a1, p2/a9)
ki.cx()—c derpxs' — s%p

FpLca.(c;s)xfd(p) — (R [ERL’Ca.C/C"‘} *p) [ka.(c[s/e]) /]
Figure 2.4: Reduction of commands

Hence, we have the following proof m as the translation of the command c:

Us! Up)

FpPLt& P P PP +PL&PLHP

FPL&PL P®P
And there is no reduction rule after on the proof above in pLLPiy, unless one want to use the
contraction rule as an admissible rule in pLLPimp. However, by the reduction system given
in Figure 2./, we have ¢ = txp — (e, ) x f[t/e] = (t,t) x 5 = d. The command d will be
translated to the following pLLPim, proof p:

(cut)

T 1
FPLt& P P P®P FPL&PL,PL,P@@P(&) ()
aXx
F Pt & Pt P® P, Pt & Pt FPL&PL PP

(cut)

FPL& P P®P
Therefore, we saw that the reduction ko.cx k.d — d[ka.c/e| is not available in pLL Py, in
general.

Lemma 75 IfcF N,P, ¢ — ¢ and - N | s : P, then c[s/e] — ' [s/e]. IfcF N, a :
PY,Q], c— ¢ and - N | p: P with p ¢ & then c[p/a] — ¢ [p/al.

Proof: The proof is a simple inspection of the reduction rules, and we just provide details
of two cases.

Assume that ¢ = tx&.d so that ¢ = d[t/e]. Then we have c[s/e] = (t[s/e]|)xk.d — d[t[s/e] /e],
and d[t/e][s/e] = d[t[s/e] /e]. Hence c[s/e] — ¢ [s/e].

One also has ¢[p/a] = (t[p/a]) » ((R.d) [p/a]) = (d[p/a]) [(t[p/a])/e], and (d[t/e]) [p/a] =
(d[p/al]) [(t[p/a])/e]. Hence c[p/a] — ¢ [p/a].

Assume that ¢ = kf.cx q and ¢ = c¢[q/p] where ¢ ¢ £. Then we have (kf.c x q)[s/e] =
kpB.(c[s/e]) x (q[s/e]) = (c[s/e]) [g[s/e] /5], and (c[q/P]) [s/e] = (c[s/e])[g[s/e] /5). Hence
c[s/e] > ¢ [3/s]. One also has (xB.cxq) [p/a] = rB.(c [p/a])*(a[p/al) — clp/a] (4 [p/a))/A],
and C[q;ﬁ] [p/a] = c[p/a][(a[p/a])/B]. Hence c[p/a] — ¢'[p/a]. Notice that ¢ [p/a] ¢ fﬁ.
since p ¢ A.

Example

Before proving a normalization theorem, we try to run some examples here in order to see
some programs using our kuLLP calculus.
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We define a type of integers as nat = uC.(1 @ (). We set 0 = fd(iny()) so that = A | 0 : nat,
and given a positive term p such that = N | p : nat we set sucp = fd(ina(p)) so that
- N | sucp : nat. Now, let us look at the instance of the (t-v) rule for natt = v(.(L & (7).
Let p, t and s be terms such that N, P |t: PX - N |p: P,and - N[,Q] | s : PL. Then
we build a term as follows:

FN|p:P
s FN,a:(L&PY|p: P (b-cut)
exphFN,a:(L&PH),P (6-1)
FN,a: (L& PY),P|ri.(exp): L 3 (t-)
FN,a: (L& PY),P|(ki.(exp),t): L& Pt T (t-cut)
((kL.(exp),t)) xaFN,Pa: (L& Pt m

(t-)

=N QN Fige- co-((((sL-(oxp), 1)) x ) 5 5) : nat™

where 71 is the proof of - N[, Q] | s : P+, ma is the proof of F N, o : (L& P1) | ez (L& PH)*:
FN,P|t: Pt
FN,a: (L& PY),P|t: Pt
P1),P|e: Pt using (t-e) rule.
As a notation, we set it(p,t;5) =& ge— c.((((KL.(8 %), ) xa);s).

In summary, the following results of an instance of the (t-v) rule at type nat™:

using (t-n) rule, 73 is , and w4 is the proof of H M,a : (L &

FN|p:P FN,P|t:P+ FN[,Q]|s:Pt
FNLQ] | it(p,t;s) : nat*

itrnat

If we consider the (t-v!') rule instead of (t-v), then we would have the following rule where
it!(p, t) = Fige—co-(((FL-(exp),t)) xa) = FrL ca.((({(kL-(exp), 1)) x ) ; @):

FN|p:P FN,P|t:Pt 1
1tr
=N, P |itY(p,t) : natt et

So, one can see that it'(p,t) = it(p,t;e).

Now, suppose that we have - N | sucq : nat such that ¢ is not a . term. Then, we have
the following computation of it(p,;s) x sucqg where s; = ray.(e x iny(%.((e [it' (p, ) /¢T]) x
a1))) = kag.(exini(F.(ex 1)) and sg = kao.(exina(R.((CT [it'(p, 1) /CT]) x a2))) = Kag.(e *
ing(&.(it' (p, t) * a))).
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it(p,t;s)*sucq
((1@&[ £)/¢H] xina q) k(1o % p), 1) x @) [5/]) /o]
= ((s1,52) % i3 q)[ ((((xe(oxp).t) % a) [s/e])/o]
a)

— sgxq[ra.(((FL(e%p), 1)) * @) [s/e])/e]
= (o xina(.(it! (p,t) * a2))) [a/02]) [se ({5 L0 % p), 1) * @) [s/e]) /o]
= (o % inz(A.(it" (p,1) x 0)))) [ev. ({5 (0 % p), 1)) x ) [s/e]) /o]

t)*q)

) I ({1 (o %
= (ke ((((r1-(o % p), 1)) % @) [s/0]) * ina (. (it" (p, 1) * 0))
= ({51 %), 1)) % @) [s/8]) [(ina (% (it (p, ) * ))) /o
(((1-(0 %), 1))  (ima (R (it (p, 1)  9)))) [s/9])

| -

— tx (R.(it'(p, 1) % q)) [s/8] = ((it" (p,t) % @) [t/o] [s/] = ((it(p. ;) xq)) [t/o] [s/0]
(it(p, ¢t [s/0]) x q)

And one checks similarly that it(p,t;s) x 0 reduces to s % p.

As a very first example of function on natural numbers, one can define the successor
function Suc as it(suc0, ka.(e x fd(ina(«))) ;®). Then, one can show by induction on n that
Sucxn —* exsucn.

As another example of function on natural numbers, one can define the addition function
as add = k(ag,a2).(e x (A.((it(ay, ky.(e * fd((in2(7)))) ;®)) * a2))). Then one can show, by
induction on n, that add x (m,n) —* ex (m +n).

One can try translate the Godel’s system T into kulLLP. However, notice that we should

translate the type of integers of system T into 7nat and not nat. Let us explain why. Let
us consider a presentation of system T which has two kinds of types: data-types which are
associated with positive formulas of kulLLP and function types ¢ = 7. In this system T
there will be at least a data-type of integers ¢ associated with nat and possibly other ones,
for instance a type of binary trees with leaves labeled by natural numbers associated with
p¢.(nat @ (¢ ® ¢)). We would like to use the Girard encoding (¢ = 7)~ =lo~ —o 7~ where as
usual A — B = A+ 2% B. In other words (o = 7)~ = ?(0~)* % 7~. The polarity constraints
of kuLLP require o~ to be negative, this prevents us from setting simply ¢~ = nat since nat
is positive.
For benefiting from the structural rules available for free on all negative formulas in xuLLP
one can introduce also a positive translation defined by ¥ = nat (and similarly for all data-
types of T) and o = lo~ if o is not a data-type and then the negative translation can be
defined by ¢~ = ?nat (and similarly for all data-types) and (0 = 7)~ = (¢F)* ¥ 7. For
instance ((¢t = ¢) = )~ = ?(nat ® Inat') 2% ?nat. A closed term of type ¢ of T will therefore
be translated into a kuLLP negative term t such that | ¢ : 7nat and we can form ¢ =t % a.

2.2 Normalization of xuLLP

In this section, we are trying to prove a normalization theorem for our system. Ideally, we
would like to prove that if we have a command ¢ - N[, P], then c¢ is strongly normalizing.
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Notice that as we have a deterministic reduction system, there would be no difference between
normalization and strong normalization. Before going to the details of our proof, we first
provide some intuitions on what are the main difficulties of this theorem for kulLLP.

One of the usual techniques to prove such a statement is via logical relations. Vaguely,
one needs to define an interpretation for each type as a set of terms of this type, denoted
as |P| and |N|, in order to prove the following statement, so-called interpretation lemma
(imagine for the moment that we are considering an hypothetical system which would also
have reductions on terms).

N =(ag: Ny, ,ak: Ng) and p; € |(N;)~| for i =1, , k, then
1. if ¢ = N, P] then ¢[p;/c;]?; is strongly normalizing,

2. if E N[, P] | t: N, then t[p;/a;]’, is strongly normalizing,

3. if E N | p: P, then p[p;/a;], is strongly normalizing.

Usually, one proves such a statement by induction on proofs. A direct consequence of this
lemma, if we have ¢ I [, P| then c is normalizing.

First of all, the definition of this interpretation can be neither by induction on types
nor by induction on terms: not on types, since we have fixpoint types, and not on term,
since we have exponential types. However, one can try to define an indexed version of this
interpretation, namely |P|, for a’s being in a certain class. If we consider ordinal numbers,
and define |P|, by induction on ordinal a, we see that at some point we need an auxiliary
lemma whose proof is as difficult as the normalization theorem we are trying to prove. So,
we need to define |P|, by induction on something else. What we do here is that we define
| P|o by induction on points « of the interpretation of P in the relational model of LL. These
points are always finite objects, whatever P is, which makes this approach possible. The main
goal of Section is to make this idea precise.

If a reader would like to skip the details of the proofs, he/she can just look at the statement
of Theorem 84, and then its application in Section 2.4. To understand fully the statement of
Theorem 84, one needs to look at Figure and

The next section (Section ) provides more details of some failed attempts to prove
normalization of kulLLP, and it will not be related to the other parts of the manuscript. So,
a reader can completely skip this section.

2.2.1 Failed attempts

In this section, we consider the system xulLLP extended with a constant o which is a new
command, typed by o . We introduce this o only to simplify definitions (because otherwise
there are no closed commands) and in particular to allow the simple definition of Il given
below.

Definition 76 Given a closed positive formula P (respectively closed negative formula N ),
we use PR(P) (respectively PR(N)) for the set of all positive terms | p : P (respectively
all negative terms | t : N). We use 1L for the set of all normalizing command ¢ . Let
R C PR(P), we define R+ C PR(P1) by

RE={tePR(PL) |VpeR(txpe L)}
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As usual the following properties hold:
«e RCS=StCRE
« RCRLL
o (Uier Ri)L = Mier Rzl

A reducibility candidate for P (respectively V) is a R C PR(P) (respectively R C PR(N))
such that R = R+, We use RC(P) (respectively RC(N)) for the set of all reducibility
candidates of P (respectively N).

Given a formula P, two sequence C+ CEEE ,C,j, (" =, ,¢ of pairwise distinct
respectively positive and negative variables which contain all the free variables of P, two
sequences S1,---,S5; and Nyp,---, N; of respectively positive and negative closed formulae,
and two sequences Sy, -+, Sk, N1, -+, N of reducibility candidates such that S; € RC(S )

fori=1,---,k and N, € RC(N;) for j = 1,---,1, we define |P|( ? ?/C*’ : ﬁ/g

? /T, ﬁ /¢~]) by induction on P. For the case of negative formulas we use De Morgan
duahty along

INIGS 8/ R W) = (ST 5T/ N N et
e LS /NN = (03
e P PI(S s SN NI = (o) | mi € 1PIS S/ R N /O)H
e 01(S S /F NN/ = PRO).
e P RIS SN NIC) = {inilpi) | pi € IPI(S : 3/CF N N,
o INI(S SN NC) = (e INI(S S/ N N
o HEPI(S 5/ N N/C) = p(@) where

@ RC(uE.P[S /T, N /CT) = RE(ue.PIS /¢, N /¢))
is defined as follows. Let R € RC(u¢.P[S /¢t N /C7]), we set

B(R) = {fd(p) | p e |PI(S : S/ R pue.P[S)CF N/ et N NJC )P

Now, we would like to prove the following statement.

Proposition Attempt If N = (aj: Ny,---,ag: Ni) and p; € [N/| for i = 1,--- , k, then

1. If ¢+ N then c[p;/o;] 4 € L.
2. If ¢+ N, P then for all t € |P+| we have [/ d,t/e] € I

3. if FAN | t: N, then t[p;/ai]l—; € |N|.
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4. if FN,P|t: N, then t[7//d] € |N|.

5. if EN | p: P, then p[p;/a;|_ € |P].

Proof Attempt If we try to prove this statement by mutual induction on typing deriva-
tions, one can see a difficulty in the third case. For instance, assume that N = N; & N, so that
we have = N | t; : N; for i = 1,2. By induction hypothesis, one has t; = t;[p;/a;]7_; € [N
for i = 1,2. So, we have Vg € |[N/|(t; xq € 1) for i = 1,2. In particular, we have
t; x k.c — c[t;/e] € I for &.c € |[N;*|. We need to prove (t1,t2) € |N1 & No| = |[Ni- @ N |*+.
Take a positive term #.d € |Ni- @ Ns-|. By our reduction system (Figure 2.4) one has
(t1,t2) x k.d — d[(t1,t2)/e]. However we do not see how to use the induction hypothesis to
prove d [(t1,t2)/e] € L. ®

The issue is that the relation between d and ¢ can be complicated. For instance, one can
imagine d = e x iny(k.c). In this case, we have d [(t1,t2)/e] = (t1,t2) * ini(k.c) — t1 x R.c —
¢ [t1/e], and hence we can use the induction hypothesis to deduce that d [{t1,t2)/e] € AL. But
d can also be e x k.(e xin;(%.c)) or @ x &.(e x &.(e xin;(%.c))) and so on and so forth.

As we see we need some sort of induction on d in order be able to use the inductive
hypothesis on (t1,t2). Evidently, this difficulty is in the case that we have a positive term
p € k. So, we tried to change a bit our definition in order to implement this required further
induction on d, and we describe now this idea. We first provide the following definition for
any ordinal a:

o Uy\(P):={c|ckHPand3dpe (|Pla\Fk) c—>*oxp}

where |P|, is defined as follows for the successor ordinal:

a1 = {0} U{Rd][de La(1)}.

[P @ Polat1 = {(p1,p2) | pi € |Pila} U{R.d|de 1Lo(P1® P)}.

[Tla+r = {0} U{Rd|d e La(T)}

‘P1 D P2‘a+1 = {ini(pi) ’pi € ‘Pz|a} U {fﬂd ’ de iLa(Pl ) PQ)}
!Nlos1 = {t' | Vg € INt|o(txqg € 1)} U{R.d|d € 1Ly(!N)}.

|u€.Plas1 = {fd(p) | p € |P [p&.P/T] o} U{R.d | d € LLo(pé.P)}.

And for the limit ordinal A, we take |P|y = U<y |Pla. And we also define |P| := |J|P| and
A (P) :=JL4(P). The interpretation of negative type is defined by duality, that is to say
[Nla+1 = (|NL|a+1)J—a N[\ = Na<x [Nla, and [N| = [N]a.

Notice that one cannot define | P| by induction on formula because of basically two reasons.
First 1L (P) depends on |P| and |P| depends on L (P). Secondly, in the last case, the formula
P [p€.P/&T] might be bigger than u&.P. Moreover, one cannot also define |P| by induction
on terms, since in the case of !N the positive term ¢ can be bigger than the negative term ¢.
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Let us say why the problem that we had above for the case of N = N; & N> has now
vanished with these new definitions. Assume that we have - N | t; : N; for i = 1,2. By
induction hypothesis, we have t; = t;[p;/a;]j_; € [Ni| = (|Nilo. So, we have VaVg €
IN | (ti % q € 1) for i = 1,2. We need to show (t1,t2) € [Ny & Na| = [Ni- @ Ni-|+. This is
equivalent to show the following:

Vavp € |N{ ® Ni-|a((t1,ta) xp € 1)

We prove this statement by induction on .

Let first assume that « is a successor ordinal v + 1. Then either p = in;(p;) for p; € |N;-|,
or p = k.d where d € 1Ly gy (7). If p=in;(p;), then we have (t1,t2) xin;(p;) = t; *p; € 1L
by induction hypothesis on (t1,t3). If p = &.d, then we have (t1,t2) x k.d — d[{t1,t2)/e]. By
the assumption, we have d € Lyigngt (7), so, by definition d —* e p for p € |Ni- & Ni|,.
By Lemma 75, we have d[(t1,t2)/e] —* e x p[(t1,t2)/e] = (t1,t2) x p. Notice that p ¢ &, so
p = in;(r) where r € [N;*|., for v/ < v < v+ 1. Therefore we can use the induction hypothesis
on 7/, and hence we have (t1,t2) xin;(r) = t; xr € 1.

Now assume that « is a limit ordinal. The property holds obviously for any p € |V, f‘ EB]\72J-|AY for
7 < a by the induction hypothesis. Hence, the property holds for any p € M, , |Nit @ Ni|,.

However, we still have an issue even with this idea. To see the problem, let us try to
compute |P| where P = u(.!7¢.

¢ [Play1 ={fd(p) | p € ['?Pla} U{R.d | d € Lo(P)}
o 17P|gp1 ={t'|Vge|!PH,(txqge W)} U{R.d]|de 1Lo(1?P)}

o 1Pt|or1 ={s"|Vre|Plo (sxte€ )y U{kd|de lLy,(P)}

We said earlier that for the limit ordinal X, we take |P|y = Uy« |Pla. However, to take the
union for the limit ordinal, one needs to provide an increasing sequence of |P|,’s. And due
to the definition above, one consequently needs to have an increasing sequence [!7P|,’s. And
to do so, the sequence |!P*|,’s must be decreasing. So, although !P~ is a positive formula,
we should take [!P1|y = N,y |!Pt]q for the limit ordinal A. Therefore, what we learnt from
this example is that we need to consider both increasing and decreasing sequences |P|,’s for
a positive type P (and similarly for negative type N).

First we define 1L (P) for a positive type P and an ordinal o where o € {1,]}:
o U%(P):={c|ckPanddpe (|P%\R)c—*oxp}
And |P|? is described as follows. Given a positive type P and an ordinal «, we define two

sequences | P[] and |P|} as follows by induction on . For the successor ordinal, we take the
following definition where —o changes the direction of the arrow::

ot ={0}U{Rd[d e LZ(1)}.

[P1® Pofg g1 = {(p1,p2) | pi € [Pi[g} U{R.d [ d € L3 (P @ Po)}.

[Tl ={0YU{Rd|de La(T)}.

|P1© Pl 1 = {ini(pi) | pi € |53} U{Rd|de LLZ(P & P)}
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o |IN|g4y = {t' |V € IN*|;7(tx g € L)} U{Rd | d € LI(IN)}.
o IEPIGy = {f(p) | p € [P [nC.P/CH] |5} U{Rd | d € LG(nE.P)}.

For the limit ordinal o we will take the following:
{\P\Q = Up<a PIL
|Pl& = No<a [Pl
And finally, we take |P|" = {J|P|} and |P|* = N |P]%. We also need to change the statement
of the interpretation lemma as follows:

Proposition Attempt If N = (a3 : Ny, ,a; : Ny) and p; € [NF|! fori =1,---  k, then

1. If ¢+ N then ¢[p;/a;]?, € L.

2. If ¢+ N, P then for all t € [P} we have ¢[7//d,t/e] € I
3. If FN | t: N, then t[p;/a;]?; € |N|*.

4. If - N,P|t: N, then t[7 /] € |N|*.

5. If N | p: P, then plp;/as]™, € |P|T.

Now, if we try to prove our main statement (the interpretation lemma), we will see that
one needs to verify that |P|T = |P|*. To see this, let us try to prove the fifth case of the
interpretation lemma when P = !N so that we have - N | t' : IN. By the induction
hypothesis, we have t' = t[p;/a;]™; € |N|¥ = (IN*|N)+ = (U|N*|])+. Hence we have
' xq € I for any ¢ € U|NL|L. We need to show (¢)' € |IN|T = U|IN|L. That is to say,
one needs to show that there is an ordinal a such that (¢)' € |IN |g 41+ By definition, this is
equivalent to prove that t' x ¢ € 1L for any g € |N l|\oLé Hence, as we see, to use the induction
hypothesis, it is enough to prove that |[N-t[} C Us<a |NL|E for any «. That is to say, we
need to prove |[N+|¥ = |[N+|T. Similarly, we need to show |P|" C |P|* for the third case of
the interpretation lemma when N = 7P.

One can prove |P|T C |P|* by induction on P. As an instance, let us suppose that P = IN,
and take a positive term p € |!N|T. By definition, there is an ordinal 8 such that p € |!N\g+1.
One needs to prove that p € |!N|% for all ordinal a. We prove this by induction on o.. Assume
that p = t', so we have t x ¢ € 1L for all ¢ € |NL|E. Now suppose that we have p € |!N|#,
and we want to show p € \!N|,¢Y+1. To do so, it is enough to prove that ¢t x ¢ € AL for all
q € IN*[!. Take an arbitrary ¢ € [N+[1. Then q € [N+[T. Moreover ¢ € [N*|}, since since
we have |[N+|T C [Nt ¥ by the induction hypothesis. Therefore ¢ € |N J‘]é for any ordinal ~,
and in particular ¢ € |NHE. Hence t xq € 1. If p = &.d, then by definition d € JJ_E(!N).
So, d —* e x ¢ such that ¢ € \!N\g. To show k.d € \!N]#H, we need to prove d € JL!iN(fy).
That is to say d —* e % ¢ such that ¢ € ]!N\}y. And this is true, since q € ]!N\g implies that
qg€|'\N |fy by induction hypothesis on the ordinal. The case of the limit ordinal can be treated
in a similar manner. Notice that in order to deal with the case that P = ué.P, we cannot
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simply prove it by induction on P. One needs to make the statement stronger in order to use
an inductive proof. However, this is not the main issue, and this can be solved by considering
the following statement: let P be a positive formula and 7 be a type valuation, then one has
[P [a] [T C |P[x]|*.

However, the other direction (|P[* C |P|1), seems more difficult, let us show why. As
usual, we want to prove |P[¥ C |P|" by induction on P (to have simpler notations, we just
drop the substitution with the type valuation 7.). Assume that P = p£.QQ. Take a positive
term p = A.d € |uf.QIY. So, we have p € \,uf.Q]iH for all ordinal . That is to say
d —* exfd(q) such that fd(q) € |u€.Ql%. We now need to show p € |u€.Q|". So, one needs
to prove that there is an ordinal 7 such that p € |ug Qm 41- This is equivalent to prove that
d —* e x fd(q) such that fd(¢q) € |u&.Q[l. However, we do not see any evidence on how to
prove fd(q) € |,u§.Q|Iy. Especially, imagine that ¢ = &.c such that ¢ —* e xp. In this case,

proving p € |ué Q\Ty 41 is reduced to proving p € |ug Q]E for some ordinal 8 < . However, the

sequence |u€.Q|], is an increasing sequence, so |ué ng can be strictly smaller than |u& Q]IY 41
Of course, if one can prove that there is no such a positive term &.d reducing to e x fd(g) in
many steps such that ¢ = kK.c and ¢ —* e x p, then we can manage to prove this direction
|P|* C |P|". But the bad news is that apparently disproving the existence of this positive
term &.d is the same as proving normalization. So we got stuck here!

Let us summarize what the main parts of our failure attempts are in order to understand
the system xuLLP better:

1. We first tried the reducibility candidates method in a similar way as proving normaliza-
tion of second order linear logic [Gir&7al: our failure was due to the existence of & terms.
The normalization of ulLL is indeed proved by this reducibility candidates method in
[Bael2]. However, we do not see such & terms (proofs) in puLL, and the existence of such
positive terms in our calculus is due to polarization.

2. To solve the first issue, we provided another possible definition of interpretation of
formulas, and also a new set Il ,(P) for any positive formula P and ordinal a. We
defined these notions by induction on a due to the existence of fixpoints of types,
exponentials, and again & terms.

3. Afterward, we saw that indeed one needs to consider both increasing and decreasing
sequences of |P|,’s to deal with the limit ordinals. The main reason for this is actually
the changes of polarity in formulas as we saw the issue in the example u.17¢.

In one sentence, we can say that apparently the difficulty is due to the coexistence of polar-
ization and fixpoints of types.
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Remark 24 [t is worth mentioning that maybe the difficulty of the normalization proof de-
pends only on the presentation of the syntax. For instance, as suggested by one of the reviewer
(Olivier Laurent), one can consider an intuitionistic style of our system kulLLP and then try
to prove the normalization theorem using the very first failed attempt or the methods men-
tioned in [Mat98, Mat99b, Mat99a] (Indeed, if we do not have fixpoint, then our second failed
attempt proved the normalization of the resulting system). Based on this intuitionistic style,
one can also try to develop a natrual deduction system corresponding to kulLLP, however it
is not clear what rule we should consider for the Park’s rule in the case of natural deduction.
Nevertheless, the method that we consider in this manuscript is based on two denotational
models (Rel and Nuts), in which we first show that, by induction on the derivations in the
intersection type system given in Section , if the interpretation of a term is non empty
then it terminates. Then using a denotational totality argument, we show that the interpre-
tation of a term is not empty.

2.2.2 An intersection typing system
The syntax of points

Let I be an infinite and countable set of indices (we can take I = N). The syntax of relational
types or points is given in Figure 2.5, as well as the size sz(a) of a point, which is an integer
> 1. Given a point a and a literal &, we define a finite subset rg¢(a) of I as follows:

o rgex =, rge(a,b) =rgeaUrgeb, rge(5,§) = {j}, rge(4,Q) =i (#E, rgeli,a) =
rgea, rgelay,...,an] = Ui, rgea;, and rgeo(a) = rgea.

We give a typing system for these points in Figure 2.5. Its main purpose is to enforce that,
when a : P, given a literal {, the indices of I associated with ( in a are pairwise distinct.
_>
Given a° : R, a literal ¢ and a family of points b = (bj)jergCQO such that b; : P for all j and
such that for any literal § the sets rg:b; are pairwise disjoint and disjoint from rgéao (when

these disjointness conditions hold we say that the pair (a”, ?) is adapted) then we define in the
obvious way the point a®{b;/(j,¢)};es for J = rgca0 such that a®{b;/(j,()}jes : R[P/CT].
One proves easily that, for any literal £ # (

rggao{bj/(j, O}jes = rg£a0 w L‘ﬂ rgeb; . (2.1)
jergeal

Crucially, this point substitution is in some sense reversible.

Lemma 77 Let R and P be positive formulas and let { be a literal. Let a be a point such
that a : R[P/CY]. Let J C I be an infinite set. There is a point a® such that a® : R and

_>
rgcao C J and there is a family of points b = (bj)jergCaO such that bj : P for all j € rgcao,
(a®, 7) is adapted and a = a®{b;/(j, Q) }jergear-

Proof: By induction on a assuming that we have a derivation of a : R [P/¢"]. We consider
several cases, according to the shape of R.
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a,b,---:=x | (4,¢) | (a,b) | (iya) | [a1,...,ay] | o(a) withj€ I andie€ {1,2}

sz(x) =sz(j,() =1 sz(a,b) =sz(a) + sz(b)

sz (i,a) =sz(o(a)) =1+sz(a) sz(lal,...,as)) =1+ Zsz(ai)
i=1
—var } a: P b:Q VE(rgeaNrgeb = )
G0 P oy e @) Po0 (p-®)
a:P[uC.P/CT] a:P; !
o(a): pC.P (P-1) (i,a): P @ Py (p-©)
(a;: NLy,  VeVi # i'(rgeai Nrgeay = @) (o)
[y, ,a,] : IN P~
k~e N (s-1) at Pi/[ci’/” ab] fori=1,2 (5-®)
* Lkl+] (a',a?) P @ Py [(al,a?), ... (a}, a2)]
E=WLh G N9
[a1,...,a) IN [[aj |j € Ji]|i=1,...,n]
i€{1.2} aPilo.a) o R[@gﬂ CIELT/
(i,a) Py & Py [(i,a1), ..., (i,a,)] o(a) u¢.R [o(aj) | j € J]

Figure 2.5: Syntax, size, typing rules and structural relation for points
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> If R = ¢t we choose j € J and set a° = (4, (), bj = a. This is possible because J is infinite
and hence non-empty.

>If R =£T # (" we must have a = (j,£) and we set a” = a. In that case we have rg.a’ = &
and so we have no b;’s to define.

> If R = 1 we must have a = % and we take a® = a. As before rgga0 = @ and so we have no
bi’s to define.

> If Ris R1 ® Ry so that a = (a1,a2) with a; : R; [P/(T] for i = 1,2. Let Ji,Jo C J
be disjoint and infinite. By inductive hypothesis, for i = 1,2, we can find a) : R with
o such that Vjb(i); : P, (a, b(‘zg) is adapted

rgcal C J; as well as families b(i) = (b(i)j)jerggai
and a; = a¥{b(i);/(j, C)}jeg(ag. For j € rgea® = rgeal Wrgead we set bj = b(i); where
jergead- Let £ be a literal,

j,j' € rg§a0 with j # j' and let K = rgcb;Nrgebyr. 1f 4, 5 € rgéa? fori =1ori=2then K =@

%
i € {1,2} is uniquely determined by j € rgga?, defining b = (b;)

since (a?,lﬁ) is adapted. If j € rgga? and j' € rggag_i then K = @ because we know that
rgebj C rgea;: this is due to the fact that, by inductive hypothesis a; = ad{by/(k, C)}kergca?.
Similarly rg¢b; C rgeaz—; and moreover rgea;Nrgeaz—; = & because a : Ry [P/¢T]@Ry [P/CT].
For the same reason, if j € rgga? we have rggb(i)j N rggag_i = @. It follows that the pair

_>
(a®, b) is adapted. The fact that a = a®{b;/(j,¢ )}jErg<a0 is an immediate consequence of the
inductive hypothesis.

> The case R = !Ry (and hence a = [ay, ..., ay]) is dealt with similarly (applying the inductive
hypothesis to the a;’s).

> The case R = Ry @ Ry is straightforward: we have a = (i, a9) with ao : R; [P/¢T] for i =1
or ¢ = 2 and the inductive hypothesis directly applies to ag.

> Last if R = p&.Q with £ # ¢ and £ does not occur in P, so that a = o(ap) and that we
have a derivation of ag : R’ where R' = Q [P/¢T] [u€.Q [P/CT]/€T] = Q [R/ET] [P/CT]. By
inductive hypothesis applied to ag there is af : Q [R/¢T] and a family (c;)

jerge(al) satisfying

the required properties wrt. a’. We take a° = 0'(@8) so that rgca0 = rgcag and we set b; = ¢;
for each j in that set. u
Given a closed positive type P, we define a binary relation P between points a and mul-
tisets of points [a1,...,a,] where a,aq,...,a, : P. The definition is provided as a deduction
system in Figure 2.5. The role of this relation is to deal with the structural rules in the point
deduction system of Fig 2.6. Notice that in each of the deduction rules the sum of the sizes

of the points occurring on the left in the premises is strictly smaller than the size of the point
occurring on the left in the conclusion. So the size of such a deduction tree is upper-bounded
by the size of the point occurring on the left in its conclusion.

2.2.3 The point typing system

A negative point typing context is a sequence ® = (ay : aj : Ni,...,a : ai : Ni) where the
@;’s are pairwise distinct and a; : N;- for each i. A positive point typing context is a sequence
®,a: P with a : P. In these rules we use ® to denote the context (a; : a; : P-)?_; and A for

the ordinary typing context (a; : P-)"_,. All rules but (i-v) are given in Figure 2.6. Notice
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(ai P ien\iiy (i P [y,
(n) L g
F®|aj:aj: P FO|():x:1
(F(aizal : PRy 9y b5 Q)i (ai P faf,af))iy -)
@[ (p1,p2) : (b1,b2) : Q1 ® Q2
Fo|p:a:Q; . ckE®a: P F®|p:a:PuC.P/CT]
AL (o) k (i-%) P/
F®|ini(p): (4,a) : Q1 ® Qo F®|Rcia:P F® | fd(p) : o(a): uC.P
("(ai:a%Pil)?:l|33bj3N)j€J (ai/ﬁi[aﬂjeﬂ)?:l (i)
F® s [b;|jeJ]IN
i P [ - ®[,a: P
@R o cb®laPl
l—q),a:P|o:a;PJ- F(I)[,a:PHI{J_.C:*:J_
ckF®,a:a:N[,b: P] ckF®,a1:a1: N1, :az: Ni[,b: P
(i-k) (i-%)
F®L,b: P]|kac:a: N F®,b: P]|k(ar,a).c: (ar,az) : N1 B Na
|—<I>[,a:P]|si:b:N,; f‘N[,P]‘ngi:Ngfi & I—(I>|p:a:P (?)
i- i-
F®[,a: P]| (s1,52): (i,b) : N1 & Ny F® |derp:[a]: 7P

F(aj:al : PY),a:P]|s:b: P F(a:a?:P)|p:b:P (a; Pi[a},a?]),

(sxp) b ®[,a: P] (i-cut)

Figure 2.6: Point deduction system — the rule (i-v) is given in the body of Section
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that there are two instances of the rules (i-®) and (i-&), one for i = 1 and one for i = 2. We
give now the lacking (i-v) inference rule: if h: @Q, d : R, (b; : P);er, where L = rged, and

o F(aj:a! P [[h:Q]|s:b: Pt

)

o ckF(ai:al: PR, b:Pa:d{b/(1,{)}ier: R* [PL/C_}

)

L (}— (Oéi : al~ : PJ‘)?:l,bl - P ’ ERL7<04.C : fl : VC-RJ_)ZEL

K3 K3

o a; Pildl,al]+[d |l eL]fori=1,....n

1771

then = @[, h: Q] | Fre ca.(ess) i o(d){fi/(1, ) her v(. Rt
Upon taking s = e we obtain the following derived rule (i-v!) (with the same notations
as above). If

e cF (aiial: PRy b Poacd{b/(LOber : RE[PL/CT]

)

. (}_ (OLZ' : aé : PJ‘)ZTL:l,bl : P | ERJ—,CO"C : fl : V{.Rl)leL

(2

e a; Bila]+d|leLlfori=1,...,n

)

then = ®,b: P | Fpy ca.c:a(d){fi/(1,0) }ieL v(.R*.

We will provide an example of our point deduction system in Section . The typing
system can seem complicated but it is completely imposed by the relational semantics, we
had actually no choice.

Interpretation of points

Given a set P of positive terms p such that | p: P, we set
e P*={c|cFPand3dpe (P\R)c—"exp}
e PR=PU{k.c|cecP}

so that any p € P¥ satisfies | p : P. We set IL = SN, that is all commands c such that there
is no command d that ¢ — d. Given a : P we define Il (a : P) = |a|p® and we set |a|p = ||a||}
where

I = {0}

I(a1, a2)l Pior, = {(p1,p2) | pi € [ailp, for i =1,2}

16, )|par, = {inip) | p € lalp} for i = 1,2

la; |j € Jhiv={t"|Vji€JVpE|aj|yr t*xpec I}

HU(CL)H/LC.P - {fd(p) ]p S |a|P[HC-P/C+]}'

106



Fixpoints of types in linear logic from a Curry-Howard-Lambek perspective.

This definition is a simple definition by induction on points, even if recursive calls involve
larger puLLP formulas as parameters as in the last case. Notice that ||a||p = |a|p \ & since
lallp N % = @. As an auxiliary notion, given a : P and b : N+ we set |b|y(a : P) = {s |
FP|s:NandVp € |byr sxp € lL(a: P)}. We will also use |b|n for the set of s such
that F| s : N and Vp € |b|y. sxp € 1. The following lemma is a tree-typed version of the
functoriality of formulas with respect to the proofs.

Lemma 78 Leta: P, b: Q and s be such that = P | s: QL. IfVp € ||bljg s*p € l(a: P)
then s € [blgL(a: P).

Proof: Let p=&.c € |blg (because of the assumption that we have in the statement of the
lemma, we only have to consider the case where p € &). This means that ¢ —* e x ¢ with
q € |blg \ & =||b]|q- It follows that s xp — c[s/e] —=* (e xq)[s/e] = sxq € 1 (a: P) (notice
that e cannot occur free in ¢ since ¢ is a typed positive term). It follows that sxp € 1. (a : P).

|
Lemma 79 Ifa P [ay,...,a,] then |la||p C ||laillp and |a|p C |ai|p for 1 <i<n.
Proof: By induction on the derivation of a P [a1, ..., ay] we prove that ||a||p C ||as|| p which

implies the announced inclusions.

o If the derivation consists of (s-1) then we have P = 1 and Vi a = a; = * so that the
statement obviously holds.

o If the derivation ends with (s-®) then P = Py ® P2, a = (a',a?), a; = (a},a?) and

a’ 15; [al,...,a}] for j = 1,2. The inductive hypothesis gives [a’|p, C Hangj for
j = 1,2 and for each i whence the anounced inclusion by definition of ||(a', a?)||p,sp,-

o The case where the last rule is (s-@) is similar.

o If the last rule is (s-!) then P =N, a = [b1,...,b], a; = [b; | j € J;] with k = jL, J;.
Let p € ||a||p so that p = s' with Vj € kVq € |bj|y1 s*q € IL. So a fortiori for each
i € none has Vj € J;Vq € |bj|y1 s*q € 1L, that is p € ||a;||p.

o If the last rule is (s-p) so that P = u¢.Q, a = o(b), a; = o(b;) for i € n and we have

b Q[P/CT] [bis-..,bn]. Let p € |alp, which means that p = fd(q) with ¢ € [blgp/c+-
For i € n we have q € [|b;[|g[p/c+] by inductive hypothesis and hence p € |[a;| p.

Lemma 80 Let P be a closed positive formula and let a : P. If b: P, one has a P [b] iff
a="0b. Let (bj: P)jcy, (Jp)rer be such that Ypcx Jip = J. Then one has a P [bj | j € J] iff
there is (ci : P)rex such that a P [cy, | k € K| and ¢, P [b; | j € Jy] for each k € K.

107



CHAPTER 2. POLARIZED LL WITH FIXPOINTS AND ITS SEMANTICS

Proof: Straightforward induction on the size of a. |
Definition 81 We know that a P [a], and since [a] = [a] + [], there are a’,e € P, by
Lemma 50, such that a P [d',e], a’ Pla], and e P []. Therefore we have a = a'. This

implies in particular Je : P e P []. Such an e is called a coneutral point of P.

By Lemma 30, if a P [e,b] and e is coneutral then a = b (by taking J; = @, Jo = {1},
K ={1,2}, c;1 = e, ca =b, and by = b), and if a : P there is a coneutral e such that a P [e, al
(which depends generally on a). Coneutral points are generally not unique: for instance in
1@ 1, both (1, %) and (2, *) are coneutral.

The following lemma is functoriality of our point deduction system. We saw functoriality
of kuLLP in Section , and we will see the semantical functoriality in Lemma

Lemma 82 Let Q be a positive formula, n a literal, m a closed type valuation such that
all free type variables of Q, but possibly n*,n~, are in dom(w). Let d : Q [x], assume that
(ot al : N)iy,bj : P|s:cj: N foreach j € rg,d. If (a; : NP, are such that for all

i € n one has a; ]/V? [al | j e rg,d|. Then
(o s ai s Ny), d{by /G Yiergya Q [ P/nt] | @ [mos/mt] + dles/Gm)byerg,a : @ 7, N/ |
(2.2)

and

(i s ai s Ny)d{e; /G yergya Q [ N/ 1| Q [mos/n™ ]« dfby/(5.m) }jergya : @ [, P/
(2.3)

Proof: By induction on the pairs (@, d), ordered lexicographically, following the definition of
substitution of terms in formulas in Section . It is important to notice that the universal
quantification on 7 is part of the statement we prove by induction. We set J = rg, d.

> 1 Q =1 then d = x, J = @, Q [r,5/n*] = o, d{b;/(j.n)}ses = dles/(im)}jes = * and
(ai Pi[])izy- We have b (a; 1 a; : Ny)jq,+ 1 1] e:%: L as required.

> The case Q = (T # 0 is similar.

> If Q@ =nt, d = (j,n) for some j € I then J = {j} and hence d{b;/(k,n)}res = b; and
d{ci/(k,n)}kes = ¢;. Moreover we have (ag P; [ai])?, so that ag = a; for each i € n
by Lemma 0. We have Q [r,s/nt] = s and the first conclusion is identical to the typing
assumption on s. Since @ [m,s/n~] = e the second conclusion is obtained as in the previous
cases.

> If Q = Q1 ® Qs then d = (d1,d2) with (dk s Qg [W])k:l’Q. Let K = {1,2} and J = rgndk
for k € K so that J = J; W Jo. By Lemma &0, for each ¢ € n and k € K there is a(k); : NiL
such that (a(k); N [al | j € Ji))i, for k € K and (a; N+ [a(1);,a(2)i])",. By inductive

)
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hypothesis we have

= (i alk)s s Ny, didbs /() Yjea  Q [ P/ |
L Qi [ms/nt | dies/Gim)en @ (7 N/ (2.4)

for k € K. Pick some coneutral (e; : N;-

)™, and fi : Qk [W,NJ-/nﬂ, we have

(o s e s NPy, B s dides /Gom) e QF [m5 N/ B s foon Qg [ N/ |
: B dife/ () iean Qu [ N /t] - (2.5)

Since (a(k); Ni- [e;, a(k);])™; we get the following by the rules (i-cut) and (i-n)

)

s B b (i alk)i « Ny, didbi/Gm) e, = Qi [ P/t
Br: di{ei /G i - QF [T N/ ] Bson s ook Qi [75 N/7] (26)

where s = Qg [7,s/n"] and consequently

= (s alk)s s Ny, B s dicdes/Gom) e = Qb |75 N/ | Bk fomi s Qi [ N/ |
PR (skx Br) + di{b;/(3:m)}jes @ [RP/W} (2.7)

Using the fact that (a; Nt [a(1);,a(2)i])}-; and the coneutrality of fi, fo we get

)

F (i a; s Ny, Br s dif{c;/(Gym) Yjes : QF [WL,N/U_] ,Bo dof{c;/(G,m) }ies : Q [WL,N/U_] |
D (R.(s1% B1), R(s2% B2)) : (didb;/ (5, m) }jen, d2{b;/ (G, m) }ier)Q [Wap/nﬂ (2.8)

Since we have d{b;/(j,n)}jes = (di{b;/(4,n) }jen,d2{b;j/(4,1)}jes) and similarly for d{c;/(j,n)}jcr,
we finally get

(i s ai s NPy, d{bs/(Gon) e = Q [, P/t | | (B, Ba).( % (R.(s1 % Bu),
Ji.(s2 % B2)) : dfe;/Gom)ses : Q1 [ N/mT](2.9)
as contended.
> The case Q = Q1 @ Q2 is similar. The second conclusion is obtained in the same way.

> Assume that Q = R*, so that d = [d), | k € K] with di: R [w*]. For k € K let J; = rg,dy
so that J = 4§ Jy. By Lemma 80, for each i € n and k € K there is a(k); : Ni* such
that (a(k); Ni [al | j € Jo)iy for k € K and (a; Ni- [a(k); | k € K]),. By inductive
hypothesis, for each k € K we have

F (i s alk)i s Ny dicfes/(Gm)Yies, s R[wN/n7) |t didbg/Gon)Yea, < RS |7, P/n*|
(2.10)
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where t = R [m,s/n7], so
= (@i a(k): s Ny, B dilbi/ G e+ B [ P/t
DRt B) s di{ci/(4,m) Y jesn R [m, N/n~] (2.11)
So
= (@i a(k): s Ny, B dilbi/ G e s B [74 P/t
der Rt % 8) s [deles/Gom) biea PR [, Nfn] - (2.12)
and hence

F(ai s a(k)i s Ni)iey, v [dedb;/(G,m) Yjes) : TR (7, N/n~] |
L kB(der R.(t% B) % 7) t di{e;/(Gm s RE |75, Pyt (213)

Since (a; Ni* [a(k); | b € K)_y and [di{c;/(,n)byes, | b € K] URE [t N+ /ipt] [ldi{ei/ (G m) e, |
k € K] we have
F(ai s ai s Ni)izy, v« [didbs/(5,m)}jes, | kB € K] 2 TR [m, N/~ |
: (nB.(der f.(tx B) < 7))’ < [di{e;/Gmbies, | k€ KR [w, P/n*]|  (2.14)

and therefore we have

(o s ai s Ny, [difes/ (Gom) ey | b € K] ARE [, P/t |
c iy (o k. (der &.(t % B) %)) : [di{bi/(G,m) }jes, | k€ K]?R [x, N/n~] (2.15)
as required. The second conclusion is dealt with similarly.

> Assume that @ = u¢.R. Weset Rp = R[P/n"] and Ry = R {NL/nﬂ. We have d = o(d°)
with d® : R[n] [Q[r] /¢T]. By Lemma 77 we can find f : R [r] as well as a family (d; : Q [7])icL
where L = rg f such that d® = f{d;/(1,O)}ier. Let J = rg,d, we have J = J W), J; where
J' =rg,f and J; = rg,d; for each | € L. By Lemma 50 we can find a] alt : N such that

a; ]/V? [a}] + [al | I € L] and aé]f\fivl [} | j € J'] and czﬁ]/\fivl [al | j e g, foralli=1,...,n.
Let I € L. We set fi = di{b;/(j,n)}jes, and g = di{c;/(j,n)}jes,- By inductive hypothesis

(since szd; < szd” < szd) we have, for all | € L,

Fo(a; :odb 2 Ny fi o pC.Rpln] | Q [ﬂ, s/n"'} © g : v(.Ry [ﬂ'J'} (2.16)
Let p = m- (uC.Rp [r] /¢T). Notice that all the free variables of R, but possibly n, 7~ are in

dom(p). Let d* = f{f;/(I,{)}icr so that d' : R[p] since f : R[r] and f; : u¢.Rp [r]. Notice
that rgnd1 = J'. We apply the inductive hypothesis to (R,d') and get

= (it af s Ny, d b/ (G.m) e R [, P/ |
R [p,s/nt] s d e/ (o) }ser BY [p" N/n7] - (217)
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Notice that R [p, P/¢*] = Rp [r] [u¢.Rp [7]/¢*] and R [p, Nt /gﬂ = Ry [7] [u¢.Rp [7]/¢H]
so that

o < fd(7.(R [ps/n" | %)) b (o = af : NIy, o(d{b;/ (5, m)}jer) : pC-Rp [,
ot de;/Gmbier : By [7]" [(nCRp (1)1 /¢7] (2.18)

We have

o(d'{b;/(j,m}jer) = dlb;/(G,n)}jes

d'{c;/(G.mYjer = Hei/(GomYjer{fi/ (1, Oher
hence by (2.16) and (2.18) applying rule (i-v') and using also the fact that a; Jf\fjL [a}] + [al |
l € L], we get

F(ai s ai s No)iey, d{bj/(j,m)}jes : uC.Rp (7] |
LCR (75 /] s o (D e/ Gon) e o/ (1 OhervC. (R[] (2:19)

and notice that o (f){c;/(j,m)}jer {91/, Obier = d{c;/(j, J)}jerg, a since g = di{c;/(j,n) }es,
and d = o(f){d;/(1,¢) };er; the announced statement is proven. For the second conclusion we
proceed similarly. [}

Notice that we do not need this current format of Lemma 82. However we at least need to
have Lemma 82 without the points just to say that @ [, s/n7] and Q [, s/n~] are well-typed,
and moreover it shows some sort of completeness of this realizability semantics for @ [, s/n™]

and Q [m,s/n7].

Lemma 83 Let QQ be a positive formula, n a literal, ™ a closed type valuation such that all free
type variables of Q, but possibly nt,n~, are in dom(rw) and let d : Q[x]. If s € |¢j|n(b; : P)
forallj € J =rg,d then Q [m,s/n"] € ]d(?)]Ql [TrJ-,N/n*](d(?) : Q 7, P/nt]) where d(?) =
d{b;/(4.m)}jerg,a and similarly for d(@). And we have Q [z, s/n~] € \d(?)]QL [n P/nt] (d(?) -
Q[m,N/n7]).

Proof: By induction on the pairs (Q,d), ordered lexicographically, following the definition
of substitution of terms in formulas in Section

> The cases Q = 1 and Q = n™ are trivial.

> If Q = Q1 ® Q2 then d = (d1, d2) with (dy, : Qg [7])g=12 and J = J1 & Jo where Jy = rg, di
and by inductive hypothesis we have s; = Qi [7,s/n"] € |g|n, (fi : Px) where fi = dk(?),
Ny = Qr [ﬂ'J‘,N/T]_}, gx = dip(@) and Py = Qy [r, P/nt] for k = 1,2. Tt suffices to prove
that ¢t € ](gl,gg)]N1@N2((f1, fQ) Py ®P2) where t = Iﬁ;(ﬂl, ﬂg).('*(fi.(sl*ﬂl), I?L.(Sg*ﬁg))). We
use Lemma 78 so let ¢ € ’gk|Qé_ for k = 1,2, we have tx(q1,q2) — (e*(R.(s1xq1), k-(S2%q2))).
We have s * g € 1L(fx : Px) and hence (£.(s1 * q1),k.(s2 x ¢2)) € ||(f1, f2)|lp,ep, so that

ox(R.(s1xq1),R.(saxq2)) € IL((f1, f2) : PL® P) and hence tx(q1,q2) € IL((f1, f2) : PL ® P»).
The case Q = Q1 & Q2 is similar.
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> If Q = |R' then d = [dy,...,d;] with J = Lﬂle Ji where J; = rg,d, for each | € k. By
=
inductive hypothesis s’ = R {WL,S/U*} € |di(b )|RL[W7P/77+}(dl(? { L N/n*]) for each

I € k and we must prove that t € |[d;(€) | € L”?R[wl,N/n—]([ (—>) |l e L] : 'R [x, P/nT])

where t = IRL [m,s/n] = kB.(e * (kov.(der (s x @) 3))) where s = R [ﬂl,s/n*} and
for this we apply Lemma 78. Let s1 € ey, ‘dl(?)‘RJ—[w NL /] it suffices to prove that
txsit € L([dy( ¥ ) | 1€ L] :'R* [, P/nt]). We have t x 7' — @ % (ka.(der &.(s' x ) *31!))!
|
so it is sufficents to prove (rko.(deri.(s'xa)xs1')) € |[di(b) | 1 € Llligtixp/yt), and
hence it is enough to prove that ka.(der&.(s'xa) % s1') € Miep |di( b NRrLm,pmr)- So let
q € U16L|dl( )|R[7ri PL/n-] it suffices to prove that (der&.(s'xq) xs;') € IL. Let | € L
7 . e -
such that ¢ € |di(0)|ppps pr sy, since s’ € Ay (0 ) g p iy (i () R[WL,N/T, }) we
have ' x ¢ € I(d)(¥) : R [WL,N/U*}) and hence &.(s' x q) € ’dl(?ﬂR[ﬂL Vo] and this
holds for this particular [ € L, that is &.(s' x ¢) € Ul€L|dl(7)\R[WL N/ Since s1 €
Nicr ‘dl(?)’Ri[le/rﬁ] it follows that s;  &.(s' x ¢) € L, hence der#.(s'xq) x s1' € I

as expected since der &.(s" % q) x 81" — 51 % &.(s' * q).

> Assume that @ = u¢.R. We set Rp = R[P/n*] and Ry = R {NJ-/n*], Qp=QI[P/n"]
and Qn = Q {NL/nﬂ, and also t = Q [m,s/nT]. We also use p =7 - (Qp [7] /(7). We have
d=o(d") with d° : R[n] [Q[r] /¢T]. By Lemma 77 we can find f : R[r] as well as a family
(d; : Q[n])icr where L = rg.f such that d® = f{d;/(l,{)}icL. Let J = rg,d, we have J =
J' W4, J; where J' = rg,/ and J; = rg,d; for each [ € L. By inductive hypothesis apphed

to (Q,d;) (since szd; < szd® < szd) we have t € ‘gl|QJ]\‘][7TJ-](fl : Qp[r]) where f; = di( b)
and g, = dy(@) for each [ € L, since szd; < szd” < szd. Notice that f(_)){gl/(l,g‘)}leL =
d°(€) by definition of the g;’s. We must prove that ¢ € |d(?)|Q]J\7[7TL:|(d( b):Qpln]) so let
pE Hd(?)HQN[ﬂ, it suffices to prove that t x p € iL(d(?) : Qp [r]). We have p = fd(¢) with
q€ |d0(?)|RN[7r,QN[7r]/<+]- We have (see Section )y t=Q [m s/nT] = FQL ] ¢ where
c=exfd(i.(s xa)) where s = R [p,s/n"]. So t xp — (Rn [m,t/CT] % q) [ka.c/e].

Notice that f(¢) = f{¢;/(j, n)}jes satistfies f(@) : Ry|[r] and hence by inductive
hypothesis applied to (R, f(g)) we have that Ry [m,t/¢ "] belongs to the set

|f(7){9l/(l>C)}leL|RILV[WL7QH,TL]/H(f(7){fl/(l>C)}ZeL : Ry {73 Qp [n] /Cﬂ)

since we have seen that ¢t € |gl|Ql[7rL](fl : Qp [r]) foreachl € L. Since q € |d0(?)|RN[7TyQN[ﬂ/C+]

and d°(C) = f(@){a/(1,{) hiey, it follows that ¢ = Ry [r 7f/CJ*q € L(f(Of/WLOber :

Ry [, Qp 7] /¢T]) which means ¢ —* e xr for some r € || f(°¢){f1/(l C)}IGLHRN (,Qp[r]/¢t]
and therefore ¢ [ka.c/8] =* ka.cxr = ka.(exfd(k.(s'xa)))*xr — exfd(k.(s'x7)). Notice next

that f" = f{fi/(l,O)}er : R[m, Qp (7] /¢T] = R[p]. Hence by induction hypothesis applied
to (R, f') and since f/(¢) = f(@){fi/(l,)}hier we have s’ € \f’(7)\RL[,)L,N/n—](f'(7) :
R [p,P/nT]) and hence s’ xr € JL(f’(?) : R[p,P/n"]). Notice that f/(?) = do(ﬁ) and
hence we have &.(s' x 1) € |d°(b)| gy, p/y+] and therefore, by definition of p, fd(%.(s' 7)) €
Hd(?)HQP[F]. So we have e x fd(k.(s' x 1)) € iL(d(?) : Qp[r]) and hence t xp € iL(d(?) :
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Qp [7]) as contended.

> The second statement of the lemma is proven similarly in the same induction of course
since the case @ = 'R’ (change of polarity) for a given statement uses the other one as an
inductive hypothesis. u

2.2.4 Example: the integers

We continue the example initiated in Section . There is a bijection from N to the points
a : nat which maps 0 to 0 = o(1,%) and n + 1 to n+ 1 = o(2,m). With these notations the
following rules are derivable in the point typing system.

e If (a; N; [])™, then F (a; i a;: B)™, | 0:0: nat.
o If @ |p:k:natthent ® |sucp:k+1:nat.
o IfF (a; :al - Ny | p:a: P, (o :a?: N)“i[,b:Q] | a:s: Ptand

(2 (2

(a; ]VZI [a},a2])P_y then F (g = a; s Ny [,b: Q]| it(p,t;s):0: natt.

177

-Ifl—(ai:a}:Ni)?zl[,b:Q]|sza:PL,l—(ai:a?:Ni)?le,a:P\t:a’:PL,

Fo(oi ad  N)y,d 2 P | it(p,t;e) @ W : natt and (a; Nit [a},a?,a?])?; then

F(ag:a; s N)Py[,b: Q) | it(p,t;8) :m+ 1 : natt.

This shows semantically that it(p,t;s) is an iterator, with p corresponding to the base case,
t to the inductive step and s to a continuation using the result of the iteration.

Interpretation Theorem

Using the previous lemmas it is not very hard to relate the point typing system with normal-
ization.

Theorem 84 Let ® = («a; : a; : P, be a point context and let a : P, let p; € |ai|p, for
1=1,...,n.

1. If c= @ then clp; /oyl € L.

2. Ifck ®,a: P then c[p;/a;]4 € 1L(a: P).

3. Ift®|s:b: N then s[pi/ou]l4 € |b|n.

4. If=-®,a:P|t:b: N then t[pi/a;|l, € |b|n(a: P).

5. Ift® | p:a: P then plpi/oi|l_ € |a|p.
Proof: By induction on the point derivation ¢ for ¢, t and p. To increase readibility we use ¢’
for ¢[p;/a;]?_; and similarly for s and p. In the induction, we use the notations introduced in
the statement of the theorem to avoid boring sentences introducing new symbols. But one has

to keep in mind that the satement proven by induction contains the universal quantification
on the p;’s.
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> ¢ consists of (i-n) so that we are in case (5) with p = «; for some j € n, and a = a;. In
that case we have p’ = p; and the expected conclusion follows from ||a;|| p; € laj|p;.

> consists of (i-1) so that we are in case (5) with p = () and a = x . We have p’ = () so that
/
prelxll €

> 6 ends with a (i-®) so that we are in case (5) with p = (q1,¢2), a = (b1,b2) and we have
subderivations &; of - (c; : al : PA)™, | ¢; : b; : Q; for j € 2 and moreover a; P; [al, a2
for all i € n. For each i € n we know that p; € ||a;||p, and hence by Lemma 79 we have
pi € |lal|lp, for each i € n and j € 2. Hence by inductive hypothesis ¢;’ € bjlg, so that

p/ = (Q1/7QQ/) € ”(b17b2)HQ1®Q2 - |(b17b2)’Q1®Q2'

> 0 ends with a left (i-@) the case of a right (i-@®) being of course completely similar. We
are in case (5) and P = Q1 ® @2, p = in1(¢q) and a = (1,b) and we have a subderivation
dp of F @ | ¢ : b: @Q so that by inductive hypothesis ¢’ € |b|g, and hence p’ = ini(¢) €
H(lv b)HQl@QQ - |(17 b)|Q1@Q2'

> ¢ ends with a (i-<). We are in case () with p = &.c and we have a subderivation §; of § which
has ¢+ ®,a : P as conclusion. By inductive hypothesis we have ¢’ € 1.(a : P) = |a|p® = ||a| p®
and hence p' = £.¢/ € |a|p as required.

> ¢ ends with (i-u) so that we are in case (5) with P = u¢.Q, p = fd(q) and a = o(b) and ¢
has a subderivation d; whose conclusion is = ® | ¢ : b: Q [P/¢*]. By inductive hypothesis we
have ¢ € [bg(p/c+] and hence p' = fd(¢') € [|o(b)]lc.q € lalp.

> & ends with (i-1) so that we are in case (5) with P =IN, p = s' and a = [b; | j € J] and
0 has a subderivation 6; of - (o : a{ : PL) | s:bj : N for each j € J and moreover we
have a; P; [a] | j € J] for each i € n. Since |ja;||p, C ||al||p, for each i € n (Lemma 79)
and j € J we have s’ € |bj|y by inductive hypothesis applied to d; for each j € J and hence
P =(s) €l Clalp.

> § is (i-e) so that we are in case (1) with N = PL, s = e, b = a and a; P, [] for each
i € n. We have s’ = e so that for all p € |al|p we have s’ xp € l.(a: P) which means that
s' € |a|pL(a: P) as required.

> § ends with a left (i-&) (the case of a right (i-&) is of course completely similar) and we
are in case (3) with N = Ny & Na, a = (1,a1), s = (s1,s2) and we have a subderivation §;
whose conclusion is - @ | s1 : a; : N1. The other subderivation dy makes sure that so is well
typed in the typing system of Figure 2.3. Let p € ||(1, CL1)||N1L®N2L that is p = iny(p1) with
p1 € \a1|N1L. We have s’ xp = (s1/,82") xin1(p1) — 1’ *p1 € 1L by inductive hypothesis and
hence s’ € |a|n.

> 0 ends with a left (i-&) (the case of a right (i-&) is of course completely similar) and we are
in case (1) with N = Ny & Na, b= (1,b1), s = (s1, s2) and we have a subderivation §; whose
conclusion is - ®,a : P | s1 : by : N1. The other subderivation 2 makes sure that s is well
typed in the typing system of Figure 2.3. Let p € H(l,bl)”Nll@Nzl that is p = in1(p1) with
p1 € |b1|N1J_. We have s’ xp = (s1/, s2") xin1(p1) — s1’*p1 € IL(a : P) by inductive hypothesis
and hence s’ € |b|y(a: P).

> § ends with (i-x) and we are in case (3) with s = ka.c and we have a subderivation ¢; whose
conclusion is ¢ = ®, v : @ : N. Let p € |la||y1 we have s’ xp — ¢ [p/a] € 1L by inductive
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hypothesis. It follows that s’ € |a|y.

> § ends with (i-x) and we are in case (1) with s = ka.c and we have a subderivation ¢; whose
conclusion is ¢ - ®,a : P,a: b: N. Let p € ||b||yr we have s’ xp — ¢ [p/a] € IL(a: P) by
inductive hypothesis. It follows that s’ € |b|y(a : P) as required.

> 0 ends with (i-1) and we are in case (3) with N = 1, a = %, s = k,.c and § has a
subderivation d; whose conclusion is ¢ - ®. We have s’ % () = £,.¢/ * () = ¢ and since, by
inductive hypothesis, ¢ € 1L, if follows that s’ € | % |, .

> § ends with (i-1) and we are in case (1) with N = 1, b = %, s = k,.c and ¢ has a
subderivation d; whose conclusion is ¢ - ®. We have s’ x () = 1./ x () — ¢ and since, by
inductive hypothesis, ¢ € 1.(a : P), if follows that s’ € | * | (a : P).

> § ends with (i-%) and we are in case (3) with N = N1 % Na, a = (a1,a2), s = k(aq, a2).c
and we have a subderivation §; whose conclusion is ¢ = ®, 1 : a1 : N1,a2 : as : No. Let
p € H(al,ag)HN%@)Nj, that is p = (q1,¢2) with ¢; € ]aj]N]; for j € 2. We have s’ xp —
d[q1/01,q2/a2] € 1L by inductive hypothesis. It follows that s’ € |a|n.

> ends with (i-%) and we are in case (1) with N = N1 &% Na, b = (b1,b2), s = k(aq, 2).c
and we have a subderivation §; whose conclusion is ¢ = ®, a7 : by : Ni,a9 : by : No,a : P.
Let p € H(bhb?)HNli@Nin that is p = (q1,¢2) with ¢; € |bj‘NjL for j € 2. We have s’ xp —
dlq1/a1,q2/a2] € 1(a: P) by inductive hypothesis. It follows that s’ € |b|ny(a : P).

> ¢ ends with (i-7) so that we are in case (3) (notice that there no case (1) for this rule) with
N =7Q, a =[b], s = derp and ¢ has a subderivation J; whose conclusion is - ® | p : b: Q.
Let p € [|[b][lig, that is p = t' where t € [blgr. We have s’ xp — txp' € 1L since p’ € [b|g by
inductive hypothesis.

> ¢ ends with (i-cut) and we are in case (1) with ¢ = s*p and § has two subderivations d;
and &, with conclusions - (a; s af : PH)iy | s:b: Q- and b (o :af : PH) ) | p:b:Q and

7 (3
a; P, [a},a?] for all i € n so that by Lemma 79 we have p; € |a]|p, for all i € n and j € 2. By
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inductive hypothesis we have s’ € [b|g. and p’ € [b|g so that ¢’ = s"xp' € L.

> § ends with (i-cut) and we are in case (2) with ¢ = s*p and § has two subderivations d;
and 6, with conclusions F (a; : a} : PH)j,a: Pls:b: QT and - (a;:a? : PR, [p:b:Q

and a; P; [a},a?] for all i € n so that by Lemma 79 we have p; € |al|p, for alli € n and j € 2.

By mductlve hypothesis we have s’ € [b|g.(a : P) and p’ € [b|q so that ¢/ = s'xp’ € l.(a: P).
> 0 ends with (i-v), remember that this rule is given at the beginning of Section . As-
sume that we are in case (4) with N = v(.R*, s = Fpeca.(c;t), we have a point d : R, a
subderivation 6" of § whose conclusion is - (a; : a? : P*),a: P | t: h: Q%*, a subderivation
§" of § whose conclusion is ¢ F (o : @} : P, h: Qo d{hy/(l,n) her : R [QL/C_}, and for
each | € L = rg.d we have a subderivation d; of 6 whose conclusion is I~ (a; : al: P by
Q| w: fi : v¢.R* where u = = Rt ca.c = Rpica. (c;e). With these notations we have b =

o(d){f1/(l,¢) }ieL. Moreover a; P; [a},a/]+[al | I € L] so that by Lemma 79 we have p; € |al|p,
foralli € nand ! € L, and p; € |a}|p,, p;i € |a;’|pi foralli € n. Let p € ||b|| 5+ so that p = fd(q)
with ¢ € |d{fl/(l,<)}l€L‘R[NJ_/<+:|. Then we have s’ xp — (R [u’/C+] *q) [Fca.c/ [t//o] /e]. By
inductive hypothesis applied to the &;’s we have u’ € |fj|n(h; : Q) for each | € L and hence
by Lemma 83, R [u'/¢t] € |d{fi/(I,{) herlrin/c-1(d{hi/(1,{) bier : R[Q/¢T]), therefore:
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R[u /(] *q € L(d{h/(1,¢) }ier : R[Q/¢T]) which means that R [u//¢T] x ¢ —* e xr with
r € ||d{hi/(l, Q) herllrigc+)- It follows that (R [u'/(H]xq) [wa.c [t /o] /o] =* wa.c [t/ /e]xr —
d [r/a][t'/e] since r ¢ &, r is closed and t' has no free names. By inductive hypothesis applied
to o' (with substituting positive terms the p;’s and r which satisfies r € |d{h;/(l, () }ieL|riQ/c+]
as required) we have ¢ [r/a] € A(h : Q) and hence i.c'[r/a] € |h|g. We also have
t" € |hlgL(a : P) by inductive hypothesis and hence t' x &.(¢'[r/a]) € ll(a : P) so that
dr/a][t'/e] € lL(a: P) and hence s’ xp € 1. (a: P). Since this holds for all p € ||b|| 51 we
have proven that s’ € |b|y(a : P) as required.

> § ends with (i-v) and we are in case (3) with N = v(. R+, s = Rt co.(c;t), we have a point
d : R, a subderivation ¢” of § whose conclusion is - (a; : a? : P-) |t : h : Q*, a subderivation
8’ of § whose conclusion is

ek (aitaj: PR)h: Qo d{h/(mber s R [Q/C]
and for each | € L = rg.d we have a subderivation ¢; of § whose conclusion is

Flog:ak: P b Qlu: f: v¢.RE
where u = FpL ca.c = Fpi ca.(c;e). With these notations we have b = o(d){fi/(l,{) }eL-
Moreover a; B; [a},a’] + [al | | € L] so that by Lemma 79 we have p; € |al|p, for all i € n
and | € L, and p; € |di|p, pi € |a]|p, for all i € n. Let p € ||b]|y. so that p = fd(q)
with q < |d{fl/(l,g)}leL‘R[NJ_/CJr]. Then we have s’ *p — (R [UI/C+] *q) [Ra.c’ [t’/o] /O] By
inductive hypothesis applied to the §;’s we have v’ € |fi|n(h; : Q) for each [ € L and hence,
by Lemma 83,

R /¢H] € 1a{fi/ (L Oberl minye- @R/, Ober - R[Q/CH])

therefore R [u//¢T]*q € 1L(d{h;/(I,{) }ier : R [Q/¢T]) which means that R [u//{T|xq —* exr
with r € ||d{hl/(l, C)}ZEL||R[Q/C+]' It follows that

(R {u'/{‘*‘} xq) [ka.d [t'/e] Jo] =* ka.d' [t'Je] x1r —  [r/a] [t']e]

since r ¢ R, r is closed and ¢’ is closed. By inductive hypothesis applied to §’ (with substituting
positive terms the p;’s and r which satisfies € [d{h;/(l, () }ier|rjg/c+] as required) we have
d[r/a] € A (h : Q) and hence &.(c'[r/a]) € |h|lg. We also have t' € |h|g. by inductive
hypothesis and hence t' x &.(¢/ [r/a]) € 1L so that ¢ [r/a][t'/e] € 1L and hence s’ xp € 1.
Since this holds for all p € ||b|| 5. we have proven that s’ € |b|y as required. |

2.3 Categorical semantics of xuLLP

We build a categorical model on top of the categorical model of puLL provided in Chapter
We start from the following definition which is one of the central definitions of our notion of
models of kuLLP. We assume to be given a model £ of uLL.

We write X,Y,--- for objects of the category £', and A, B, --- for those of L.
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_ P(4,1D) T, B(4,B)
E(Z, @) % @(Z,ﬁ) E(deig—g)l
z,derg)\ [t BCANE) ez 4.7
B(A, B) .
B(4.1B) iz, "B(4, B)

P, _
NCeoB(4,B) —AP  puce 4,10 9 1B)

!!C®FPTXY§>\L l@(dergc@)szag)
nC o (A, B) P(C® 4,1(1C @ B))
Mo B |Bcsticsn
1C © B(4, B)) ﬁ@(!(}@iw@?)

Figure 2.7: Compatibility of P with der, dig, and P

Definition 85 Letn and p be two integers. A (n,p)—positive functor P is a pair (P, Iﬁ) where
Pe L,y and Pzg € E(@(Z 'B), !@(Z, )) is a natural transformation. It is assumed

moreover that the diagrams of Figure commute, expressing the compatibility of P with der,
dig, and IP’ and therefore P is called the distributive law of P.

It is assumed that the length for Z is n and for § is p. We will always use this kind of
convention tacitly in the sequel.

Lemma 86 Any (n,p)— positive functor P induces a functor P : L x (LY — L.

Proof: Given (4,Y) € £% x (L) where ¥ = (Y, hs), we define P+(4, V) as P(4,Y)

and hy, (A7) 38 the following composition of morphisms in L:

B Y) ) w,m EETIN T

Let (1, f2) € (£"X(L)7)((A1, V1), (43, Y2)), we define P¥(f1, /o) € £/(P* (A1, Y1), P*(43,Y3))
as P(f1, f2). And the following diagram commutes which shows that P(f1, f2) is indeed a mor-
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phism in £'.
B, 1) — P B4, 1)
B(A ’hﬁ)l B(A3ohgy)
L=
F(A;, 1Y) P(42,!Y)
Fral Fms
—— —
B(A,.Y]) —— P(As,
B D)~y HA2 1)
|
As a consequence of Lemma 86, a (0,0)— positive functor P induces an object of £', and

and in that case P = hp.

We recall that £]Z] is the Kleisli category of the comonad (fcz, Wz, Cz) where fcz : £L — L
is the functor which maps an object A to Z ® A and a morphism f to Z ® f, and Wz, Cz
are weakening and contraction morphism respectively.

Recall from Chapter | (Section ) that one can extend a strong functor F to a functor
F[Z] : £[Z]* — L[Z] for a given object Z = (Z,hz) € L£'. On objects, one sets IE‘[Z](Z) =
F(%) And given a morphism f € [,[Z]k(z,Z), we define IF[Z](?) as

_ i _ (F ‘*)7 TF(der A_> _ i _
ZoFAy) "2 2 o F ) 2 Faz e ) T B o a) OO0 Fay)

Lemma 87 Let P = (P,P) be a positive functor and f € L(Z @ X,Y). IfP is a (n,p+1)—
positive functor, then

P[Z](I ,Q,f) € LN(Z @ PH( A ﬁ,X +(Z,?1,Y)). And if P is a (n + 1,p)— positive
functor, then

PZ](f1,1d, 1d) € £(Z o PH(Y)L, A, Y, PH(X)L, A, Y))).

Proof: The first item holds because of commutation of the following diagram :

ZoBA. T, x) —BAEE) 52 Py,

hZ®JP+<X,)7{,x) hP*(Xvﬁ,Y)

(2o B(R,7, x)) —EAEED 52 3 v

And the second item is similar to the first one.

Operations on positive functors

LL operations on positive functors: Given a (n,p)— positive functor P, strong functors
Fy,---,F, in Ly, and (n/,p')— positive functors Qy,--- ,Q, such that n’ + p’ = k, one can
define a (n’,p’)— positive functor

R="Po (Fy,---,F,,Q1, - ,Qp): the strong functor R is just Po (Fy,--- ,F,,Q1,---,Q,) as
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in Chapter 1. The distributive law is defined as follows, and satisfies the commutations of

Fig.
R(4,1B) = B(F:(4,1B)n,, @ (4, B),)

|BE A ter g )o@ 0)
B(F(A, By, (@A, B
F@(?{,_B’»;l:l@(?,ﬁ’)
B((F (4, By, @4, B)),) = R(4. B)
The bifunctor ® can be turned into a (0,2)— positive functor: the distributive law is
,u%LB € LIA®!B,!(A® B)), and it satisfies commutations of Fig.

The bifunctor @ can be turned into a (0,2)— positive functor: the distributive law is
71,72 € LUIAD!B,!/(A® B)), and it satisfies commutations of Fig.

The functor ! is a (1,0)— positive functor: the distributive law is dig, € L£(!4,!lA4), and
satisfies commutations of Fig.

Let P be a (n,p)— positive functor. One can define its De Morgan dual, denoted as P,
as a strong functor: P+ = PL. Notice that PL is just a strong functor, so we do not have a
distributive law for it.

Fixpoint of positive functors: Let P be a (n,p+ 1)— positive functor. We must define
a (n,p)—positive functor plP. We set ulP = pP. The distributive law pP must be a natu-

ral transformation. /;IVP)X 3 € E(@(Z,@), ‘@(Z,ﬁ)) To define it, we first notice that
(!@(X, ?),@27(37@(273))) is an object of Coalgﬁ@z—é). So, by the universal property of
@(Z, @), there is a unique morphism /EDZ & such that the following diagram commutes:

B(4.1B,1P(4, 7B)) e ) B(A4, 1B, 5B(4, B)

EI EPFZ,(B,@(XFB)))\L

AR TR umRB) = B(A B A B)

Lemma 88 Given a strong functor F € Ly and an object Z = (Z,hz) in L', there is
a unique functor w(F[Z)) : L]Z]* — L[Z] such that M(IF‘[Z])(Z) is the initial object of the
category Alg (ﬁﬁ) for any object A € Lk, and M(F[Z])(?) is the unique morphism making
the following diagram commute for any 7 € £[Z]k(§1>, E;)

W(F(Z)(B) — D (B

! T

F (u(F(2))(B) F g (u(FIZ])(

12

Fo (uEF12)()

where the composition is considered in the category L[Z].
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Proof: Since F € £+ there is a functor uF : £¥ — £ such that W(X) is the initial object
of the category AlgE(FX) for any object A € L.

Now, by the construction above (see Section for details), one can extend ulF to a
functor (uF)[Z] : L[Z]" — L[Z]. We take (uF)[Z] as the unique functor u(F[Z]). Let us
take an object A € L. We have (MF)[Z](X) = ,LT]F(X) We need to show that /LF(X) is
the initial object of the category Alg, (Fx) First observe that (,uTF(Z), h) is an object of
Alg 7 (F+) where h is the following:

Wz®Id

Z®F4(uF(A)) F (F(4)) —= uF(4)

So, let us take an object (B,g) of AlgE[Z](Tz) where g € ﬁ[Z](Fz(B),B) = L(Z®
FZ (B), B). We need to provide a morphism g € Alg, ) (Fz)(W(Z), B). Having a morphism
ge £(Z®/LTF(Z), B) is equivalent to having a morphism cur’(g) € E(MTF(X),Z —o B). Since
pF(A) is the initial object of Alg,(F~), it is enough to have a morphism ¢’ € L(F+(Z —o
B), Z —o B) in order to have cur’(§). And this is equivalent to provide a morphism cur’ ' (¢') €
E(Z@)FZ(Z —o B), B) which is as follows:

ZoF4(Z - B) 2 29 Z20F4(Z — B)
lld ®hz®Id
ZRF4(Z®(Z—~B)) +—= ZR®!Z®F4(Z — B)
Id ®@F—
Id ®Fz(derg®ld)l -

ZRF4(Z®(Z—~ B)) ——=——— Z&®F(B)

Id ®?X(ev)
g
B
So, g is cur’/ 71(;’ ), and it satisfies the following diagram
Z e iF(4) g B
Z @ F+(uF(A)) g (2.20)
Cz®Id

Because one can see that the following diagram commutes which is just unfolding (considering
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the composition in £ rather than £[Z]) of Diagram

Z® ;TIF(Z) g B
Id ®(Wz®2~)
Z® Z @ F-(uF(A)) g
C£®|d
Z @ F+(uF(A)) Z@F4(B)
Cz®ld Id @F— (9)
Z® 2@ F4(uF(A)) Z@F+(Z 2 uF(A))
Id ®hz Id Id ®F— (der z®Id)

A Id®]F7
Z®12 & F3(uF(A) ——=— ZoF4(Z & uF(A)

Lemma 89 Given a morphism g € L[Z](Q(Y),Y) where Q is a (0,1)— positive functor,

0,
there is a unique morphism g € L[Z](pQ,Y) such that g € Alg .4 (Q[Z D(Q,Y).

Proof: By Lemma 88, we know that there is a unique object ©(Q[Z]) € L]Z] which is the
initial object of the category Alg,(z(Q). Since g € L[Z](Q(Y),Y), there is a unique mor-
phism g € L[Z](1(Q[Z]),Y) by the universal property of the initial algebra of the endofunctor
Q on the category L[Z]. Hence, to conclude the statement of the lemmas, it is enough to
show that p(Q[Z]) = pQ. As we saw in the proof of Lemma &3, one has u(Q[Z]) = (pQ)[Z],
and (uQ)[Z] is the same as pQ (considering pQ, equivalently, as pQ : 1 — £). And finally,
by definition (Section 2.3), we have puQ = pQ. [ |

Lemma 90 If Q is a (0,1)—positive functor and g is a morphism g € L(Z @ Q1 (Y),Y),
then there is a unique morphism § € L/(Z @ (uQ)*,Y) such that § € Alg,£(Q[Z2) (1Q,Y).

Proof: By definition, we have uQ* = @ = @ = ,u@. The following diagram commutes
which shows that g is indeed a co-algebra morphism. The proof of this commutation is shown

in Figure
ZRu
I/ ‘Z®u@
Z Q@

\e@\
\'*<

Y

“—
=

\@\
R
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Interpretation of proofs and formulas

— — — —
Definition 91 ((,¢%) = (¢,-.-,¢,, &, - ,5;‘) is adapted to P (respectively N ) if (™, &T)
is repetition-free (no literal appears twice in the whole list) and all the free variables of P (re-
spectively N ) appear in that list.

— —
Let P be a positive formula and assume that (¢7,£7) = (¢, ..., ¢, &5, &) is adapted
to P. We define its interpretation as a (n,p)—positive functor [[P]]C—g e Ifn=p=0 we
simply write [P]. ’
— =
If N is a negative formula and (¢7,&7) = (¢7,...,¢,, &7, &) is adapted to N we

define its interpretation as ([N J-]] =g =)t

The definition of [[P]]—> = is by induction on P and uses the constructions of Section

in the obvious way: [[P1®P2]]—>—> = (|IP1]]—>§+,[[P2]]C E+) HPl@PQ]]‘)—) = Qo
(P2 2 [P ), IV 2 = o (IN*] )b, and [uZ.Pls 2 = (Pl 2 ).

Lemma 92 Let A be a formula and 7 be a type valuation N1/, ..., Np/&n P /G, oo P/ G
Then

(Al =[Alz 2 o (INiD, - S INa], [2A] - - [B%D)-

The proof of Lemma 92 is by a straightforward induction on A. Notice that the substi-
tuting formulas are closed, so the composition in Lemma 92 is just an application.

We define the interpretation of terms, as usual, by induction on proofs based on Figure
As we have different judgments, we must have different ways of interpreting terms which is
explained as follows:

e if N |p: P, then [p]}; € (V1] [P]):

« if N, P|t: N, then [t]i p € L(N*] @ [N*], [P]);
e if cE N, P, then [} p € L'(IN*], [P]);

« if FN|t: N, then [ty € L(IN] ® [N1], L);

o if ¢ N, then [c]y € L(IN*],L).

We only give the full details of the interpretation of Fyca.(c;s): the other cases are
defined diagrammatically in Figure
Remember that ¢ - N, P,a : Rt [PL/C_} and F N[,Q] | s : P+. By induction
hypothesis, we know that [[CﬂXfPN[ e LY(IVY] @ [Nt [P/¢H]]LIP]), and [s]f, €
LN @ [P [QD).
L 17 — i + LTASL
By Lemma 02, [N [P/¢*]1 = (IN*]g)o(TPD). So, we have [eTf, e ) € £V

[N+]e+([P]), [P]), and we denote

P/c]

[[C]]j\_/'PN[PJ-/C*] by f. Hence, by Lemma 90, we have a

123



CHAPTER 2. POLARIZED LL WITH FIXPOINTS AND ITS SEMANTICS

W[[NL]]@)[[P]]
—> [[

ol . : V1 ® [P] Pl 0L IV —2, )

[0, )L s IV 2 v @ v PR (p g pyp

il W 25 P PoR [edp v S (o)
s M1 - IV —521 vl
[[fd(p)]]j\r/ : [[NL]] m [[P [MC-P/C+]]] = [[MC-P]] !([[Cur(t)ﬂNL]](@[[NL]],l]]N)l
V] = [N]
[[']]j\r/',P : [[NJ-]] ® [[P]] W, 1 ®[P] [[P]] [[<>]]JJ\F/.7P . [[/\/']] ®0~0 M [[P]]
[Oln: [VN]®0~0 Infto. [(t1, 415 p - INT ® (INE] © [N2]) 1157 polt=1 p) (P]
[(t1, e : V] © (INE] @ [Ng]) —tedeleld )
[kecyp - IN' ] @ [N*] li.r [Pl [secly « [N1] @[N] AN,
H“L'C]]/J\F/,P3[[NL]]®12[[NL]]%’HPH ﬂmde@l:MM[{Pﬂ
[5(a1, a2).cly : INY] @ ([N{] ® [N5]) vy,
erply : V] @ P — R
[[C]]j\—f Ny,Ng, P
[K(a1, 02)-clip - IV T @ (IN1] ® [N3]) ’ [P]
Copl
Ht*pHX/,PIﬂNlHﬂ)[{NLH@)[{NLH [[t*p]]N:MAM(gM
JHN Lol lM@[[pﬂf«
171 [ N ® [N'] L T w ® M

Figure 2.9: Interpretation of terms of xkulLLP
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morphism f € £'(JN1] @ u[N J-]]C+, [P]). And by the interpretation of formula, we know
that [u¢T.N*] = u[N+]e+. So, we have f € LY([N*] ® [u¢T.N+], [P]). Notice that f is

unique satisfying the condition of Lemma 90. So we define [Ry ca.(c; s)]]j\r/’Q as the following
morphism in the category L'
L 1 Cwtr® L L L
NI @ [T N7 INT@ N @ [u¢".N7]
lld ®Ff
[Q] : W@ [P]
[[SHN,Q
Soundness
We first state the substitution lemmas (Lemmas 93, 91 & 95).
Lemma 93 Assume that =N | p: P.
Id @ [p]

ckN,a: Pt then MMM@)M M@)MMN’PLL

lelp/ I n

ckN,a: PQ, then me(gwm

+

[[Cﬂ 1
W e [p) ——=2

lelp/all};
If-N,a: Pt |t:N, then

Id ®[p] {-®Id
_—

Wi e [V B e VL @ [V Wi ePle v

[tlp/ N
If-N,a: P, Q|t: N, then

+
Id ®[p] {;®Id

[@]

([, p)

N, PL.Q

1 1y S ®d i 1 1 L L I
WTleNT] ———— W] N[e[N] ——— [N ]e[Plo[NT]

[tlp/] %,
. Lo St N S N laly. o1
IfE Nya: P g:Q, then [NY] 220 V4] @ VY] W e [P 5 [Q]
lalp/ ol

Lemma 94 Assume that = N,Q |t : N.

1 [[C]ﬁ n N
If ¢t NNt then [N1] M VL] ® [NL] M VL] ® [N] xq [Q1

[elt/ollf7
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If-N,N* | s: M, then

n L i@l N N N “®%;QN¢ N N [} o
WM ] ———— VoV M ] ————— N[ [NT] [Q]
[slt/e)l% o

Lemma 95 Assume that= N |t: N.

n Id®[[c]]+ n
Tk NONS, then [NY] <20 IV @ VY] o V] @ VA 02 1

lelt/e]ln
If=N,N* | s: M, then
Cppiq®ld ld@[s]
Vo ] 2 v e IV e [MH] —— e [V 1 1
[slt/e]ln
The following lemma relates syntactic functoriality (section ) and the semantical one

(Lemma 7).

Lemma 96 Assume that = N, P |s: N, let Q be a positive formula and let ¢ be a variable.
Let also m be a type valuation such that ¢*,(~ ¢ dom(m). Then

[Q [, /¢ opmpyes) = [Qsomimy.c VAN, 1, [T )
[Q (. s/¢ 1 gevye) = [Qaom(myc— [N IN([sTr ). 1d . 1d)

Proof of this lemma is a tedious verification of interpretations of Q [, s/¢*] and Q [, s/¢7]
based on the proof of Proposition

As a direct conclusion of Lemma 87 and Lemma 96, we have the following corollary:

Corollary 97 Assume thatt-N,P | s: N, let Q be a positive formula and let ¢ be a variable.
Let also m be a type valuation such that (*,(~ ¢ dom(m). Then

[Q [ /1T gyt € £ AN 101QNsomemyc+ (TN TP IN4D), [Qltomim e+ (IVT, TP [PD))
[Q T, /¢y o e € LN 1RIQTaomimyc+ HIPT INT, TPD), [@Tommy.c+ * (VT TNV, TPT))

Lemma 98 If ¢ — d, then either [c]|n = [d]n or ﬂc}]j\r/’P = ﬂd]]j(/’P depending on the typing
derivation of ¢ and d.

Proof: We prove it by case analysis of ¢ and d based on the reduction system in Figure
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> If we have s x k.c — c[s/e]:
[s % Al = (([5Iv) © (4 ©[7-cI$)) © (Cpray)
— (IsIw) o (d@[e])) o (Cpnsy)
= [c[s/e]]ar by Lemma

> If we have ka.cxp — c[p/al:

[ra.cxply = (([ke.cly) o (Id@[p] ) o (Cpaip)
= ((Iely.pr) o (M [pI{)) © (Cpariy)
= [c[p/c]]n by Lemma

> If we have (s1, s2) *in;(p) — s; * p:

[(s1,52) *ini(p)]a = (([{s1, 52)]3) o (Id @[ins (p)] 7)) © (Cpprey)
= (([[s1]w [s2lw]) o (Id @ () o ([PIx)))) © (Cparp)

= (([sila) o (Id @[plx)) © (Cpprp)  since L is co-cartesian

= [si *pln
> If we have k(aq, ag).cx (p1,p2) — ¢[p1/a1, pa/asl:
[5(aa, az).c (p1,p2)]v = (([5(e1, a2).cly) o (Id @[ (p1, p2)] ) © (Cparep)

= ((Ielw,pg py) o (1d@(([p1] R @ [p2] k) © (Cparep)))) © (Cparay) by Diagram (2.21)

(Ll pt,pyp) o (1@ 1d @[p1] R ® Wipy) © (Cparigpry)))) © (1d @[p2] i) © Cparey
(([Celpr/aa])]vz) © (1d @p2l X)) © (Cparap)
[(clpr/aa]) [p2/c]]n
[

= [e[p1/ a1, p2/ )N

C
[NV 01 W V4]
ldpars ®CparLy
Cpaiy VY] @ [N @ V]
N @ VY] gty @l @2y
Id[[NJ_]] ®[[p2]]f\/ (2.21)
N @ [P] VY] ® [P] ® [Po]
Civer,] [l pi pst
INY] @ [P] ® [N'] ® [P] L
1d®1d ®[p1] L &Wip, [[C}]N,Pf,p;

V] ® [P] @ [P1]
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> If we have k) .c* () — ¢

([r1-cln) o (Id[OD)) o (Cpariy)
([e]a) o (1d@[O1)) © (Cparey)
([elw) o (1d @Warip)) © (Cpprep)
[clw) o (Id) = [e]n

[rLexOly =

(
(
(
(

If we have derps' — s p:

[derp x s = (([der p]w) o (Id @[T %)) o (Cparey)
= ((cur™ " ((dergpap) ™ o [PIH)) o ((d @({([eur(s) pryeppy, L In)) © (hparey))) © (Cparey)
= (([sla) o (Id @[p] X)) © (Cpprey) by Diagram

W Cvi W eV
ot lld Ohyyi g
W e V1] Wi eV
WDl [CECUBI. (2.22)
W e[P] Wie [P
HSM
! cur((derp 1 ) -olpl )
> If we have Fqu ca.cx fd(p) = (Q [Fgr ca.c/Ct] +p) [ra.c/e]: See Figure u

Notice that the computations in proof of Lemma 98 can be done diagrammatically to see
the typing, as what we did in Diagram and Diagram , but this would take a lot of
time and space.

Theorem 99 If ¢ —* d, then either [c]|ny = [d]n or [[CHXAP = [[d]]j\r/f depending on the
typing derivation of ¢ and d.

Proof: By induction on the length of reductions from c to d, and using Lemma 98. |

2.3.1 Two concrete models of kuLLP

In this section, we will show how Rel and Nuts are indeed two instances of our categorical
model of kuLLP. To do so, we need to extend the notion of variable set, definition 25, to deal
the notion of positive functor. For Rel, it is quite easy and as follows.

Let Rel,, be the class of all n-ary variable sets, so that Rely = Obj(Rel). As we saw in
Chapter 1, (Rel, (Rel,,)nen) is indeed a model of plLL. So, as we saw in Section 2.3, we can
define positive functor on top of Rel,, in order to consider Rel a model of kuLLP. And this
is just an instance of the general definition of a positive functor in the general case. Hence a
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oryueuras Aq uorjonpar (d)py x (s uv.dvimw JO UOIPRAIRSAIJ (' 9INSIq

16 ewwory £q O Y [[e/([e/5]2) 0u] (d * Tv\u.sv&L o] =

(EXT5) o (70N [(a Tv\u.cv *QL )@ p) o (P [([e/5]2) 0u])) =

129

o6 wwmory &9 ([V5) o (72 (a « T\o.c?oL ol@en o (L5 o ([0l @ /O TN o] g o) o (PN [s]))) =

(¥5) 0 (Y (a « Tv\u.a?@L oIy o (Apag@py o (/O TV\U.%&L oM@ o ("CINls) o (L7a0D @ /0N g by o (VAT =

(IIs) 0 (N a T?.%&L 1) o (Fag@ e o (T [oro> 0D AT P RDI® p) 0 ("L V5 o ([ 40T @ 2/ @I N o1 @ by o (PN [5])))) =

(ED5) o (¥ TV\U.%;OL N5y o (FLa1@ e o (F N o> 0D N P To] )@ p) 0 (L5 o (([7410] 4 g 2/ rdlr @ N 51 g0y o (A e])))) =

() 0 (Y (a « T\u.e?& 15y o ((Yag@en o (T IN LD AT PRI @ ) 0 ("CLA5) o (L0l g O N @ by o (TN [])))) =

Dy o ((( (D) o ((Yag@en o (TN DL M) PTRD )@ P 0 (TN [o])) =
as wmwor a ([05) o (Ypag@en o (e U5y o (/TN o AT P ToD® ) 0 (7PN o]))) =
(1) o (Kpag@en o (e Ty o (/2 N o g ey o (VN[5 =

Ty o (Y T@pl®pn o (7Y [(s )0 ta])) = OV [(@)py * (s £0) 0 4]



CHAPTER 2. POLARIZED LL WITH FIXPOINTS AND ITS SEMANTICS

positive n + p-ary variable set is a (n,p)— positive functor P : Rel”*? — Rel such that P is
an n + p-ary variable set.

Before going to deal with Nuts, we first relate Rel and the point typing system.

Let P be a closed formula. In Section we have introduced a point typing system. The
points of this typing system are essentially the same thing as points of the relational model,
the only difference being that a point a : P contains the ob construct at places corresponding
to occurrences of p or v type constructs in P. It is easy to see that there is a bijective
correspondence between the a : P and the o’ € [P] in Rel. To simplify notations we consider
this correspondence as the identity function.

Lemma 100 Let P be a closed positive formula. Then a P [ay,--- ,an] iff (a,[a1, - ,an]) €
[P]-
The proof is a straightforward case analysis.

Theorem 101 Let ® = (g : ay : Ni,...,af : ar : Ni) be a negative point typing contexrt and
let N'=(aq: Ni,...,a : Ny) . Then

o (a1, ,an,0) € LR iff-®|t:b: N

o (a1, an,c,b) € [N iff - ®,c: P|t:b: N
o (a1, ,ap,0) € [ iff - | q:b: P

o (a1, - ,an) € [R iff c+- @

e (a1, ,an,b) € [[c]]jf\‘/'?}g iff c-®,b: P

The proof of Theorem is a simple verification, and it uses Lemma

Non-uniform totality spaces as a model of xuLLP

Just as what we did for VNUTS, we introduce a combinatorial gadget that we will use to
describe more explicitly positive functors in the Nuts model. This can be done because
composition in Rel and in Nuts, as well as all the operations of ulLL, are defined exactly in
the same way.

Definition 102 Let n,p € N, an n + p-ary positive VNUTS is a pair P = (|P|, T(P)) such
that

1. |P| is an n + p-ary positive variable set,

2. X = ([P, T(P)) is an n + p-ary VNUTS, and
3. for any Z,ﬁ € Obj(Nuts") one has ﬁ;’lZM?\ € Nuts(@(j, !B), '(@(Z,B)))

Lemma 103 Any n+p-ary positive VNUTS P : Nuts"™? — Nuts induces a (n,p)— positive
functor P : Nuts"? — Nuts which satisfies

130



Fixpoints of types in linear logic from a Curry-Howard-Lambek perspective.

~
|
~
)
¢

) € Nuts(P(A], B}), (A2, By)). for T € Nuts"™((A;, B)), (A2, By)),

. A_B> |P|\A|\§\ and ﬁﬁ,ﬁzﬁﬂm,l?\

and P can be retrieved from P.

Examples of nat

As we can see in Chapter 1, the interpretation of nat in Nuts is a totality space (N, {u C
N | u # @}). So, [natt] = (N,{N}). Hence [!(nat})] = (Mgn(N), {M4z,(N)}), since
{Man(N)} =1 {u(!) |u e {N}} The inductive definition of hnae means this set is the least
one satisfying

o (0,k[0]) € hpat for any k € N, and

o If (ﬁ7 [77/717 ,ﬁk]) € hnah then (n+ 1) [nl + 17 , g+ ]-]) € hnat‘

Hence we have hnat = {(7, k[R]) | k,n € N}.

2.4 Application: a normalization property

To follow this section, one might need to look at some observations in the previous section
and chapter, namely Theorem and Lemma , and Lemma 7 in Chapter

As the first application of Theorem 84, one can prove the following:

Theorem 104 If cF P, then c is strongly normalizing.

Proof: Since [P]rel # @ and [c]Rel is a morphism in Rel', by Lemma 7, we know that
[c]rel # @. So, there exists a € [¢]. By Theorem , we have cF a : P. By Theorem 34, we
have ¢ € 1l (a : P). By definition of 1 (a : P), thereis a p € (|a|p \ &) such that ¢ —»* exp. B

As an example of theorem above, if we have ¢ F nat, then c is strongly normalizing,
meaning that ¢ —* exp such that p € |n|nat for some n where n : nat. And using Lemma ,
one can can extract algorithmically the value of n from p.

In order to state and prove the next lemma, first we define two mutually recursive partial
functions val (on terms p such that | p : nat) and val® (on terms ¢ such that | ¢ : 1 @ nat)
with values in N. If F| p : nat then

e if p =fd(q) then we have -| ¢ : 1 ® nat and we take valp = val® ¢;

o else if p = R.c then if ¢ =* e xpy € 1L (that is pg ¢ K) then F| pg : nat and we take
val p = val pp.
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And if | ¢ : 1 & nat then

e if g =inyr then if r = () or if » = &.c and ¢ —* e * (), then val® ¢ = 0;
e if ¢ = inyp’ then we have | p’ : nat and we take val® ¢ = 1 + val p/;

o if g=~FK.cand ¢ =" exqp € IL (that is gop ¢ &) then we have | g : 1 @ nat and we take
val? ¢ = val® gq.

Lemma 105 If F| p : nat and p € |n|nat for some n € N then valp is defined and has n as
value.

The proof is a straightforward application of the definition of |n|nat.

As it is mentioned in Section , we need to consider 7nat to encode the type of natural
numbers form Godel’s system T into kulLLP. So, it is worth trying to prove that if we have
¢ F 7nat, then ¢ is normalizing, and one can indeed extract an integer from c¢. However, to
prove such a result, one needs to look at the interpretation of ¢ in non-uniform totality spaces,
mentioned in Section

Theorem 106 If ct « : 7nat, then c is normalizing.

Proof: Extend kuLLP with a constant o which is a new command, typed by o - N where
N is an arbitrary negative context'. We also extend the point typing system with the rule
ot (a4 : a; : N;)_; under the proviso that a; Nf [] for all i € n. The benefit of this extension
is that now L contains closed commands.

We have F| () : 1, 1] e: L and F| k.0 : L. Therefore | rd = it((), ;% .0) : nat™. This
negative term is a “reader of integer” which behaves as follows: rd *0 —* o and rd xsucp —*
rdxp. By induction on n € N it is not hard to check that Vn € N F| rd : @ : nat'. Let

m = [A1,...,75 : 7nat, we have therefore | rd' : m : Inat® and hence rd' € |m||;,.c by
Theorem
Ifct a:m=Ing,...,nx : ’nat then by Theorem 8/ we have ¢ {rd!/a} € 1. By Lemma

this implies that the reduction of ¢ terminates, so that ¢ —* ¢t x & where - « : my : ?nat | ¢ :
my : Tnat, t is not of shape kf.d and m = mj +mg (because we have m !:a\t/L [m1, mg] by the
(i—cut) rule). So we must have ¢t = derp with - . : m; : 7nat | p: 7 : nat for some n € N and
mg = [1]. So by Theorem 841 we have p [rd!/a} € |f|nat and hence by Lemma valp = n.

As a whole we have described an algorithm which, under the assumption that ¢+ « : m : 7nat
for some m, produces an integer n that we denote as val, ¢, and we have m = my + [n].

By the results of Section and we know that the interpretation of [c]7nat in Rel
belongs to 7T ([?nat]) where [?nat] is the interpretation of 7nat in Nuts (that is [¢]onat is
total in the interpretation of that type). As explained in Section [nat*] = (N, {N}) and
hence T ([Inatt]) = {Mg,(N)}. Therefore [c]rnar N Min(N) # @ that is [c]onar # @ so by
Theorem there is m : 7nat such that ¢ o : m : 7nat.

!This may seem surprising at first sight but remember that weakening is freely available for all negative
formulas. So the real meaning of this rule is o = which is the familiar 0-ary mix rule of LL. It is easy to check
that all properties of kKuLLP proven so far are still valid for this extension.
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Moreover, assume ¢ - « : 7nat and ¢ does not contain o. By the considerations above the
integer n = val, ¢ is well defined (and we have given an algorithm to compute it consisting
in executing kulLLP commands). Moreover ¢ - « : my + [1] : 7nat for some m; : ?nat. Using
the model RelW introduced in [AE15] (it is a variation on the relational model where each
object is a set E equipped with a function E — Z) it is possible to prove that, because ¢
does not contain o, one has m; = []. So we actually have ¢ - a : [7] : ?nat, that is, the value
obtained by execution coincides with the value provided by the semantics.

2.5 Sum up of Chapter 2

Sum up of Chapter

e Developing a polarized A-calculus for LL with fixpoints: kuLLP.

e Prove interpretation lemma and a normalization theorem for kuLLP: Theorem 84,
104, and 106.

e Providing a categorical model for xulLLP and prove its soundness: Theorem 99.

e Providing two concrete models of kuLLP: Rel and Nuts.
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Chapter 3

Non-well-founded LL with fixpoints
and its denotational semantics

In Chapter 0, we saw the system pLL which is a version of propositional LL with least and
greatest fixed points extending propositional uMALL with exponentials [Bac12]. In [Doul?7,
BDS16], the uMALLy, system, which is non-well-founded multiplicative and additive LL with
two rules for unfolding fixed-points, is studied. They have defined a syntactic notion of validity
on proofs in order to distinguish sound from unsound proofs. The same idea is done for the
additive linear logic in [F'S13, San02], and they moreover provided a categorical semantics
for their system. However, this notion of validity condition goes back to u-calculus [Wal00,
NWO96]. A similar notion of validity of infinite proof can be found also in [Bro06, BS07].

We consider an extension of uMALL., called pll.,, with exponentials. One of our pur-
poses in this chapter is to develop a more Curry-Howard oriented point of view on ulLL
through the denotational semantics. At least this Curry-Howard perspective will help us to
formalize syntactical statement about the meaning of proofs as we discussed an example of it
in Section 3.3. Moreover as there are different validity conditions on the plLLo, proofs (such
as straight-thread, bouncing, etc. [BDKS20]), we hope that the denotational semantic shed
light on the comparison of those different validity conditions.

As we saw in Chapter 1, there is a categorical semantics of uLL, and two instances of this
categorical setting are Rel (the category of sets and relations), and Nuts (the category of
sets equipped with a notion of totality and relations preserving it).

We first recap the language and the inference rules of pylL., in Section 3.1. In Section 3.2,
the interpretation of formula and proofs in Rel and Nuts are provided together with a
soundness result in 3.2.1. Finally, the main contribution is established in Section 3.2.2 which
relates validity condition and totality of Nuts. More precisely, we show that each ulLL,, valid
proof will be interpreted as a total element in Nuts.
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3.1 Non-well-founded LL with fixpoints (uLL.)

The syntax of uLL., formulas is exactly the same as the one for pyLL in . We just recall
it here again to have a self-contained text for this section.

AB,....=1| L | A®B | ABB | 0| T | A®B | A&B | 1A | 74| ¢ | uCA | vCA

The inference rules of ulLLs, is the extension of rules of [Doul7, BDS16] with exponential
rules of LL. In other words, the inference rules of ulLL,, are the rules of LL (presented in
Chapter 0, and [Gir&7a]) plus the two following ones:

FT,F [pC F/ (1 — fold) =T, F v F/d] (v — fold)
EL uCF FT,uCF

A pllo, pre-proof is a possibly infinite tree, generated by the inference rules of ulLL...
Among all ulLL, pre-proofs, the regular/circular proofs are the ones that have finitely many
sub-trees. Those circular proofs can be represented with finite proof-trees having back-edges
or labels.

As an example, consider the type of natural numbers nat = u¢.(1 ® ¢) and its dual nat* =
v(.(L & ¢). The two following proofs, that correspond to the constant zero and identity
functions on natural numbers, are two examples of circular ulLL,, proofs. The * on the left
side of the turnstyle symbol in F nat, nat™ means that the proof of this sequent is the same
as the proof we are defining, that is the proof of the conclusion sequent. So this proof is a
representation of a really infinite proof tree.

(1)

W F1

— - (® — -  (&®» 1
F 1@ nat (1) F 1@ nat (1) m(@Q)
————— (p — fold) ————— (p — fold) -1 1

F nat F nat @ nat, nat
—— (1) N — 1 (1) ——————— (pn— fold)
F nat, L % F nat, nat (&) F nat, L F nat, nat (&)

 nat, L & nat* - nat, L & natt
(v — fold) (v — fold)
« - nat, nat ™t * | nat, nat

However, in general the pre-proofs can be unsound. For instance one can provide a pre-proof
for any sequent F I' (and in particular a pre-proof of the empty sequent ) as follows:

5 (v—fold) ———— (u—fold)
- ¢ G - T, uC €
(v—fold) — 1> (1 —fold)
Fue.Q N EIZES (
cut)
T

In [Doul7, BDS16], a criterion, called validity condition, is provided in order to distinguish
proper proofs from pre-proofs. We only sum up this criterion here and provide some examples,
and we refer to [Doul7, BDS16] for more details.

Definition 107 We define the relation — pr, on formulas as follows:

e Ax B —pp A and Ax B —p;, B where x is a binary LL connective.
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o QA — 5, A where Q is either ! or 7.

o 0CF —p Flo¢ F/C] where o is either v or p.
The Fischer-Ladner sub-formula of a formula F' is the formula G such that F' =%, G.

Lemma 108 (Corollary 2.1 of [Doul7]) The Fischer-Ladner closure of a formula (the set of
its Fischer-Ladner sub-formulas) is finite.

Definition 109 The usual sub-formula relation on pulLl. is defined as follows:

e AxB —4p A and Ax B — 4, B where x is a binary LL connective.
e QA —,.p A where Q is either ! or 7.

o 0(F — s F where o is either v or p.

The usual sub-formula of a formula F' is the formula G such that F =7 , G.

sub

Notice that the usual sub-formula relation is an ordering, so, we write A <z B if A is
sub-formula of B, i.e, we have A =%, B.

Remark 25 The variable  is a subformula of A = (v .Q)®(. Howver, there are two different
¢ in the formula A, one is the bound { and the other is the free one. To distinguish them, one
can use the notion of occurrence [Doul7]. As we also need this notion for Definition , we
provide it here.

Definition 110 (Definition 1.21 of [Doul7]) Let ¥ be the alphabet {l,r,i}. An address is a
word over the alphabet X. The empty word is denoted by €. An occurrence, is a formula A
together with an address o, denoted as Ay. If a is sub-word of B, we denote it by o < S.

Definition 111 We say than an occurrence Bg is sub-occurrence of Aq if B <gup A and
B Zsw Q.

The notion of Fischer-Ladner-suboccurrence is similar to the previous one:
Definition 112 We say that Bg is a FL-sub-occurrence of A, if A =%, B and B < .

To have simpler notations, we will drop the addresses of an occurrence and simply write
it as a formula when the address can be recovered from context easily.

Definition 113 A thread is a sequence t = (A;)icw of occurrences such that for all i either
Ait1 is a FL-sub-occurrence of A; or Ay = Ajy1.

Now to define the criterion, one also needs to annotate all formulas in a proof by an
address. One can do this automatically by defining it on inferences rules of ulL,. This is
done in Section 1.5.2 of [Doul7]. We just provide these annotations for a few rules, and one
can see in an obvious way how to do the same for the others. For instance the (%) and (&)
rule will be as follows:
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H F7AalyBar - FaAoel F F7 Bar

FT,(A% B), &) FT, (A& B)a &)

The pattern for fixpoint rules and exponentials rules is as follows:

l— F,Aoﬂ' l— F, (F [VCF/C])on
—raay, P Towcr),

Definition 114 A branch of a proof is a sequence of sequent (Fji)iew for ji € {1,2} such

7

that Fgf:f is the j;th premises of I‘fl in the proof tree for each i.

So with each branch is associated a set of threads. Notice that this thread is not
unique in general. For instance, we have two threads in the following proof; one is t; =

(1€ Qas (1€ C)ars (HC C)as - -+ and the other one is to = (¥(()g, (¥(()pis (V€ ()piis - -+ Since
the only rule applying in the following proof is the (v — fold) rule, the thread corresponding

to the uC ¢ is stationary.

(v — fold)

FHCGVCS i)

Fug.GrC.C

Definition 115 If t = (Aj)icw s a thread we use t for the sequence obtained by forgetting
the addresses of the occurrences of t. And we denote by Inf(t) the set of formulas that occurs
infinitely often in t.

For example, ¢; and ty of two threads ¢; and ty of the example above are u¢ (, uC ¢, -+
and v{ (,v((,--- respectively.

Proposition 116 If a thread t is coming from a branch of uLLpre-proof, then Inf(t) admits
a minimum with respect to the usual sub-formula ordering <su, defined in

Proof: Proposition 2.7 of [Doul7]. The idea of the proof is based on the observation that
Inf(¢) forms a cycle, and roughly speaking, the miminum of Inf(¢) is the nearest to the root
in that cycle. |

Now, we have all the required material to define the notion of valid threads and then valid
proofs.

Definition 117 A valid thread ¢ is a non-stationary thread such that min(Inf(t)) is a v-
formula with respect to the usual sub-formula ordering <sup-

Definition 118 A walid plLl. proof 7 is a pre-proof m such that for any infinite branch v =
(F I')icw, there is a non stationary valid thread t = (A;)i>; where j € w and Vi > j(A; € Iy)
and A;11 18 a suboccurrence of A;.
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We now examine some valid and non-valid proofs. Let us consider the following proof of
the formula F' = u¢ .(v€ .(C ® €)) where G = v{ .(F ® &):
xobFF  xFG

FF®G (®)
W(u—feld)
*1

— fold
*QI—F(M © )

To check if the above proof is valid, we need to see if all branches have a valid thread. The
leftmost branch of this proof is - F,F G, F @ G,F F,--- (One can see this by unfolding the
proof to see the real infinite proofs and not its finite representation). The only thread that we
have for this branch is t = F,, Gui, (F ® G)aiiy, Fait, -+, so we have t = F,G,F @ G, F,---.
However, min(Inf(t)) = F, since we have F' <4, G. Hence this thread is not a valid thread,
and there is no more thread on this branch. Hence this proof is not valid.
Let us consider another example. Take F' = v(.u. (1@ (B ((@ L)) and G = p&. (1@
(F% (£ 1))), and consider the following proof:
xFG
— (1)
FF1,G
e (@2)
FEGo LG ¥)
FF®(Gel)),G (@)
2
Flo (F¥(Gel)),G

(1 — fold)
FG,G
——— (v —fold)
s FG
In this proof, we have only one branch. However, we have two different threads. One can take
thread t1 = G4, Gy, - - - which is a stationary thread and moreover min(Inf(¢;)) is a p formula.

So, this is not a valid thread. For the thread to = F3,Gg;, (1® (F % (G @ 1)))gii, (F 3 (G
1)) giirs Faiirt, - - - we have min(Inf(t2)) = F, since F' <4, G. Hence t5 is a valid thread, and
hence this proof is valid.

Notice that there is also another thread in this proof, namely, F3,Gg;, (1 ® (F % (G &
1)) gii, (F 3 (G ® L))giir, (G & L)giirr, (L)giirrr which is not valid, since it is finite. One
can provide a pLL proof of the F F, G as follows where H = pu§ . (1@ (LB (£ 1))):

— (1)
1
F11 (L)
= (@2)
FHo 1,1 ()
FL, H® 1,1 )
FL®(H® 1)1 (@2)
2
Fle (LD (He 1)),1 ( fold)
u— fo
F e (1o (L3 (€ 1)1 ,
(v —rec)
FF1
(@1)
FE1®(F®(Gal))
(1 — fold)
FFG
We end this section by stating the functoriality of ulLL., which is similar to what we have
for pLL in Section . We will use the functoriality of ulLLs in Section
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Syntactic functoriality of formulas in plL

Let (¢,&1,...,&) be a list of pairwise distinct propositional variables containing all the free
variables of a formula F' and let C = (Cy,...,C)) be a sequence of closed formulas. Then
the following rule is admissible in plLLo:

T, A+ B

(Sr)
T, (F[AJ¢, C /€S FIB/C, T €) '

The proof is done by induction on the formula F'. We will provide two cases below and refer
to [Doul7] for the other cases (Definition 2.38 of [Doul7]). Let F' = G ® G2, then we have

the following pre-proof where G, = G [/z} 8? fori=1,2:
T, AL B T, A+ B
! L v (SGI) / L
=T, (G A/, G B/ =T, (G [A/C)), Gy [B/(]
=TT, (G A/ (GY [A/¢)) G B/ ® Gy [B/(]
=T, (G A/CD) S, (GR [A/C) ™+, G [B/¢] © Gy [B/(]
=T, (G [A/C)* B (G [A/C) . G B/ ® Gy [B/(]
By induction hypothesis, the pre-proofs of ?T", (G} [A/¢])*, GY [B/¢] and T, (G4 [A/¢])*, Gb [B/<]
that are obtained respectively by the (F¢,) and (§¢,) rule are valid proofs. There is neither

(v — fold) rule nor (u — fold) rule in the rest of the pre-proof, so the whole pre-proof is a
valid proof. Now assume that F' = v€ G (so that ((,&,&1,...,&) is a list of pairwise distinct

SG2)
(®)

C

variables containing all free variables of G). Let G' = G [ / 5} whose only possible free
variables are ¢ and &. Then we have:

-, AL, B

(g vE G’ )
- (@A () (A7) ) 6B/ e [/ /] e
=T, (e G [A/CD)*, G'[B/C, (v€ G') [B/¢] /€] o~ fold)

F T, (WEGQ) [A/C)*, (ve G [B/C]

The validity of this proof is relies on the fact that the thread crossing (v§ G') [B/(] is the val-
idating thread (See Proposition 2.13 of [Doul7]). The case where F' = v{ G is symmetrically
the same as F' = v¢G.

3.2 Denotational semantics of ulLL

In this section, we will provide an interpretation for uLL., proofs in Rel. As the proof trees
are possibly non-well-founded, we cannot define their interpretation inductively. The idea is to
consider all finite approximations of the proof, and then take the union of the interpretation
of them. The precise definition of this approximation is defined in Section . Notice
that there is another way of interpreting infinite proofs in [KKPP21], based on a notion of
computation and a well-founded relation on them.
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3.2.1 Soundness

Our goal in this section is to prove that if a uLL, proof 7 reduces to 7’ via the cut-elimination
process, then [7]|rel = [7']rel. Notice that this reduction can be potentially an infinite
reduction, so, one needs to define a notion of limit of an infinite reduction sequence. And
to do so, we need to define precisely the notion infinite sequences of proofs. This is done in
Section

The cut-elimination theorem on uMALL is provided in [Doul7], and it is extended to
plls in []. The set of primitive (single step) reduction rules of pylLLs are the ones for LL plus
the following ones (Figure 3.2 of [Doul7]).

The proof
7_‘_/

— FA Ft F+

F T F [ F/] i G

T (4 — fold) (v — fold)

FT,uCF FA,vCF+ (cut)
cu
FT,A
will be reduced to
0 s
FDFCE/C A PR (v P/
(cut)
FT,A

Metric completion of finite proofs

What we provide in this section is standard in the literature, and is provided here for the sake
of self-containdness. In this section &and only here), we assume that in the inference rules of
plloo, we also have this rule: for any sequence I". And we interpret this rule as the
empty set. The reason that we consider this assumption will be clear later, for instance in
Definition

Definition 119 Given a pulLlo pre-proof m, we associate a set Pos(mw) of positions corre-
sponding to each sequent of w as follows:

e (0) € Pos(m)

o Let r be an occurrence of an inference rule in w and that (x), which belongs to Pos(r),
1s the location of this occurrence in m

— Ifr e {(®), (&), (cut)}, then both (x0) and (x1) are in Pos(mw);
— Otherwise (x0) € Pos().

The elements of Pos(7) are finite sequences of 0 and 1.

Definition 120 Given a pre-proof  and p € Pos(7), we denote by Proof (m, p) the last sequent
of the sub-pre-proof of m rooted at position p.
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As an example, consider the following proof :
(ax) — (ax)

FAL A - B+, B

ol @ Tonl 5 @

F?74+ A +?B+. B
—_— (W —_— (W
F?4+ 7BL A 7?4+ 7BL B

T (&)
F24L ?2BL AL B

F?AL 7B+ (A& B)

(p)

Then one can represent it by the Pos(m) as follows which is also annotated by the sequents.
One can also label the edges by the inference rules.

2?4+ 7B (A& B) (0)
- ?AL?7BY A& B (00)
F?AL ?7BL A (000) - ?AL,?B+ B (001)

F?AL, A (0000) + 2B+, B (0010)

- A+, A (00000) + B+, B (00100)

Definition 121 Let 7 be a pre-proof and P be a prefix-closed subest of Pos(w). We denote
by m(P) the sub-pre-proof of m whose set of positions is P, i.e, Pos(w(P)) = P.

Notice that if we do not assume having the (€2) rule, then 7(P) might not exist.

Definition 122 If 7 is a pre-proof we denote by Pos;(m) the subset of Pos(m) that contains
only all position of length i, i.e, Pos;(m) = m(Pos(m) N {0, 1}%).

Let X be the set of all uLLs, finite proofs. One can define a distance d : X x X — [0, 1]:
d(m, ") = 0 if two proofs m and 7’ are identical, otherwise d(m, 7’) = 2%, where k is the length

of the shortest position at which 7 and 7’ differ.

Denote by C[X] the collection of all Cauchy sequences in X'. Define a relation ~ on C[X]
by

(7mn) ~ (},) < limy, 00 d(7p, 7)) =0
It is easy to see that this is an equivalence relation on C[X]. This definition does not
depend on the choice of representatives in the two equivalence classes. Let X'* be the set of

all equivalence classes for ~. One can define the metric d* on X* as follows where [(,,)] is
an equivalence class:

d* ([(mn)], [(7,)]) = limp 00 d(mn, 77,)
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The metric space (X*,d*) is called metric completion of X, and there is standard result
showing that this is a complete space.

Proposition 123 Let X, be set of all (potentially infinite) ullo proofs. Then the metric
space (X*,d*) is isomorphic to X .

Proof: Since the completion of a metric space is unique up to isometry, it is enough to show
that (X, d’) is the completion of X’ for a metric d’. That is to show X is dense in X, for
taking d’ same as d.

Take m € Xs. Consider the sequence (m,) where 7, = m(;.,, Pos;(7)). We have now
d(m,m,) = 2%, so, 7 is the limit of the sequence (7,) of finite proofs. |

As the direct conclusion of , the metric space (X, d) is complete, that is to say every
Cauchy sequence of proofs in X, has a limit inside of X.

Remark 26 In the cut-elimination process of ullso, for any natural number n, the number
of steps of the sequence which reduces a (cut) rule at depth less that n is finite [|. So, the
cut-elimination reduction has countable length.

We saw that the metric space (X, d) is a complete space, but this was a result of the
proposition . Here we show the completeness of this metric space directly.

Proposition 124 The metric space (Xx,d) is complete.

Proof: Take a Cauchy sequence (m,). First, we define the set P as [;(;s; Pos(m;). And
we also provide a function f that sends a p € P to a sequent as follows: Since p € P,
3iVj > i(p € Pos(m;) A (Proof(m;, p) = Proof(m;,p)). So, we define f(p) as Proof(m;, p) (this
does not depend on the choice of 7). Now since the sequence () is a Cauchy sequence, we

have Vk,INVi, j > N(d(m;, m;) < 5 ), and therefore d(II(P, f), ;) < 2% where TI(P, f) is the
pre-proof tree that has P as set of its positions and it is labeled by element of f(P) (one can

deduce it by the contradiction). Hence the proof II(P, f) is the limit of the (m,). |
We will use this direct proof later in proof of Lemma

We can now provide our definition for interpretation of ulLL., pre-proof in Rel, and prove
that this interpretation preserves the semantics through a Cauchy sequence of proofs.

First, one can define interpretation of a finite ulL., proofs by induction on last inference
rule. The interpretation of LL rules is provided in Figure 3, and we just need to take an
instance of it for Rel. So, we only need to say how we interpret the (v — fold) and (u — fold)
rules in Rel, and this is done, in a obvious way, as follows:

. LT

FREWCE il T R T
=T uCE FT,uCF

We also take the empty set as the interpretation of the (2) rule. Finally, give a ulLLo, proof
7, we define [7]rel = Upcfin(r)[P]Rel Where fin(7) is the set of all finite sub-pre-proof of m
(we are allowed to do this, since we added the () rule).
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Combing Theorem 6 and computing the interpretation of two proofs given by cut-elimination
rule of (u — fold) — (v — fold) case, one can show the following:

Theorem 125 Given two finite ullo, proofs m and 7' such that @' is obtained from w via
one cut-elimination rule, then [r]rel = [7']|Rel-

Lemma 126 Let (m;) be a Cauchy sequence. Then [lim, oo mi|Re1 = U; ﬂj>i[[7rjﬂRel.

Proof: By Proposition , limy, oo m; = II(P, f) (we are using a notation introduced in
the proof of Proposition ). By definition, [II(P, f)|ret = Urcinu(p,p))[TIRe1- Take a
7' € fin(II(P, f)). For each p € fin(IL(P, f)), we have 3i,Vj > i,(p € Pos(m;) A (Proof (1, p) =
Proof (7', p)), by definition. Let ¢ be the maximum among all ¢,’s (The set Pos(n’) is finite).
Then for all j > i we have 7’ € 7;. Hence we have the following:

Vo' e fin(Il(P, f)) Ypen' 3 Vj>i (pemj A (Proof(m;,p) = Proof(n’,p)))

And that is to say for each 7' € fin(II(P, f)), there exists an i such that for all j > i,
7’ is a finite sub-pre-proof of all 7;. Hence [n']ger is a subset of [7;[rel for all j > i, so,
[7'IRet € NjsilmiIRel- L

Theorem 127 Let (1;) be a Cauchy sequence such that Vi, j we have [m;|rel = [7j]rel (We
denote by [r]rer the [mi]rel for any i). Then [lim,— oo mi]Rel = [7]-

Proof:
[[nh_>ngo Ti|Rel = U ﬂ [7i]Rel By Lemma
i j>i
= U ﬂ[["THRel
= [[W]]Rel

And, we can now prove the soundness theorem for ulLL., as a direct conclusion of Theo-
rem and Theorem

Corollary 128 If 7 and 7' are proofs of = T' and m reduces to @' by the cut-elimination rules
of ull, then [[W]]Rel = [[W/]]Rel'

3.2.2 On relation between totality semantics and syntactic validity

What we have seen till now in Section is the interpretation of ulLL., proofs in Rel and
a soundness theorem for ulL,, with respect to Rel. However, as one might notice, we did
not talk about valid proofs. Indeed, Lemma is true in general for any Cauchy sequence
of plLLo pre-proofs (not necessary the valid ones). In this section, we provide a denotational
account of the validity criterion using the model introduced in Chapter 2, i.e, Nuts.

We prove the main result of this chapter which says that the interpretation of any valid
proof is a total element, i.e. theorem . The proof method is similar to the proof of
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soundness of LKID* in [Bro0O6]. However the system of [Bro06] is classical logic with inductive
definitions, and this proof is for a Tarskian semantics. We need to adapt that proof in
two aspects: considering pll,, instead of LKID®, and trying to deal with a denotational
semantics instead of a Tarskian semantics. The adaptation for pulLl., is somehow done in
[Doul7], since there is soundness theorem for yuMALL., with respect to the truncated truth
semantics (a Tarskian semantics). So, basically, the main point of our proof is turning a
Tarskian soundness theorem into a denotational soundness theorem.

From now on, when we write the interpretation of formula as [F], we mean its interpreta-
tion in Nuts. And when we write the interpretation of proof as [7], we mean its interpretation
in Rel, i.e, [r]rel- However, at the end of this chapter, we will see that indeed this [r]Rre is
a total element, so, it is indeed in Nuts (but this needs to be proven).

As we saw in the proof of Theorem 45, given a closed formula v( F, we can define its
interpretation in Nuts by a transfinite induction (using Knaster—Tarski theorem) considering
sequences of totality candidate as follows:

o U = P([v¢ F]rel) where P(X) is the power set of X.
o Uiy = T(IFD([VC Flrer, UZ).
° Uz§4 = ma<5 U(f

o and finally, there is an ordinal A such that Uy = Ux11, and we use A4 for the least such
ordinal.

To have simpler notation, we use the notation U, (and U)) freely without mentioning the
formula. One can find what the corresponding formula is from the context.

The following definition is borrowed from [Doul7].

Definition 129 The marked formulas of ulLL, are defined as follows where « is an ordinal:

AB,...:=1|0|L|T|A®B|A®B|A&B|ARB|?A[\B|(|uCF|v*¢.F (3.1)

We denote by A° the label-stripped formula A.

The interpretation of v“(.F in Nuts is [v*(.F] = ([v¢ F]re1; Ua), and the other marked
formulas are interpreted as usual.

Proposition 130 Let A be a Ll formula. Then we have [A] = [A]] where A is the marked
formula, obtained from A by marking every v binder of A by the ordinal \4.

The proof of this proposition is obvious.

Lemma 131 If A is a plls formula and t & T([v*(.F]) (¢t C [v*C.F]), then there exists
an ordinal v < a such that t ¢ T([F [v7¢.F/C]])-
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Proof: If a is a successor ordinal 6 + 1 then Uy = T ([F])([v¢ F]re1, Us) by definition, and
obviously ¢ & T([F)(([vC Flrer, Us)). And so t & T([F [v7C.F/(]]) for v = 4.

If o is a limit ordinal, then: Uy = N, Uy, and t € (<, Uy = Ns41<0 Us+1- So, there
exists an ordinal § + 1 < « such that ¢t € Usy1 and we continue as before.

Lemma 132 T([F [u¢ F/]]) = T([u F1).

Proof: The interpretation of u¢ F' is the least fixed-point of 0 where 0 is T ([F]). So, we
have:

T (¢ FI) = 0p(T ([ F1))
= T([FD(([1€ Flrer, T ([u€ F))) by definition of #
= T([F [uC F/CIN) by Lemma

Lemma 133 If 7 is a proof of =T and [«] & T(([L'])), then

1. w has an infinite branch v = (& Ty)icw such that [m;] & T(([Ti])) where m; is the
sub-proof of w rooted in - I';;

2. and there exists a sequence of functions (f;)ic, where f; maps all formulas D of T'; to
a marked formula f;(D) such that

« (filD))* =D,
o one can write I'; =T, C,

o and there exists v € T((fi(T
Lo AL and [(fi(T)1] =

N such that [[m]] x & T([[fz( )]) where T, =
([f:(ADD* @ ([fi(AL D

Proof: We set I'g =T, and fo(D) = D for all D € T'y:

o Since mg =, [mo] & T ([To])-

o Let C be the principal formula in T'g. The sequent - fo(T'g) is denotationally the same
as = (fo(T)h))* — fo(C). By the proposition 130, [fo(D)] = [D] for all D € Ty. So,
7ol & T(fo(To)). That is to say [ma] & T(I(fo(Th))* — fo(C)]). Therefore, by the
lemma 33, there exists = € T([(fo(T'h))*]) such that [mo].z & T([fo(C)]).

Suppose that we have provided T'; and f; for ¢ € w. We then define I';1; and fij4;
depending on the rule applied on - I'; in 7. Let us assume that the formula C is the principal
in Fz

o If C = C1 ® (5, then T';4; is the unique premise of - I';. f;(C) = Bé 't B% where
Bt and B2 are two marked formulas, so, we set fi11(C1) = BL, fiy1(C2) = B2, and

fix1(F) = fi(F) for the other F' € T';41:
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— Since T'; is obtained by applying the % rule on I';11, we have [m;41] = [m], and
[Ti+1] = [Ti]. By induction hypothesis, [mi+1] € T ([Ti+1])-

— By induction hypothesis, there exists € T ([(f;(T"}))*]) such that [m;].x & T([fi(C)]).

So, [mis1l.o = [mile & T(IBY 3 B3] = (TUI((BE)T @ [(B2) D)) So.
there is a y € T(([((BL)H] @ [((B2))1])) such that [m1].x Ny # 0. Since
y e TUIBL) @ [(B2)M)), there is o’ € T([(BL)L]) and o € T([(BE)]) such
that v/ x v C y. So, [mi+1].x N (v x v') = 0. This statement is equivalent to
([miz1]-x).w' Nov" # 0. [mig1].2 €, and this is equivalent to [m11].(z x u') Nv" # 0.
We have shown till now that there exists v’ € T([(B})1]) such that [m;1].2'Nv’ #
) where 2/ = x x u'. So, by definition, [m;41].2" & T([B&])-

If C = Cy & Oy, then we proceed as above.

If C = Cy ® Cy. Let us call le+1 and I‘ZZH for the two premises of - T';. f;(C) =
B @ B2 where Bt and B2 are two marked formulas. Since [m;] ¢ T ([I';]), we have
[7l,1] & T(IT,,]) for either j = 1 or j = 2 where 7}, (respectively 72, ) is the left
(respectively the right) subproof of ;. Let us assume that it is true for j = 1 (the proof
of the case j = 2 is is identical to the case j = 1). So we set I';11 = F}H, fix1(Ch) = Bé,
and fi41(D) = fi(D) for the other D € I'}, ;.

— By induction hypothesis, there exists z' € T ([(f;(TL,; B T?.,))*]) such that [m;].2’ ¢
T([[B}; ®B%]]). Hence [m;] € T([fi(T;)]) by Lemma 33. So, we have [[7r27+1]] g
T([fi1(Tit1s") B BL]) for cither j = 1 or j = 2. Let us assume that is true
for j = 1 (the proof of the case j = 2 is identical to the case j = 1). So,
[ria] & T([(fis1(Tiz1j"))t — BL]). And therefore, using lemma 33, there is
a y € [(fix1(Tiz14")*] such that [}, ].y & T(IBED).

If C = Cq & Cs, then we proceed as above.

IF C = p¢ F, then T'; 41 is the unique premise of - I';. Wlog let ussay I'; = A%, - - -, Af“, uC F.

fi(C) = pu¢ Be where Be is a marked formula. By induction hypothesis, there ex-
ists © € T([(fi(T}))*]) such that [m].x ¢ T ([u¢ Bc]) where I = Ai,--- AL . So,
[mis1].x € T([Be [u¢ Be/C]]), since [mit1] = [m;] and lemma . Then we set
fix1(F'[C/C]) = Be [u€ Be/¢] and fit1(D) = fi(D) for all the other formula D € I';4
in order to have the second property of the lemma

If C = v( F, then T';; is the unique premise of - T';. Wlog, let ussay I'; = A%, --- | A%i, vC F.

f:(C) = v9¢.Bc where Be is a marked formula. By induction hypothesis, there ex-
ists @ € T([(f;(I}))*]) such that [m;].x & T([?¢.Bc]) where I'; = Af,--- Al . By
Lemma 131, there is an ordinal § < 6 such that [m;+1].2 € T([Bc {V(SC.Bc/CM]), since

[wita] = [mil. So, we set fii1(F[C/C]) = fi(F) [VJC'BC/C} and fi11(D) = fi(D) for
all the other formula D € I';;1 in order to have the second property of the lemma.

If the rule applied to - I'; is a (cut) rule on the C. Let us say I'; is F}, F?. By induction
hypothesis, [m;] ¢ T([[:]). So, we have either [m; 1] & T([[} R C]) or [mi41] ¢
T([T2 2% C*]). Wlog let us say [mi+1] € T ([T} % C]). Then we take I';11 = I'},C. And
for the fiy1, we define f;11(D) = f;(D) for all D € T}, and f;(C) = C.
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— By induction hypothesis, [7;] & T([f;(T:)]). So, we have either [7;41] & T([f:(T'}) % C])
or [mit1] € T([f:(T}) % CL]). So, we can use lemma 33 to deduce the second prop-
erty as we proceed as the case C = C; ® Cs.

o If the rule applied to F I'; is a (w) rule, then I';1; is the unique premise of the (w)
rule. And fiy1(D) = fi(D) for all D € TI'iyy. We have [miy1] ¢ T([fi(Tiv1)]) =
T ([fi+1(Tiz1)]), since [m] ¢ T([f:(T;)]) (here we are also using Theorem 19 of ulLL).

o If the rule applied to - I'; is (c) rule on the formula ?C, then we proceed as above.

o If the rule applied to - I'; is (d) rule on the formula ?C. Let us say I'; = I';, 7C". Then
Fi—l—l = F;,C fz+1(D) = fz(D) for all D € F; fz((?C) = ?BC where BC is a marked
formula. Then we take f;11(C) = Bc. To show the second property, we can again use

Theorem 19 of ulL.

o If the rule applied to - I'; is (p) rule on the formula !C, then we proceed as above.

Now, we can state and prove our the main result of this chapter.

Theorem 134 If 7 is a valid proof of the sequent - T, then [x] € T([T']).

Proof: Let us assume [7] & T([I']). We can then apply Lemma to obtain an infinite
branch (F T';)ie, and a sequence (f;)icw satisfying properties 1 and 2 of Lemma . By
the definition of valid proof (Definition ), there exists a valid thread ¢t = (F});e, for the
infinite branch (F I';);e,. Let v¢ F be the minimal formula formula of ¢. So, there are infinitely
many times in ¢ that we use a v rule to unfold v{ F'. Let (ig)rew be the sequence of indices
where v¢ F' gets unfolded. Then (v( F)q,,_is sub-occurrence (Definition 112) of (v¢ F)Oéi;c for

k" > k where «;, (respectively oy ) is the address of v( F' in sequent iy, (respectively i}).
By the property 2 of Lemma , fi, WCF) = v* (. fi, (F). Therefore, by the property 2 of

Lemma and by the construction of the f; in the proof of Lemma 133, the sequence (o )recw
is strictly decreasing. As this contradicts the well-foundedness property of the ordinals we
obtain the required contradiction and conclude that [«] € T([I']). [ ]

We end this chapter by the following two remarks.

Remark 27 One might think of the following statement as the converse of Theorem f
7 s a pre-proof of the sequent = T' such that 7] € T([I']), then m is a valid proof. This
statement is not necessarily true, and there are many counterexamples indeed. For instance,
take F = pC (L & (( D)) and G = vE(1 @ (£ B E)) and the following pre-proof m where
o= ((v—fold), (&2), (®))“:
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5 5
-1,FG,G L, FFG
— (%) (&)
FLLEGRG - L& (FBF),FFG
(92) (1 — fold)
FLF1e(GRG) FFEFFG
— (1) CL.FG (v = fold) rarrg Y
F1 (@ ) s 4y s 40y (&)
F1o(GRG) - L& (F®F),F,G
(v — fold) (n — fold)
FG (L) FEREG (29)
FL1,G FF@RG(M
- L& (FRF),G
(u — fold)
HFG

This pre-proof is not valid, since there is no wvalid thread in the rightmost branch. The
interpretation of m in Rel is [r]rer = {((1,%), (1,%))}. However, [r]rel € T ([F & G]).

Notice that there are two ways to see that [t]rer € T([F' D G]). One can compute the
interpretation of the formula F 2 G in Nuts. And one can also provide a valid proof @' of
F F,G such that [7]rel = [7'|re1- Consider indeed the following pre-proof 7':

((V - f0|d)7 (692)7 (73)))&;

e M CFRRGG
Te@ag) Y FYRGAG
e v=fld) Ty riec@Gna)
(L) (v — fold)
FL.G CFARG
- L& (FRF),G

~ fold
FEG (1 — fold)

This proof @' is a valid proof, since the thread t = Gq, (1 ® (G B G))ai, (G B G)air, Gairiy - - -
is a valid thread (min(Inf(t)) = G). We also have [7'|rer = {((1, %), (1,%))}, and hence using
Theorem 15/, we know that [r] = ['] € T([F % G]).

Remark 28 The following example is another example of non-valid proof whose interpreta-

tion is total.

—— (&)
LSS
—— > (v —fold)
FuC.Cul . xFv(.(
(cut)
xFv(.C
This example differs however from the one of Remark 27. It is true that this pre-proof

does not respect the validity criterion of, but it is valid with respect to the more recent cri-
terion of [Doul7, BDS16], but this proof is considered as a wvalid proof in a more recent
work [BDKS20].  That is why we hope that denotational semantic helps us to understand
which validity conditions is more appropriate. Howewver, this is just a hope till now. The
only thing that we can say for the moment is that the notion of totality provides a sort of
maximal notion for validity as valid proofs should be interpreted as total elements. To see
this, let us assume that there is another notion of validity which will not be interpreted as
total elements. In particular, take a proof © of - nat™, nat such that [r] ¢ T([nat] —o [nat]).
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As T([nat] — [nat]) = {f C N x N |Vn3Im s.t (n,m) € f}, then this says that there is a
finite, hence valid, proof o of a natural number such that the cut-elimination procedure of m
and o will not terminate. Hence we can learn that that notion of validity is not a good one,
as it does not enjoy cut-elimination. Hence one can also ask this question: can we extend
such a reasoning to all pllos types? The same question is asked by Girard for second order
type, and it is still an open question [Gir8o].

3.3 Inductive vs circular linear logic proofs

In this section we will talk about the comparison between plLL proofs and plle circular
proofs. As it is mentioned in [Doul7], if a sequent - I is provable in uLL, then it is provable
in plLL. This can be done by translating a uLL proof 7w of F I' into a circular ulLLs, proof 7/
of - I' that we will denote it by Trans (7). This translation can be done by induction on 7:

e We have the following for 7 € {(1), (ax), (L), (®),(T), (£1), (®2), (w), (c), (d), (p), (1 —

fold)}:
T Trans ()
Trans <"A r) = FA
T Fr "’

o We have the following for r € {(cut), (®), (&)}:
1 T2 Trans (m1)  Trans (m2)
Trans =

AN '_AQr F A F Ao
T T '

77
i
e And finally Trans (l_ AT FlA/ )) is the following circular proof using

(v — rec’
FT AN vCF
the functoriality of formulas given in Section

« 0, AL v F
T SF)
- =T, (F[A/C)) F vC F/(] (v — fold
v — fold)
F 0, A+ F A/ =T, (FIA/C): vCF (cut)
T, T, AL v F

0, AL v F

(c)

And finally, Proposition 2.14 of [Doul7] ensures that Trans () is a valid plLs proof. Our
main goal in the section is to prove that the semantic is preserved via this operation Trans ().
To do so, first of all, we need to say what the interpretation of a ulLL., circular proof is in any
categorical model of uLL. The interpretation of each inference rule of pl L, is exactly identical
to the inference rule of pLL given in Section . To interpret the ulL, circular proofs, the
general idea is to associate a system of equation on the morphisms of the given category to
the proof, and then proving that it has a solution which we take it as the interpretation of
the circular proof. This is done in the case of additive linear logic in [F'S13, San02]. However,
in this manuscript we only do this on the circular proofs that are coming from the translation
of an inductive proof, i.e, image of the operation Trans (), and we leave this question for all
pllso circular proofs to a future work.
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CHAPTER 3. NON-WELL-FOUNDED LL WITH FIXPOINTS AND ITS
DENOTATIONAL SEMANTICS

Theorem 135 Let 7w be a uLL proof. Then we have [r] = [Trans (7)] where the interpretation
is given in a model (L, 2) of uLL.

Proof: The proof is by induction on 7. Let us assume that the last inference rule is a
(v — rec’) rule so that 7 is the following proof:
7.[_/
F T, AL F A/
T, AT vCF
Let f = [Trans(m)]. By definition of Trans (7) given above, f should satisfy the following
diagram:

(v —rec)

] e A f [v¢ F]

~

€@l [FI([v¢ FI)

et A —_

Id ®[']

—~

1[4 @ TFI([A]) — 22— TFI([] @ [A])

By the construction given in Section , the interpretation of 7 is the unique morphism
[7] € L([T] ® A, [v¢ F]) satisfying the following diagram:
r]e 4 [ [v¢ F]
Cipr1p®1d [F1([v¢ FT)

]! A )

Id ®[#']

—~

I[r4] ® TFI([A]) — 22— TFI([] @ [A])

Hence, by Lemma 13, we have [r] = [Trans (7)]. [
We end this chapter by the following remark:

Remark 29 Using the operator Trans(), we saw that if a sequent = T is provable in plLL,
then it is also provable in uLL... However, the converse of this statement is an open question.
By the converse, we mean the following question. If a sequent =T has a circular plLLs proof,
then is it true that it also has a pLL proof? The same question is also asked in the literature
for other logical systems such as the inductive definitions in classical logic for the first-order

150



Fixpoints of types in linear logic from a Curry-Howard-Lambek perspective.

language [BS10] and it is shown that it has a negative answer for that system [BT19]. It is
also shown that this question has a positive answer for intuitionistic logic when both systems
(inductive and circular) contain Heyting arithmetic [B1'17]. For LL, what we know is that
the provability of uLLy circular proofs is strictly included in the provability of arbitrary pulLs
proofs based on the recent result of [DDS22] (Theorem 18 of [DDS22]).

3.4 Sum up of Chapter 3

Sum up of Chapter

e Provide two denotational models for uLL,, in Rel and Nuts, and prove its sound-
ness: Theorem 125,

o Relate the syntactic validity conditions on ulLL,, pre-proofs and totality notion
of Nuts: Theorem 131,

o The semantic is preserved via the translation of the uLL proofs into ulL, proofs:
Theorem 135.
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Chapter 4

The magmatic quasi-exponential

In [Qua9s, Laf88b, Laf88a, Bacl2], we can find this recursive equation !4 = 1& A& (1A®!A)
as another possible definition for the ! exponential of LL. Although this ! exponential is
functorial and also has a comonad structure, it does not fulfill all the categorical requirements
as stipulated in the definition of a Seely category, as it is also mentioned in [Laf88h, Laf88a].
More precisely, we will not have the Seely iso with this ! exponential (Proposition 6 of [L.af88h]
is not iso but equivalence). More precisely the associated Kleisli category L; is not a CCC.
Nevertheless, one can encode all pyLL inference rules in gMALL using this encoded ! which is
defined as the greatest fixpoint of 1A =1& A& (1A ®!A) [Baecl?], i.e, in uMALL syntax we
have !A = v(.(1& A& (( ® (). This can be done as follows. Notice that by De Morgan
duality we also have 74 = u¢ .(L & A @ (¢ ¥ ()). From now on, we use the notation !'A and
7t A for these encoded exponentials, and called them tree exponentials.

[ FI,7A, 7" A
T @ T, A i )
—————— (@1),(®1)  FT,LeA® (TTABA) (81),(®2) PrLrAnA (®2), (®2)
FT, L@ A® (AR TA) (n—fold)  FT,LdA®(TTA%A)
CT A (p — fold) T, 7T A o (1 — fold)

—— (ax) —— (ax)
F 2T, I ot et

®)

F 20, 7 1T @ 1T
1 W -7t A -2t 1L g 1t L ( —fold), (&2), (&2), (%)
Pl fold), (@2), L O (&)

F 7,1 7T, A& (T @ 1T %)
FT, 1 & A& (T @ It
(v — rec)
F 2t 1tA

In this chapter, we will provide a general categorical construction for this !, and examine
it on concrete models of LL. Specially, we will prove that the interpretation of a LL proof
in coherence spaces with this ! exponential is related to its interpretation in non-uniform
coherence spaces with Boudes’s exponential mentioned in Section 0.4.3.
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4.1 A categorical setting for Tree exponentials

Let £ be a category, ® be a binary functor £? — £ and 1 be an object of L.

A comagma in L is a triple M = (M, wz, cpr) where M is an object of £, wyr € L(M, 1)
and ¢y € L(M, M ® M), without further conditions. Given comagmas M and N, a comagma
morphism M — N is an element f of £L(M, N) such that the diagrams

f f

M —— N M ——— N
\ / J/C]W J/CN
W s W N
1 MoM 2L NeN

commute. We use Comag (£) for this category.

Given an object X of L, a comagma over X is a tuple M = (M,wps,cpr,dy) where
(M,wps,cpr) is a comagma (simply denoted as M) and dys € L(M, X).

Given an object X of £, we can organize the class of comagmas over X into a category
Comagy (£): an element of Comagy (£) (M, N) is an f € Comag (L) (M, N) such that

MLE

dM\4 \AN
X

A free magmatic quasi-ezponential (FMQE) is an operation which, with each object X of
L, associates a terminal object E* (X) = (I'X,w, c,der) of Comagy (L).

4.1.1 Functoriality of a FMQE

Assume we are given such an FMQE. Let f € £(X,Y), we have a functor f, : Comagy (£) —
Comagy (L) defined on objects by f.(M) = (M,war,cu, f das) and acting as the identity on
morphisms. Since E* (V) is terminal in Comagy (£), the set Comagy (L) (f«(E* (X)), E* (Y))
has exactly one element that we denote as !'f. This morphism is therefore an element of
L(1*X,1'Y") which is completely characterized by the following commutations

f

tx Ly txy ey ty gy

w e N ol s
f Wx Wy !tf®!tf
X ——Y 1 X @It —3 'Y @ Ity

Functoriality of the operation !*  follows easily from this uniqueness. It is also clear that
(dx)xeobj(c) is a natural transformation.

Remark 30 One could have done something slightly simpler to deal with functoriality of
a FMQE, as one can see a FMQFE boils down to a left adjoint to the forgetful functor
Comag (L) — L, rather than using our definition in terms of terminal object. However
we preferred this more concrete, equivalent, presentation which has also the advantage of
defining the FMQE as an operation on objects and not on morphisms a priori.
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In the category Comagyy (£), we have the object Ix = ("X, wh,cl,Idex). Let digl be
the unique element of Comagy:y (£) (Ix,E* (I*X)). So digl € L(!*X,!'*X) is completely
characterized by the following commutations:

Lt ‘ot
1ty dig eyt ty _8X ey tx diex LD'¢
ct ct
|d|t)\(\ /der WX\ /,t Xl e JX
X digt, ®dig",
X @ty —CEXOTEX ey g ptyy

Let us check that dig'y is natural in X so let f € £(X,Y). We must prove that

t Mg
tx — 1ty

digtxi Jdigty

!t!tf
X —= 1Mty

Let M = ('), (Ix) = (""X,wk,c,!'f) € Obj(Comagy (L)) (see Section to recall
definition of f.). We clearly have dig} !*f € Comagyy (L) (M,E*(I'Y)), so it suffices to
prove that !''fdigly € Comagyy (£) (M,E*(1'Y)) since E* (!'Y) is the terminal object of
Comagyy (£). We have

digly € Comag x (£) (Ix,E* (I'X))
and hence, applying the (I'f), functor we get
dig € Comagyy (£) (M, (I'f),(E* (1'X)))

and since, by definition, I'!*f € Comagy:y (£) ((1*f), (E* (I*X)),E* (1Y), we get the expected
property.
Next we must check that

Ity d'i) 1t x

|d\ / (dery)

and for this it suffices to prove that !* (der) digy € Comagy (£) (E*(X),E*(X)). We
have derly € L£(*X, X) and hence !* (dery) € Comagy (L) ((der) (E* (X)), E*(X)). On
the other hand digly € Comagy:y (£) (lex,E' (1*X)) and we end the proof by applying the
(der'), functor to that morphism and observing that (dery) (lex) = E*(X).

Last we have to prove that

st
txy 9B ey
digtxl ldlg,tx
di
ey ) ey
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Let M = (digk), (Ix) € Obj(Comagy:x (£)); applying the (dig), functor we get
digk € Comagy:x (£) (M, (digk), (E* ("X)))
and !(digly) € Comagy. x (£) ((digk ), (E* (I*X)), E* (1"'*X)) and hence it suffices to prove that

digl y digly € Comagy.y (£) (M, E* (I'"'X)).

We have dighy € Comag;y (£) (lex, E'(11'X)) by definition and, trivially we also have
digly € Comagy:y (£) (M, liex) which proves our contention.

Lemma 136 FEquipped with the natural transformations (derg()XGObj(ﬁ) and (digB()XGObj(ﬁ),
the functor I*_is a comonad L — L. It will be called the free comagma comonad.

4.1.3 Monoidality of an FMQE

Notice that so far all this can be done without any monoidality structure on top of (£, ®,1).
Such extremely weak assumptions are not sufficient for the sequel.

We assume from now on that a symmetric monoidal structure is given on L, so that we are
given isomorphisms Ax € L(1® X, X), p € LIX®1,X), ax, xo.x3 € L((X1 ® X2) @ X3, X1 ®
(X2 ® X3)) and vx, x, € L(X1 ® X2, X2 ® X), subject to the usual coherence commutation
diagrams [MacT71].

This allows to equip 1 with a structure of comagma over itself, we denote by 1 the corre-
sponding object (1,wq,cq,d;) where wi =dy = 1dy, ¢ = /\171 = pfl. Since E* (1) is terminal
in Comag, (L), there is exactly one morphism p*° € Comag; (£) (1,E* (1)). In other words,
it is the unique element of £(1,!*1) such that

t,0

H 1t1 [ — |

0y
\ lderl \ lWl ql lCtl
pt0@ut0

11 220 gt

Let now X; and X5 be objects of L. For ¢ = 1,2 let M; be a comagma over X;. We equip
My ® Ms with a structure of comagma over X; ® Xo. We use M; ® M> for the correspond-
ing comagma (M; ® Ma, Was, @Mys CMy @M, dar,@01,). The structure maps are defined as the
folllowing compositions of morphisms

M, ® M, My @ M
W cmy ®Cm M, ® My
Iwary @wary e 2 -
191 (M1 ® My) & (M © Mp) [#3 ©dn,
@\1:/)1 l«d’ Xl ® )(2
1 (M © My) © (My © My)

where ¢ is an iso obtained by combining instances of o and v (any well-typed combination
will do by the coherence theorem). Let moreover f; € Comagy, (£) (M;, N;) for i = 1,2.
Then it is easily checked that f; ® fo € Comagy, o x, (£) (M1 ® Mz, N1 ® Na).
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Let ,utX21 x, be the unique element of
Comagy, 5, (£) (B (X1) ® E (X2) ,E* (X1 ® X)) .

Hence ,ugfl x, € L("X1 @ "X, 1* (X1 ® X3)) is characterized by the following commutations

£,2 t,2
1% 12
X @ 1EXy —222% 1t (X ® X)) X @ 1EX, — 222 1t (X, @ X))
derty, ®m ldertX1®X2 wi, ®th2J( L J{wtxl®xz
X1 0 X, 11 e 1
Ht,2
X1,X
X @ PXy =2 (X1 ® Xa)

t
J{CXI ®Xq

(X1 ® Xo) @ " (X7 @ X2)

)|
X1 Xo 2

t,2
(X1 ® 11X0) @ (LX) @ 1X,) —u¥e XXe

Now we prove that (I* %0 ub?) is a lax symmetric monoidal functor from the SMC
(£,1,®) to itself. We first prove the following commutation (the symmetric one where we
swap the role of 1 and X is proven similarly).

t,2
1,0 o |t e
1oty MO gy Y (g X)
[LDY
Atx l x

tx

Let M = (A\x),(1®E" (X)) € Obj(Comagy (£)), so that M = 1®!"X, dp)y = Ax (1 @ dery),
Wy = Wigrtx and cysr = cigrx. The following diagrams commute

1@ty 20X,y 1olty X, ey
1®dertxi Jdertx 1®thl JWtX
1o X X, x 1ol —M

by naturality of A\. The diagram

A!tX

1eItX tx
A#@c&j
1el)e (X ®!'X) X
?|
(1@1X) @ (1@ tx) XN oy g ey

commutes for the same reason (writing A\]* ® ct = ()\1_1 ®('X ® !tX)) (1®cY)), plus the
coherence diagrams in £. This means that A\xx € Comagy (£) (M,E" (X)). To prove the
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required commutation it will be sufficient to prove that
v ui% (10 © 11X ) € Comagy (£) (M, E* (X))

Since pt? € Comag; (£) (1,E* (1)) we have u*° @ I'X € Comag,yx (£) (1®E' (X),E* (1) ®
E' (X)). By definition we have Mt12x € Comag,,x (£) (E' (1) ® E* (X),E' (1 ® X)). Hence
,ut12X (1’ ® 'X) € Comag, gy (£) (1 ® E* (X),E' (1 ® X)). Applying the (Ax), functor we
get u§2X (' ®1'X) € Comagy (£) (M, (A\x),(E*(1® X))). We get the required property
by the fact that *Ay € Comagy (£) ((Ax),(E' (1 ® X)), E* (X)).

We prove similarly the commutation

t,2 t,2
I3 X s
(!tXl X !tXQ) X !tX3 X1ta It (Xl X XQ) (9] !th H19%9. X3 It ((X1 (9] X2) X X3)
a!tXL!thy!thl lltaX17X27X3
X @us T )
!tXl X (!tXQ X !th) ﬁ) 'tXl & It (X2 [ X3) w) It (X1 X (XQ (] Xg))

By similar aguments we have

2 2
'utX1®X2,X3 (MtXI,XQ ® !tX3)
€ Comagx,gx,)ex; (£) ((E (X1) ® B (X2)) ® E* (X3), B (X1 ® X2) ® X3)).

Let M = (ax;,x,,x,), ((E* (X1) ® E' (X2)) ® E* (X3)) € Obj(Comagy, ¢(x,sx,) (£))- Apply-
ing the (ax, x,,x;), functor we get

2 2
MtX1®X27X3 (MB(LXQ ® !tX3)
€ Comagy, o(x,oxs () (M, (a1 3 x,). (E* (X1 © Xz) @ X3))

and hence

2 2
!taxl,XQ,XS Mt)(1®X27X3 (’LLE(LXQ ® !tXS)
IS ComagX1®(X2®X3) (L) (M, Et (X1 ® (Xo® X3))).

The required commutation follows from auy, rx, rx, € Comagy, o(x,ex,) (£) (M, E' (X)) ®
(E* (X3) ® E* (X3))) (by naturality of  plus monoidality of £) and by the usual argument
using the fact that E' (X; ® (X2 ® X3)) is terminal in Comagy, g (x,0x4) (£)-

Symmetry, which is the commutation

t,2
m
!tX1 &® !tXQ M It (Xl &® XQ)

v!tXL!‘XzJ l VX1,Xg

!tX2 'tXl XL& It (XQ ® Xl)

is proven similarly (using now the functor (vx, x,),)-

The following commutation also holds
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digly, ®dig'y,
_—

X, @ 1tX, HEX, @ IHEX,
J{“?t’i(l,!tXQ
15 %, (X @ 1tXy)
; ()
(X1 © Xa) —X19% e (X o x,)

Since ,ut)’thQ € Comagy o x, (£) (E* (X1)®E" (X3),E* (X, ® X3)), we have trivially ut)’thQ €
Comagy(x,gx,) (£) (M, |x,0x,) where M is given by

M = !tXl ® !tXQ
WM = WEt(X1)®Et(X1)
Cp = CEt(X1)®Et(X1)

dur = b2
M = X, X,

and by definition digl, sy, € Comage y, sy, (£) (Ix;0x,, E (I (X1 ® X2))) so, by the uni-
versal property of E' (I' (X7 ® X»)) it will be sufficient to prove that

(15 x,) 1 e, (digly, @ digl,) € Comagy (x,ex,) (£) (M, E* (I (X1 @ X3))).
We have digly, € Comagy.x, (£) (Ix,, E* (I"X;)) for i = 1,2, hence
digly, ® dig, € Comagy: x, e x, (£) (Ix, ® Ix,, E* (1"X1) ® E* (1'X3)).
Hence
N!tt’g(l,!txl (digk, ® digk,) € Comagx, iy, (£) (Ix; @ lx,, E' (1'X1 @ 1'Xy)).

Next since M}Zl,XQ € L(I'X; @ "Xy, I (X7 ® X3)) we have
2 2
65 v, € Comagy(x,x,) (£) (85 x, ) (xyenx,), B (I (X1 @ X3)))

so applying the functor (,utX21 XQ)* to /L!tt%(l,!t X1 (dith1 ® digEQ) we get the required property
by observing also that

2
(:UJtXLXz)*(IXl ®lx,) =M.
So we have proven the following result.

Lemma 137 The structure (I*_, der*, digt, ut0, ut?) is a symmetric monoidal comonad on

the SMC (L,1,®, A, p, a, 7).
We end this section by analysing the Seely morphisms in this categorical setting.
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4.1.4 Seely morphisms

We assume now that L is also cartesian, with terminal object T and cartesian product &
(projections pr;, tupling (_, )).

We define m*% = It ;49 € £(1,!T) where ¢ is the unique element of £(1, T) and mtX21 X, €
L(X7 @ "X, " (X7 & X3)) is defined as the following composition of morphisms

!tXl &® !tXQ
ldigtx1 ®digtx2
!t!tXl &® !t!tXQ

t,2
Moyt t
\L L NP O} !t<dertx1 (!tX1®WfX2),dertX1 (fol®!tX2>>

TX; @' X5) (X1 & Xo)

where we leave the isos A and p implicit. It results from this definition that m%? is a natural
transformation.

The following diagrams

T L
Atx lltprz
tx
and the symmetric one, as well as
t,2 't e

m QX m
(15X @ 1EX0) @ 10X — X2 7 75 () & X)) @ 18X — %25 (x) & X)) & X)

o "(pry pry,{pro pr17pr2>>l

! my,
X, @ (TXy ® 18Xs) — 2750 X @ 1t (X, & X3) — 2558, 1t (X & (X & X3))

and
mt:2
X1,X2
!tXl X !tX2 — 7 s (Xl & XQ)
ldigtxl&xg
-t -
digi ®digk, It (X1 & Xg)
1t/ 1t
g [rtorons)
Mitx, 1txy

!t!tXl X !t!tXQ It (!tXl & !tXQ)

commute, as proven by simpe diagram chasing.

With ordinary exponentials, the Seely monoidality morphisms are isos. This is not the
case here. However, there are also “Seely morphisms” in the converse direction nt? = wh €
L(I*T,1) and nt? € L(I* (X & X2),!"X; ® 'X5) defined as the following composition of
morphisms
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It (X, & Xa)
lctxl&XQ
It (X1 & Xz) QI (Xl & Xg)
l!‘pr1®!tpr2

"X ® !tXQ

which is natural in X; and X5 by construction.

If we try to compute two compostions (mt)’(QLXQ) o (n}aXQ) and (nt)’(Ql,XQ) o (mt)’fh&) we will
see that none of them is the identity, and they look like what follows. For (nE(Q1 X,)© (mgfl X,)

we have

"X, ®tXs X @ 'Xs
ctX1 ®ctX2 (r dertxl)®(!t dertXQ)
(!tXl &® !tXl) &® !tX2 ® !tXQ !t!tXl &® !t!tXQ
¢

(!tXl &® !th) &® (!tXl &® !tXQ)

f(ldx, ® th2)c§§!‘(th1 ®ldx,)

(digly, ®digh, )@ (digly, @digly,)

(X @ MX) @ (MPX, @ IMEXD) PEX @ 1'X0) @ IM(IPX; @ 1'X))

t2 ot
Pyt itxc, OHiex itxg

And for (mtX21X2) o (ng’é’)@) we have
(X1 & Xo) TMX&Y)

dig, & xy ({f1,f2))

It et
TOTIN(X1&X9)

(X, & Xo)

(1 (X7 & X2)) @ (IF(X1 & X2)))

where f; for ¢ = 1,2 is as follows:

ld@w) dert .
(X1 & X2) @ I (X1 & X) NN (G X)), HLING'S

(X1 & X7)

4.2 Concrete models of LL with a tree-based comonad

In this section, we will provide concrete models of LL based on the tree exponentials mentioned
in the previous section and at the beginning of this chapter. We will examine this tree
exponential in two models of LL, the relational model Rel and the coherence space model
Coh.
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4.2.1 Relational model of LL with tree exponentials

Let £ = Rel with its usual tensor product ® (cartesian product of sets) and tensor unit
(singleton 1). Given a set E we use tree (E) for the set of binary trees defined by the following
syntax:

a,B,--- =) | (@) | (a,f) ackE

Then we set 'E = tree (E) and

wi = {((),*)} € Rel(I"E, 1)
SE‘ { Oq,OQ 011,012)) | o; € ItE for i = 1, 2} € Rel(!tE, tE (24 'tE)
dert, = {({a),a) | a € E} € Rel('E, E) (4.1)

So, we denote the object E* (E) as E' (F) = (tree (E) ,w;, c%;, derl;) where the components
are defined as above. We also use the notation TreeSize(o) for the obvious definition of size
of the binary tree o.

Proposition 138 The object E' (E) of Comagy, (Rel) is terminal object.

Proof: Let M be another comagma on E, remember this means that we have as set M
together with relations wy; € Rel(M, 1), car € Rel(M, M ® M) and dy; € Rel(M, E). Let
t € Comagy (Rel) (M, E" (E)), which means that the following diagrams commute in Rel

t L, tp M —t 5 1E M —t 5 1tp
WJVK/ / CM\L JC&E dM\, Aer
tot B

MM — tTEQI'E

Let m € M. If (m,()) € t then by the first diagram we have (m,*) € wy;. And conversely
by the same diagram if (m,x) € wjy; we must have (m,()) € t. Let now also a € E. By
the same reasoning using the third diagram, (m,{(a)) € t < (m,a) € dy. Now assume
that (m, (a1,a9)) € t. By the second diagram there must exist mj,mga € M such that
(m, (m1,m2)) € cpr and (m;, ;) € t for i = 1,2. The converse is also true: if (m;, ;) € t
for i = 1,2 with (m, (m1,m2)) € cyr, then we must have (m, (a1, a2)) € t. This means that
there is only one t € L(M,!'E) satisfying these commutations, which is given by the following
inductive definition:

t={(m. () | (m. %) € war} U{(m, {a)) | (m.a) € das}

U{(m, (a1, a2) | Imi,ma € M (m, (mi,ma)) € cpr and (my, ;) € t fori =1,2} .

Functoriality of tree (_)

Given t € Rel(E, F), we compute !'t. Since w' !t = wl, we must have («, ()) € ' & a = ().
Since derl; 1t = t derly, for all & € 'E and b € F we must have (a, <b>) € I iff there is
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a € E such that a = (a) and (a,b) € t. Last since %, 't = (% @ I't) ¢!, we must have that,
for any o € I'E and 1,82 € !', one has («, (f1,832)) € "t iff there are aj,as € I'F such
that « = (a1, a2) and (a, 3;) € !*. This means that !*¢ is given by the following inductive
definition:

e ={(0, N} U{({a), (b)) | (a,b) € t}
U{ 041,042> < >) ‘ (ai,ﬂi) e I for i = 1,2} (4.2)

Hence, one can easily check the following proposition, as the computation above satisfies
the general characterization given in Section

Proposition 139 The operation tree (_) defines a functor on Rel.

Monadicity of tree (_ )

We now compute digh; € L(I'E,!"!*E). The condition wf digh = wh, means that ((),()) €
digl;. The condition der}; digl; = Id;p means that for any a, 3 € 'E, one has (o, (8)) € digh
iff & = 8. The condition ck digly = (digh ® dig};) ¢! means that for all A;, Ay € "''E and
a € 'E, one has (o, (A1, Ag)) € digl; iff there are aj, s € !'E such that a = (a1, as) and
(a;, A;) € digh; for i = 1,2. So dig; is given by the following inductive definition:

digy = {((), ()} U {(e, () | « € 'E}
U { 051,052>, <A1,A2>) ’ (Ozi,AZ’) € digtE for ¢ = 1,2} . (4.3)

Hence we have easily the following proposition, as the computation dig® above satisfies
the general pattern given in Section

Proposition 140 The triple (tree (_),der" dig®) is a comonad over Rel.

To have simpler notation we introduce a function flatg : tree (tree (E)) — tree (E) defined
inductively by

flatg(())

flatp((a)
fIatE(<A1, A2>)

)

<ﬂatE(A1>, flatE(A2)> .

Then it is easy to check that

digh, = {(flatg(A), A) | A € "''E} (4.4)
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Symmetric monoidality of tree (_)

Now we compute p5° € £(1,!*1). By the equation der} ;%0 = Id; we have (x, (x)) € ut’. By
the equation w§ %0 = Id; we have (x, ()) € 0. And by the equation c§ u*? = (p*° @ pt?) ¢
we have that, for any a1, ag € I'1, (%, (a1, a9)) € ptV iff (x,a1) € p*0 and (%, ag) € ut°. So
pt0 is inductively defined by

Mt’o = {(*7 <>)7 (*7 <*>))} U {(*7 <a17a2>) ‘ (*7ai) S Mno for i = 172} (45)

so that actually u*0 = {(x,a) | a € I*1)}.

Next we compute IU’tE’]21,E2 € L("FE; @ I'Ey, IY(E1 ® E3)) for two sets Eq and Fs. By equa-
tion derf o p, ,utb’ﬁi& = derly, @dery,, given of € I'E; and o’ € E; (for i = 1,2), we have
((a',a?),{(al,a?)) € pg p, iff af = (af) for i = 1,2. By equation wi op 5 =
A1 (th1®W§52) we have ((a!,a?),()) € u;ﬁ’% iff o' = () for i = 1,2. By equation
orom M = (B oy @ 15 5,) @ (<, © ), forany ol a? € IUE; and By, B € 1 (E1 © Ep)
we have ((al,a?),(B1,52)) € 'U’t];“21,E2 iff there are ai,ad € 1*E; such that o' = (ai,ad) and

((a}, a?), Bj) € uﬁ B, for j=1,2. So /fE? B, 18 given by the following inductive definition

,2 i .
W52 gy = {00, ), )Y U {(((a"), (), ((a' a2)) | o € By for i = 1,2}
U{((al, ab), (at,03)), (81, 52)) | ((a},03), 8)) € gy g, for j =1,2}  (4.6)
As this computation above is coming from a general characterization given in Section ,
we easily have

t,2)

Proposition 141 The structure (I*_, der', digt, ut0, u*?) is a symmetric monoidal comonad

on Rel.

For j = 1,2 let split; : tree (Eq x E3) — tree (E;) be the function defined inductively by
split; (()) = ()
split;({(a', a%))) = (a/)
split; ({81, B2)) = (split; (1), split;(B2)) -

then an easy induction on § shows that

“E?,Eg = {((split,(8),splity(8)), B) | B € I' (E1 @ Ea)}

And finally, one can compute the Seely morphisms in Rel with this tree (_) exponential,
according to Section

Seely morphisms

The unique t € Rel(1,T) is t = @. Hence !t € Rel(!'1,!'T) is 1"t = {(a, @) | « € tree (2)}.
It follows from the general definition of m*? that

mt = {(x,a) | a € tree (@)} .
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Notice that tree (@) is the set of all binary trees whose all leaves are (). Unlike Mg, (@) = {[]},
it is an infinite set.

We have

deryy, (I'Ey @wh,) = {((<a1>, O0),a') | a* € El} € Rel('E; ® I'Fsy, Ey)
derl;, (Wi, @ 1°Es) = {(((), (a%),a?) | * € s} € Rel(!"Ey @ I'B,, By)

Let ptr; : tree (Ey & E3) — tree (Ey ® E9) be defined, for ¢ = 1,2, by induction

ptr;(() = 0

ptr; (((¢ ,a))) = (a)

ptr;(((3 —14,0))) = ()
Ptrz‘(</31,/32>) = (ptr;(B1), ptr;(B2))

Then using the following relation s
s=1 <der351 (!tEl ® WtEQ) ,der'j% (WtE1 X 'tE2)> S Rel('t (!tEl ® !tEg) R It (E1 & Ez)) .
we have

le X, = ={(0, N}
U {((<a1>, 0),((1,a")) | a' € El} {((<> (@*),((2,a%) | a® € E2}
U{(({B1,1, B2,1)s (Br,2: B2.2)), (71,72)) | ((B11, Br.2)s M), ((Ba,1, B22), M) € s}

By an easy induction on elements of tree (E1 & E»), we have
MY, x, = {(ptr1(8). ptra(8)). B) | 6 € I (By & )}

o . . . t,2 . . :
Similarly, using the categorical construction of ny v given in Section , we have

% x, = {((Inti(a1), Inta(02)), (a1, 02)) | (o1, a0) € I (Ey) @ I () }

where Int; : tree (E;) — tree (Ey & F3) is defined as follows for i« = 1,2 by induction on
tree (E;):

Int;(()) = ()
Int;({a)) = {(4,a))
Int; ((B1, B2)) = (Int;(B1), Int;(52))

So, if we compute the two compositions (mt)’fhxg) o (nt)’(QLXQ) and (nt)’fhxz) (me2 x,)» we will

see that none of the is the identity in this concrete case of Rel, as it it mentioned generally
in Section
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4.2.2 Coherence spaces with tree exponentials

Given a coherence space E = (|E|,<g), we define the coherence space I'E = (tree (|E|) ,<rg)
where g is defined inductively as follows:

1. () crg o for any o € tree (| E|),

2. (a) crp (B) if acp B for all o, 8 € |E|,

3. (a) crg (01, 09) for all a € |E| and for all o; € tree (|E|) for i = 1,2,

4. (o1,09) Srep (11, 12) if 0; opp 7 for all oy, 7 € tree (|E|) and for i = 1,2.

To prove that category Coh is an instance of the categorical setting given in Section 4.1,
we have almost nothing to do. Basically, we just check that all definitions are the same as
for Rel, given in Section , and prove that those definitions are indeed a clique in the
appropriate coherence space. We will do this in the following Propositions , and

Proposition 142 The operation tree (__) defines a functor on Coh.

Proof: Let us assume that ¢ € CI(E — F). We need to show !*t € CI(I'E — I'F') where !*¢
is defined in equation 4.2. Let (o,7),(c’,7") € I*t. We prove that (o,7) cpg_orp (o/,7') by
induction on TreeSize(o) + TreeSize(o”). So assume that o crp o’. We consider the following
cases and in each case we prove that 7 < 7/ and that, if 7 = 7/ then o = o’:

e ((),() crporr ({a),(b)): This is true, since we have () <prp (a) and () <ikp (b) by
definition of < (Item 1).

e ((),() crporr ({a1,a9), (51, 52)): Same as the previous case.

o ({a), (b)) crporr ((d),(V)): Assume (a) <pg (d’), so, by Item 2, we have a <p a'.
Since t € CI(E — F'), we have b cp V/, and then (b) <ip (b'). Now Assume (a) cpg (a’)
and (b) = (b'). So, we have a = d/, and therefore (a) = (a’).

e ({a), (b)) crporr ({a1,a2), (51, 82)): This case is vacuously true, since we do not have
(a) Sep (a1, az).

o ({a1,2),(B1,532)) crEorr ((o,ab), (8], 35)): Assume that (a1, as) Siep (o), ab). By
Item 4, we have o; <pp o for i = 1,2. By Definition 1.2, we have (az,ﬁz) € !*t and
(af, B}) € 1*t. So, by induction hypothe81s we have (ay, ;) Srp_orp (af, B)) for i = 1,2.
Hence we have ; <ip (.. And therefore (01, 52) <rp (81, 05). The reasoning is the
same for the assumption that (aq, as) Srg (o), ob) and (B, B2) = (51, B5)-

Definition of natural transformations der'; and digh; is respectively derTE| and ding‘.
Proposition 143 The triple (tree (_),der*dig®) is a comonad over Coh.
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Proof: We only need to show that derl, € CI(!*E — E) and digh; : CI(''E —o I!1*E) for der';
and digh; defined respectively in 1.1 and 1.3. Assume (a) g (b). So, we have a ©p b. If we
moreover assume that a = b, then we certainly have (a) = (b). Hence ({(a),a) Srg_og ((b),b).

For digh;, let (o, 7), (o/,7") € digl;. We prove that (o, 7) Srp_orrg (0, 7') by induction on
TreeSize(o) + TreeSize(o’). So assume that o < o’. We consider the following cases and in
each case we prove that 7 <pp 77 and that, if 7 = 7/ then o = o”:

e ((),() crgorrg (a,(a)): This is true, since we have () Srpep (o) by Item

e (0,0) crporrp ((a1,a), (A1, As)) where (o, A;) € dighy: This case is the same as the
previous one.

o (a,(a)) crporrg (B,(8)): Assume a Spg 3, then by Item 2 we have () Sprep 5. And
if @ = 3, we obviously have ((a)) = (3).

o (a,{a)) orp orre ((a1,a), (A1, A2)) where (a;, A;) € digly i@ = 1,2: This case is
vacuously true, since we do not have a cipg (g, ag).

L (<041,042>, <A1,A2>) CrE_oltity (<O/1,O/2>, <A,1,A,2>) where (Ozi,Ai) S digtE and (Oé;,A;) S
digh; for i = 1,2: Assume that (a1, a2) <rep (o), ab). By Item 4, we have a; Spreg
of for i = 1,2. Since (a;, A;) € diglh, we therefore have A; cpp Al for i = 1,2,
and hence (A;, Ag) orp (A}, AS). The reasoning is the same for the assumption that
({1, az), (A1, A2)) Sep—orrp ({0, ah), (A1, A3)) and (A1, Ag) = (A1, 4).

t,2)

Proposition 144 The structure (I*_, der', digt, ut0, u*?) is a symmetric monoidal comonad

on Coh.

Proof: We only need to show that u*° € CI(1 —o !*1) and U%Z,F eCI(("EL@1'Ey) — "(Eq ®
Es)) for pt0 and pt? defined respectively in 1.5 and 4.6. For ut°, let (o, 7), (o/,7') € ut°. We
prove that (o,7) <11 (0/,7') by induction on TreeSize(o) + TreeSize(o’). So assume that
o <1 o’. We consider the following cases and in each case we prove that 7 <y; 7/ and that,
if 7 =17/ then 0 = o

,()) S1-oit1 (%, (%)): This is true, since () <y (%) by Item

k, (%)) S1ot1 (%, (1, 2)): We have (x) <pp (a1, ag) by Item

(%, {

o (%,()) S1-o1t1 (%, (a1, 2)): This case is the same as above.
(%, {
(

*, (a1, @2)) S1or1 (%, (@], a2)): Since we have (x,q;) € ut and (x,a}) € ptY, then
a; S o for i = 1,2. Hence, by Item 4, we have (a1, ag) Sy (0], ab).

To show M%?FCI((!tEl ® I'Ey) — IY(Ey @ E9)), let (o,7),(c',7') € NEQF We prove that
(0,7) SrE etE—t(B10E,) (07, 7') by induction on TreeSize(o) + TreeSize(o’). So assume that
0 g eitE, 0 - We consider the following cases and in each case we prove that 7 S (B0 E) T/
and that, if 7 = 7/ then o0 = o:
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1

« ((0:0)
{(al,a?

o (0,00 0) et <tEmem) ((al,a}), (af,a3)), (B1, B2)): This case is the same as
the previous one.

o ((ah), (@%)),((a',a?))) Spere)—-tEmer) ((01,03), (ef,a3)), (B, B2)) where ((a;
K, |, for j =1,2: This case is vacuously true, since we do not have ((a'), (a®)) crperE

({ad, ad), (a?,a§>)

o (((a'), (a*)), ((a",0%))) S(upysrm,)—r(mem) ((((@)),{(@®)) {(@'), (a®)))): Assume
that (<a1>,<a?>) SitER1E, (((a)"),{(a*)")). Then we have (a’) opp, ((a’)) for i =
1,2. Then a' <g, (a’)’. And so we have (a',a?) <pg,op, ((a'),(a?)'). Therefore
((a',a?)) Sripom,) (((a), (a*))). We have a similar reasoning if we assume moreover

that ((a',a®)) = (((a')’, (a*)")).

)) by Item

<>) (tPE1Q1Ey)—t(E1®F2) ((<a1>a <a’2>)a <(CL ,CL2)>)Z This case is ture, since <> S E1QEs)

a3), B;) €

° ((<O‘%7 O‘%> <a17 a2>) (ﬁla /62>) 'tE1®'tE2)H°'t(E1®E2) ((<(O‘%)/7 (a%),>7 )<(a%),7 (OJ%),», </Biv ﬁ&))

where (( ]3 ) /8]) € MEl,E'Q and ((( ) ( ]) )?Bﬁ) € /“LtE"? Es for ] = 172:

Assume that ((a], o). (o%,08)) Srpers, (@] (ah)), (@), (@3))). So. we have
(ad,ab) orp, ((}), (a?)) for i = 1,2. Therefore ot =g, (a}) for j = 1,2. Then we
have (ozjl,oz?) Sip, ltE, ((ajl-)’,( )) for j = 1,2. Hence we have Bj SwEiwE,) B for
j = 1,2. And finally, we have <51, B2) Sw(meE,) (B1;05). We have a similar reasoning

if we moreover assume that (51, f2) = (ﬁl, B5).

4.3 Local Totality Spaces

In this section, we will relate the coherence spaces with tree exponentials (presented in Sec-

tion ) and non-uniform coherence spaces with the Boudes exponential (presented in Sec-
tion ). To do so, we use the logical relation method, and so, we define another instance
of our categorical setting provide in Section 4.1, and we call it local totality spaces.

Definition 145 A local totality space (LTS) E is a tuple E = (E®, EN, pg, Tg) where EC is
a coherence space, EN is a non-unifrom coherence space, pg : |EG| — ]EN\ is a function, and
Te = (Te(a))qe|pn| such that Va € |EN| we have Tg(a) € Tot(py'(a)) and @ ¢ Tr(a) # 2.

Notice that that py'(a) is the subcoherence space of E€ whose web is p5'(a). And remember
that Tot(X) ={T CP(X)|T =T *} where T* = {v/ C X |Vu € T unu' # o}.

The letters G and N in Definition stand for Girard and non-uniform coherence spaces,
respectively.

Definition 146 Given a local totality space E, we define the set of cliques of E, denoted as
Clir(E), as follows:

Clr(E) = {u € CI(ES) | pp(u) € CIEN) A Va € pp(u) (un pg'(a)) € Tela)}.
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4.3.1 COHLT is a *-autonomous category with finite product

Given two local totality spaces E and F, we define local totality space E ® F as (E® ®
FG,EN ® NN,pE®F,TE®F) where E¢ @ FG and EN @ NN are defined in Section and
Section respectively. And pggr(a,b) = (pe(a), pr(b)). And we also define Tggr as

Teegr(a,b) ={uxv | ueTgla) N veE TF(b)}lL.

This +* is computed in coherence space pj;'(a) ® py'(b) as subcoherence space E¢ @ F©.
And notice that Tpgr((a,b)) € Tot(p]_Eé@F(a,b)) by definition, and @ ¢ Trer((a,b)) # @,
sine that is the case for & ¢ Tg(a) # @ and & ¢ Tp(b) # &. Hence, indeed F ® F is a LTS.

Given a LTS E, we define E* as ((E1)®, (E)N, pp, T5) where ppi(a) = pg(a). E* is
obviously a LTS, and it relies on the fact that @ ¢ Tg(a) # @. And then we define £ — F
as (F® FH)*.

We will use the two following lemmas (Lemma 117, and Lemma 148) many times in this
chapter, and we sometimes omit to mention them explicitly.

Lemma 147 Lett € Clyt(E — F). Thent € Tpor((a,b)) & Vu e Tg(a) t-u e Tp(b).

Proof: Let t € Tp.r((a,b)) and let u € Tg(a). Let v/ € (Tp(b))*, since u x v/ €
Teer((a,b)) we have t N (u x v') # @ and hence (¢t - u) Nv' # @. Therefore t - u €
Tr(b)*t = Tr(b). Conversely assume that Yu € Tg(a) t-u € Tp(b). Let u € Tg(a) and
v' € Tpi(b) = (Tp(b))*. Since t-u € Tp(b) we have (t-u)Nv’ # @ and hence t N (u xv') # @
and this shows that ¢t € Tg_r((a,b)). [

The proof of the following is the same as the proof of Lemma

Lemma 148 Let t C |EN| x |[FN|, a € |EN|, b € |FN|, and A C P(pg'(a)) be such that
Tp(a) = AL IfVz € Atz € Tp(b) thent € Clip(E — F).

We now define the category COHLT of local totality spaces that includes local totality
spaces as objects, and as morphisms COHLT(E, F') = Cl1(F — F). We take the diagonal
morphism Id e as the identity morphism on E. For the composition, we take the relational
composition of Rel. Proposition ensures that what we have defined is indeed a category.

The following lemma is the main justification of the our definition of LTS.

Lemma 149 Given f € Clit(E — F) and g € Clit(F — G), we have ppoc(go f) =
(pr—c(9)) © (PE—F([))-

Proof:

> Proof of pp.a(go f) C (proc(9)) o (ppor(f)): Take (a,c) € pg—g(go f), then there is
a (a,v) € (g) o (f) such that pp_.c((e,7)) = (a,¢). So, pr(a) = a and pg(y) = c. Since
(a,) € (g9) o (f), there is a 8 € such that («, ) € f and (8,7) € g. Let b = pp(B) so
that there is a b € |FN| such that (a,b) € prr(f) and (b,c) € pr.g(g). Hence (a,c) €

(PF—c(9)) o (pE—F(f))-
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> Proof of p (g0 ) 2 (pr(9)) o (p-r(f)): Take (a,6) € (pra(9)) o (Ppr(f)), 50
there is a b € |FN| such that (a,b) € pg_.r(f) and (b,¢) € pr.g(g). Since f € Clit(E —o
F) (respectively g € Clit(F — G)), we have f N pg'.;(a,b) € Tpor(a,b) (vespectively
gNppt.a(b,c) € Trg(b,c)). We know that for any u € Tx(a) we have (fNpg'.p(a,b))-u €
Tr(b). Similarly, we have (gNppt,o(b,¢))-((fNpgt.p(a,b))u) € Tg(c). Since @ ¢ Tg(c) # @
and & ¢ Tr(b) # @, one can find a v € Tg(c) and B € (f N pg'.p(a,b)) - u such that
(B,7) € gN ppt.g(b,c), and so, (8,7) € g. Similarly, since @ ¢ Tp(a) # &, there is a a € u
such that (a, 8) € f N ppt.p(a,b), and so, (a, B) € f. Therefore, there is a (a,7) € (g) o (f)
such that pp_c((,v)) = (a,c). Hence (a,c) € pp—oc(go f).

As a direct conclusion of Lemma, , we also have

Lemma 150 Given f € Clit(E — F) g € Clit(F — G), (a,c) € (go f), (a,b) € f and
(b7 C) €g, we have pE;G(aa C) = (pELG(ba C)) © (pEIAoF(aa b))

Proposition 151

1. IdlEG‘ S C|[_T(E —o E)

2. Given two morphisms f € Clit(E — F) and g € Cli7(F — G), we have go f €
Clr (B — G).

Proof: First of all we have pgpog(ldjge|) € CI(EN — EN), since pE—p(ldjgn) C 1d)ge).
Given (a,a) € pp—pg(ld|gs)), let us assume that u € Tg(a). Then we have
(I s Npgtop((a,a)))(u) = u, since u C pg'(a). Therefore we have the first item.

For the second item, ppoc(go f) = (pr—c(9)) o (pE—r(f)) by Lemma 119. And we also
have pr oc(g) € CI(E — G)N) and pi 2r(f) € CI(E —o F)Y). Hence, pra((g) o (f)) €
CI(E — GN). Given (a,c) € pr_.c(go f), suppose that u € Tg(a). By Lemma 149, there
exists a b such that (a,b) € pgopr(f) and (b,¢) € pr.g(g). Since f € Tgp_.p, we have
f0ppt.p(a,b) € Tpor((a,b)). Therefore z = (f N ppt.p(a,b))(u) € Tr(b) by Lemma
And by a similar reasoning, we have (g N ppt.-(b,¢))(z) € Tg(c). And we also have ((g o
£ Npgt.ala,e)(w) = (9N pgt.p(a,b))(z) by Lemma 150. Hence the second item is true, by
Lemma

Now, we are going to prove that COHLT is a monoidal closed category. We just take all
definitions provided in Section , and show that they define cliques in the appropriate
LTS.

Lemma 152 Let f C |EN| x |FN|. One has f € Clit(E — F) iff f- = {(b,a) | (a,b) € f} €
Clr(FL —o EL).

Proof: First we have pp_op(f)CI(EN — FN)iff ppr po (fH)CI(FHN — (EH)N), since
ppi(a) = pe(a) and by results of Section
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To show f N ppt.p(a,b) € Tp.r((a,b)) iff f£N p;i%El(b, a) € Tpi_,pi((b,a)) we can
use Lemma and the fact that (E — F) = ((E ® FL))L and (F+ — E1) = (Ft @ E)*.
|

By the same proof as that of Lemma 306, one has the following:
Lemma 153 f € T(g,gpm,)—r iff for alluy € Tp, and uz € Tg, one has f - (u1 @ ug) € Tp.

As we saw in two previous lemma, one can prove easily Lemma and Lemma using
results of Sections and

Lemma 154 The bijection a|x,||x,|,|v| i an isomorphism from (Ey ® Ea) — F to Ey —o
(Ey — F).

Lemma 155 Given f € Tpgr.q, thencur(f) € Tp_o(rog). We also haveevp r € T(p_opygE—oF-

And we finally define two objects 1 = (1N,1¢,Id, {{*}}). What we have done so far was
proof of the following theorem:

Theorem 156 The category COHLT is a *-autonomous category.

One can also equip category COHLT with a product. Given two LTS F; and Es, one can
define El & E2 as ((El & EQ)Ga (El & E2)N7 PE1&E27TE1&E2) where pEl&EQ((i7 a’)) - (2’ PE; (a))
for i =1,2, and

Teer((5,0)) = {0 C pples, (i:0) | priu € Tr,(a)} .

Then we have Tg,¢p,((i,a)) € Tot(,o;Jll&E2 (i,a)) by definition, and we also have @ ¢
Te &, ((i,a)) # 9, since @ ¢ Tg,a # &. So, indeed Eq & Es is a LTS.

Since COHLT is a *-autonomous category, one can define co-product Ey @ Ey = (Ef &
Es)t. And finally, the terminal object of COHLT is T = (T¢ TN @,{2}) and that 0 =
TL=(T¢, TN, 2, 2).

4.3.2 Exponentials in COHLT

Given a LTS E. We define |E = (*E®, ,EN, pip, Tig) where pip is defined inductively as
follows (!,__ and !I*__ are defined respectively in Sections and )E

« pe(() =1,

o pie((a)) = [pe(a)l,

o pe({a,B)) = pe(a) + pEe(B) -

Tig(m) is defined as follows for a given m = [a1,--- ,az] € [LEN|:

Tip(m) = {U € CI("E®) | U Cpt(m) A Iw € Te(a)k (TreeLeaf(W) c U) }
where TreeLeaf (uq,--- ,uy) is the set {7 € tree(Uw;) | Iy € wp)ky (L(T) = [, -+, ax])},

and L(_) is the function that return the leaves of a tree.
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Lemma 157 Let E be a local totality space, then \E is a local totality space.

Proof: We obviously have Tiz(m) € Tot(p,; (m)) since we took bi-orthogonal in the defini-
tion. First assume that m = [] then one can take U = tree (&) € Tig([]), so, @ ¢ Tip([]) # 2.
And obviously, @ ¢ Tig(m) # @ if m # ||, since @ ¢ Tg,(a;) # D fori=1,--- k. [ |

Lemma 158 Let E and F be two local totality spaces, then pig_oapr(*f) = pp—r(f)).

Proof:

> Proof of pipap(!*f) C Hppor(f)): Take (m,n) € prg_or(!*f) where m = [ay,--- ,ax] and
n = [b1, - ,bx]. Then thereis (7,0) € I'f such that (m,n) = pg_ar((1,0)) = pp(T)xpr(c).
So, we have m = [pg(a1)]+- - +[pe(ax)] and n = [pp(B1)]+- - -+[pr(Bk)] where o € L(7) and
Bi € L(o) fori € {1,--- ,k}. Therefore, a; = pr(a;) and b; = pp(5;). So, there are (o, 3;) € f
such that (a;, b;) = pp—or(ay, B;) for i € {1,--- | k}. Therefore we have (a;,b;) € pr_p(f) for

i€ {l,---,k}. Hence (m,n) € (pp—r(f)).
> Proof of pip ar(!'f) D N pr or(f)): All steps of above also hold in the other direction.
|

Lemma 159 Let E and F be two local totality spaces, and f € CI(E® — FS) such that
,OEH:F(f) € C|(EN —o0 FN). Then p!E_Q!F(!tf) S Cl(!bEN —o !bFN).

Proof: By Lemma 158, pig_or('tf) = (pg_or(f)). And since pg_or(f) € CI(EN — FN),
we have !(pp_op(f)) € CI(1PEN —o 1P FN), [ ]

Lemma 160 Let E and F be two local totality spaces, and f € Clit(E — F). Then¥(m,n) €
pE—or(Itf) one has I'f N pip_p(m,n) € Tip_ap(m,n).

Proof: Take (m,n) € prp_oep(''f) where m = [a1, - ,ax] and n = [by, - ,bg] with
(ai, b)) € pp—or(f). Let U € Tig(m). One also has U C p,5 (m) and assume that there
is a collection (u; € Tx(a;))%_, such that TreeLeaf(u) C U. Notice that one can also remove
this assumption of existence of u;’s using Lemma

Since f € Clt(E — F), we have fﬂpEl_oF(a,-,bi) € Tgor. By Lemmas , (fn
pELF(ai,bi)) -u; € Tp(b;) for the given u; € Tg(a;). So, let v; = (f N pE;F(ai,bi)) -u; for
i=1,--- k. Hence TreeLeaf(7') C ("f N prp_air(m,n)) - U.

Moreover, since U C p, (m), one has ('f N pip_ap(m,n)) - U € p(n). And this ends
the proof that I*f N p; (M, n) € Tip_ar(m,n). [ ]

As an immediate application of Lemmas , and , we have the following fact:
Proposition 161 The operation !* defines a endofunctor on the category COHLT.
Lemma 162 One has dery; € Clit(!E — E), and digh, € Cli1(!E — I'E).
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Proof: Let (m,a) € pp_op(dery) and U € Tig(m). By definition of derp (defined in
Section ), m should be [a]. Let u € Tg(a) such that TreeLeaf(u) C U. u cannot be empty,
so, because U C py; ([a]), we have u = {a | (a) € U}. One also has derl, -U = {a | (a) € U}.
Hence der'; -U € Tg(a). And as pig_.p(der;) = derg, we also have pip_.g(dert;) € CI(1,EN —o
EN) by Section . So, we end with the proof of derl; € Clit(!E — E).

One has pig_onge(digh) = digg. Now, let (mq + -+ + my, [m1, -+ ,my]) € pp_nge(digh)
and U € Tig((m1 + -+ + my)) where mj = [a; | @ € I;] (I;’s are disjoint). And so,
[mi,---,my] =la; | i€ I] where I = ;iqf I;. Let the collection (u; € Tg(a;))ier be such
that TreeLeaf(w) C U. Now, we define V; = TreeLeaf((u;)ier;). Take T' € TreeLeaf(v).
Therefore one has flatg(T) € U. Hence, by Definition 1.1, we have T € dig}; - U. And since
(digh N prg g (mi 4 -+ mp, [m1, -+ ,my])) - U = digh - U, we have (digl; N pigop(m1 +
codb My, [ma, -, my)])) U € Tyug([ma, -+ ,my)). Hence, one has digh; € Tig_onp((mq+-- -+
My, [M1, -+ ,my])). And as pig_onp(digh) = digg, we also have pip_onp(digh) € CI(ILEN —
Iy EN) by Section . So, we are done with the proof of digh; € Clit(!E — I!E).

|

As an immediate application of Proposition and Lemma , we have the following
fact:

Proposition 163 The triple (tree (_),der"dig") is a comonad over COHLT.

Lemma 164 One has ut° € Clit(1 — 1) and pt?EFCl1((!E1 ® |Ey) —o (B ® E3))

Proof: Since COHLT is that a symmetric monoidal category (part of Theorem ), and
(tree (_),der"dig") is a comonad over COHLT (Proposition 113), by the general construction

given in Section , we have put? € COHLT(1,!1) and pt?EF € COHLT(!E; ® !Fy, (B ®
Es)). [ |
And finally, as an immediate application of Proposition and Lemma , we have the

following fact:

t t,2>

Proposition 165 The structure (I*_, der', digt, u®°,

on the SMC COHLT.

is a symmetric monoidal comonad

We denote by [A]cont (respectively [A]conit) the interpretation of formula A in the
coherence spaces with the tree exponential (respectively the category COHLT).

Now, we have all material to prove one of our main goal of this chapter which is the
following theorem.

Theorem 166 Let 7 be a LL proof =T'. Then ppricous ([7]cont) = [TNcon-

Proof: There is a forgetful functor U : COHLT — Coh sending object E = (E®, EN, pgp, Tg)
to E® and it acts as identity on morphsims. By Theorem , Propositions , and
Propositions , we can compute [7]couLT using the general construction given in Fig-
ure 3, and one can see that U([7]conut) = [7]cont = [7]conT as U preserves all the
linear logic structure, since it acts on morphism (cliques) as identity. There is also a func-
tor V : COHLT — NCoh sending object E = (E®, EN, pp, Tg) to EN and a morphism
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u € COHLT(E, F) = Cli7(E — F) to pp_r(u) € CI(EN — FN) = NCoh(FE, F) using Defi-
nition 146. The functor V preserves all the linear logic structure: For the symmetric monoidal
closed structure, this is obvious, since it acts as identity on those structures. This is also the
case for !* by Lemma 158, and this holds also for der' and dig* by the proof of Lemma 162.

Hence, we have V([r]conLt) = p[[F]]COHLT([[Tr]]COHLT) = p[[F]]COHLT([[ﬂ']]CohT) = [7]Ncoh- u

4.4 Sum up of Chapter 4

Sum up of Chapter

e Provide a categorical setting for Tree exponentials: Section 4.1

o Examine the mentioned categorical setting on two well-known models of LL, i.e,
Rel and Coh: Propositions 140 and |41 for Rel. Propositions 143 and 144 for
Coh.

e Provide a new concrete instances of the mentioned categorical setting, i.e, Local
Totality Spaces. Theorem 156, Propositions 163 and 165.

o Relate interpretations of LL proofs in coherence spaces with the tree exponential
and non-uniform coherence spaces: Theorem 1060.
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Chapter 5

Conclusion and future work

In the last chapter we list some further research and open questions related to this thesis.

5.1 A general categorical framework for computing recursive
types in Nuts

We have done in Chapter | that Nuts (non-uniform totality spaces) is model of pLL. This
has two parts; first showing that Nuts is model of LL, and secondly that an endofuntor on
Nuts, under some assumptions, has both initial algebra and final coalgebra. To deal with
the second part, one can summarize the situation as follows.

Let F' be an endofunctor on Rel which has an initial algebra and a final algebra and let
F be a lifting of F to Nuts. That is to say one has the commutation of the following square
where U is the forgetful functor:

Nuts L Nuts

o] o]
Rel — Rel

Then we showed that F' also has both initial algebra and final coalgebra. So, one can ask this
natural question: what is the categorical setting for this construction that we have in Nuts.

We can make this question more precise by noticing that category Nuts is an example of
slack orthogonality category (Definition 47 of [HS03]). So, the question is as follows:

Question 1 Let L be a model of LL. Let J be an object of L, and consider the slack orthog-
onality category S;(L). And let F' be en endofunctor on L which has both an initial algebra
and a final algebra. Does the endofucntor F : S;(L) — S;(L) have initial algebra and final
coalgebra where F is the lifting of F'?
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5.2 Full normalization of xuLLP

We proved an adequacy theorem in Chapter 2 for kuLLP (Theorem 84). As two applications
of this theorem, we saw two normalization theorem: for command ¢+ P (Theorem 104), and
for command ¢ F 7nat. So, a very natural question is that can we extend this result to a
command ¢ = N7, P].

Question 2 Given a command ¢t N, P], is ¢ strongly normalizing?

We have some ideas to tackle this question: The idea is to extend kulLLP with a constant
o which is a new command, typed by o = N where A is an arbitrary negative context. This
may seem surprising at first sight but remember that weakening is freely available for all
negative formulas. So the real meaning of this rule is o - which is the familiar O-ary mix rule
of LL. It is easy to check that all properties of kKulLLP proven so far are still valid for this
extension. We also need to extend the point typing system with the rule o - (a; : a; : N;)7 g

under the proviso that a; N;* [] for all i € n. The benefit of this extension is that now 1L
contains closed commands.

5.3 Adding the general fixpoint operator to xuLLP

One can imagine an extension of kulLLP with a general fixpoint construction. That is to say
adding the following rule or maybe some other formulation (One can also look at [Fhr16, ET19]
to see this kind of language). And moreover, we also have two unfolding rule for p and v.
FN,a:?Nt|t: N FN | p: P uC.P/¢T] FNLQ]|t: N[vC.N/¢T]

A AT A O T I L R A et

One can also extend the reduction system of kulLLP by the following rules:

fixa () xp = (t %) [fixa(t)' /0]
fd(t) xfd(p) = t*p

Notice that it is not clear that if one can derive the (t-v) rule of kuLLP using the rules above
and the LL ones. However, there is a strong feeling that one can prove using the categorical
semantic that this cannot be true. So, perhaps we have to deal with the (t-v) rule directly but
this makes adequacy theorem more complicated. Or perhaps we need another formulation of
the (fix) rule.

Question 3 If we want to add a general fix operator to kuLLP, what formulation should we

consider? And what sort of normalization theorem can we prove?

5.4 Categorical model for non-well-founded linear (uLLy)

We only provided concrete models of pll., in Chapter 3, and not a categorical model. For
instance, in [FS13, San02], there is categorical model for the circular proof in the additive
fragment of LL. So, one can wonder if that can be extended to full LL. Circular proofs are
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the Non-well-founded proofs that have a finite representation. The very general idea would
be to interpret circular proofs as a system of equations and try to find the solution of that
system using final coalgebra. However, one the main difficulty is that it is not clear how to
understand the syntactic validity condition (Definition 118) categorically.

If we do not restrict ourselves to circular proofs and consider all valid ulLL,, proofs, we
almost do not hope to provide a categorical model for them. Because it is not even clear how
to interpret an arbitrary non-well founded proof. Of course, one can assume some structure
on the category in order to interpret those proof. For instance, one can work with CPO-enrich
categories, and interpret proofs using the same idea as we did in Rel. Nevertheless, it worth
trying to find a class of categories as model of ulLL,, rather than finding a free category for
1LLs logic in the sense of what we have for CCC categories and simple typed A-calculus.

Question 4 What is the categorical model of circular plLy ?

5.5 Investigation on Kleisli category of tree exponential comonad

As we saw in Chapter4, the Kleisli category of tree exponential comonad is not a CCC
category. So, in particular, the semantic does not preserve the S-reduction of simply typed
A-calculus ((Az.u)t — u[t/z]). However, one might gain by comparing the interpretation of
(Az.u)t and u[t/z] in those Kleisli category.

Question 5 What sort of information one might obtain by computing the interpretation of

(Az.u)t and ult/z] in those Kleisli category of tree exponential comonad in different structure
such as Rel, Coh, and COHLT?

5.6 Sequentiality and tree exponential semantic

Let us consider the following LL proof m;:

F1 F1 F1 F1

(©1) (©2) (©2) (©2)
l—l_J_l 169@1 1 (L) l—l_J_l fa@l 1 (L) l—l_J_l fa@l 1 <L) l—l_J_l je@l 1 (i)
b b (&) b b (&)
F L&), 1ol F L&), 1ol
(®2) (®2)

N  ENECAIIRES 0 N  ENECAIRES
e &) et - e &) er
- (s e
- (- D), I (L&) 1ol
- (- D) e (D)ol
-7

(L)
(&)

(1)
(d), (d)
(c)
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Interpretation of 71 in Rel is {([1t, 2t], t), ([1t, 2f], f), ([1f, 2t], f), ([1f,2f],f)}. And if we
consider the Rel with tree exponential, one has
[UE), (26)), 6), (((18), 26)), ), ((18), (26)), £), ({1}, (26)), £)} as the interpretation of .

Now, let proof my be the proof which is the same as m; but we do (®1) on the yellow
formula instead of doing (@) on the green formula. Then interpretation of 7 is the same as
71 in Rel with the multiset exponential, as the order does not matter in a multiset. However,
interpretation of m in Rel with tree exponential will be

{(((2t), (1)), t), ({(2£), (1)), ), ({(2t), (1£)), £), (((2f), (1£)), £)}.

One can also obtain, symmetrically, proof 73 and 74 that do (®2) on the red formula and
(®2) on the blue formula respectively instead of doing of doing (®7) on the green formula
in ;. Then one can see that whereas interpretation of w3 and 74 are same in Rel, those
are different in Rel with tree exponential. So, one has four different interpretation in Rel
with tree exponential for those four (not necessarily “different”) proofs. One can see such a
phenomenon usually in sequential function and game semantics.

Question 6 Is there any relation between the tree exponential semantic and game semantic
of LL?

177



[Abr93]

[Ada74]

[AE15]

[AJO4]

[AMM18]

[And92]

[APTS13]

[Bael2]

[Bar79]
[BBAPHY2]

[BBAPHY93]

[BCL83]

Samson Abramsky. Computational interpretations of linear logic. Theoretical
Computer Science, 111:3-57, 1993.

Jiri Adamek. Free algebras and automata realizations in the language of cate-
gories. Commentationes Mathematicae Universitatis Carolinae, 015(4):589-602,
1974.

Shahin Amini and Thomas Ehrhard. On classical pcf, linear logic and the MIX
rule. In Stephan Kreutzer, editor, 24th FACSL Annual Conference on Computer
Science Logic, CSL 2015, September 7-10, 2015, Berlin, Germany, volume 41 of
LIPIcs, pages 582-596. Schloss Dagstuhl - Leibniz-Zentrum fiir Informatik, 2015.

Samson Abramsky and Radha Jagadeesan. Games and full completeness for
multiplicative linear logic. The Journal of Symbolic Logic, 59(2):543-574, 1994.

Jiri Adamek, Stefan Milius, and Lawrence S. Moss. Fixed points of functors. J.
Log. Algebraic Methods Program., 95:41-81, 2018.

Jean-Marc Andreoli. Logic programming with focusing proofs in linear logic.
Journal of Logic and Computation, 2(3):297-347, 1992.

Andreas Abel, Brigitte Pientka, David Thibodeau, and Anton Setzer. Copat-
terns: programming infinite structures by observations. In POPL, pages 27-38.
ACM, 2013.

David Baelde. Least and Greatest Fixed Points in Linear Logic. ACM Trans.
Comput. Log., 13(1):2:1-2:44, 2012.

Michael Barr. *- Autonomous Categories. Springer Berlin Heidelberg, 1979.

Nick Benton, Gavin Bierman, Valeria de Paiva, and Martin Hyland. Term as-
signment for intuitionistic linear logic. Technical report, 1992.

Nick Benton, Gavin Bierman, Valeria de Paiva, and Martin Hyland. A term
calculus for intuitionistic linear logic. In Marc Bezem and Jan Friso Groote,
editors, Typed Lambda Calculi and Applications, pages 75-90, Berlin, Heidelberg,
1993. Springer Berlin Heidelberg.

Gérard Berry, Pierre-Louis Curien, and Jean-Jacques Levy. Full abstraction for
sequential languages : The states of the art. Research Report RR-0197, INRIA,
1983.

178



Fixpoints of types in linear logic from a Curry-Howard-Lambek perspective.

[BCSTY6]

[BDKS20]

[BDS16]

[BE9I]

[BEO1]

[Ben]

[Ben95)

[Ber78)]

[Ber79]

[Bie94]

[Bie95]

[Blu93]

[Bou02]

[Boull]

R.F. Blute, J.R.B. Cockett, R.A.G. Seely, and T.H. Trimble. Natural deduction
and coherence for weakly distributive categories. Journal of Pure and Applied
Algebra, 113(3):229-296, 1996.

David Baelde, Amina Doumane, Denis Kuperberg, and Alexis Saurin. Bouncing
threads for infinitary and circular proofs, 2020.

David Baelde, Amina Doumane, and Alexis Saurin. Infinitary Proof Theory:
the Multiplicative Additive Case. In Jean-Marc Talbot and Laurent Regnier,
editors, 25th FACSL Annual Conference on Computer Science Logic, CSL 2016,
August 29 - September 1, 2016, Marseille, France, volume 62 of LIPIcs, pages
42:1-42:17. Schloss Dagstuhl - Leibniz-Zentrum fiir Informatik, 2016.

A. Bucciarelli and T. Ehrhard. Sequentiality and strong stability. In [1991]
Proceedings Sixth Annual IEEE Symposium on Logic in Computer Science, pages
138-145, 1991.

Antonio Bucciarelli and Thomas Ehrhard. On phase semantics and denotational
semantics: the exponentials. 109(3):205-241, 2001.

Jean Benabou. Logique categorique lecture notes of a course by J. Benabou in
montreal (1974).

P. N. Benton. A mixed linear and non-linear logic: Proofs, terms and models.
In Leszek Pacholski and Jerzy Tiuryn, editors, Computer Science Logic, pages
121-135, Berlin, Heidelberg, 1995. Springer Berlin Heidelberg.

Gérard Berry. Stable models of typed A-calculi. In Giorgio Ausiello and Corrado
Boéhm, editors, Automata, Languages and Programming, pages 72-89, Berlin,
Heidelberg, 1978. Springer Berlin Heidelberg.

Gérard Berry. Modéles complétement adéquats et stables des lambda-calculs typés.
These de doctorat, Université Paris VII, 1979.

G.M. Bierman. On Intuitionistic Linear Logic. PhD thesis, University of Cam-
bridge,, 1994.

G. M. Bierman. What is a categorical model of intuitionistic linear logic? In Mar-
iangiola Dezani-Ciancaglini and Gordon Plotkin, editors, Typed Lambda Calculi
and Applications, pages 7893, Berlin, Heidelberg, 1995. Springer Berlin Heidel-
berg.

Richard Blute. Linear logic, coherence and dinaturality. Theoretical Computer
Science, 115(1):3-41, 1993.

Pierre Boudes. Non-uniform hypercoherences. In Richard Blute and Peter
Selinger, editors, Category Theory and Computer Science, CTCS 2002, Ottawa,
Canada, August 15-17, 2002, volume 69 of Electronic Notes in Theoretical Com-
puter Science, pages 62-82. Elsevier, 2002.

Pierre Boudes. Non-uniform (hyper/multi)coherence spaces. Math. Struct. Com-
put. Sci., 21(1):1-40, 2011.

179



BIBLIOGRAPHY

[Bro06]

[BS94]

[BS07]

[BS10]

[BT17]

[BT19]

[BTKP93]

[Bus9sg]

[Can95]

[Can97]

[CCT74]

[CCT9]

[CFM16]

[CHO0]

[CHO6]

James Brotherston. Sequent Calculus Proof Systems for Inductive Definitions.
PhD thesis, University of Edinburgh, November 2006.

G. Bellin and P.J. Scott. On the m-calculus and linear logic. Theoretical Computer
Science, 135(1):11-65, 1994.

James Brotherston and Alex Simpson. Complete sequent calculi for induction
and infinite descent. In Proceedings of LICS-22, pages 51-60. IEEE Computer
Society, July 2007.

James Brotherston and Alex Simpson. Sequent calculi for induction and infinite
descent. Journal of Logic and Computation, 21(6):1177-1216, 10 2010.

Stefano Berardi and Makoto Tatsuta. Equivalence of intuitionistic inductive def-
initions and intuitionistic cyclic proofs under arithmetic. CoRR, abs/1712.03502,
2017.

Stefano Berardi and Makoto Tatsuta. Classical System of Martin-Lof’s Inductive
Definitions is not Equivalent to Cyclic Proofs. Logical Methods in Computer
Science, Volume 15, Issue 3, August 2019.

V. Breazu-Tannen, D. Kesner, and L. Puel. A typed pattern calculus. In [1993]
Proceedings FEighth Annual IEEE Symposium on Logic in Computer Science,
pages 262-274, 1993.

Samuel R. Buss. Handbook of Proof Theory. Elsevier, 1998.

G. Cantor. Beitrage zur Begrindung der transfiniten Mengenlehre. 1. (Erster
Artikel). Number v. 1. Teubner, 1895.

Georg Cantor. Beitrdge zur begriindung der transfiniten mengenlehre. (zweiter
artikel.). Mathematische Annalen, 49:207-246, 1897.

Cantor and Cantor. Ueber eine eigenschaft des inbegriffs aller reellen algebrais-
chen zahlen. 1874(77):258-262, 1874.

Patrick Cousot and Radhia Cousot. Constructive versions of Tarski’s fixed point
theorems. Pacific Journal of Mathematics, 82(1):43 — 57, 1979.

Pierre-Louis Curien, Marcelo P. Fiore, and Guillaume Munch-Maccagnoni. A
theory of effects and resources: adjunction models and polarised calculi. In
Rastislav Bodik and Rupak Majumdar, editors, Proceedings of the 43rd Annual
ACM SIGPLAN-SIGACT Symposium on Principles of Programming Languages,
POPL 2016, St. Petersburg, FL, USA, January 20 - 22, 2016, pages 44-56. ACM,
2016.

Pierre-Louis Curien and Hugo Herbelin. The duality of computation. In ICFP,
pages 233-243. ACM, 2000.

Felice Cardone and Roger Hindley. History of lambda-calculus and combinatory
logic. 2006.

180



Fixpoints of types in linear logic from a Curry-Howard-Lambek perspective.

[CHSS0]

[Chu32]

[Chu36a]

[Chu36b]

[Chu40)]

[Chu4l]

[Chw22]

[CM10]

[CPO5]

[CR36]

[Cur30]

[Cur34]

[Cur35]

[Cur42]

[Cur89)

[Cur94]

Haskell B. Curry, J. Roger Hindley, and Jonathan P. Seldin. To h.b. curry: Essays
on combinatory logic, lambda calculus, and formalism. 1980.

Alonzo Church. A set of postulates for the foundation of logic. Annals of Math-
ematics, 33(2):346-366, 1932.

Alonzo Church. A note on the entscheidungsproblem. Journal of Symbolic Logic,
1(1):40-41, 1936.

Alonzo Church. An unsolvable problem of elementary number theory. American
Journal of Mathematics, 58:345, 1936.

Alonzo Church. A formulation of the simple theory of types. The Journal of
Symbolic Logic, 5(2):56—68, 1940.

Alonzo Church. The Calculi of Lambda Conversion. (AM-6). Princeton Univer-
sity Press, 1941.

Leon Chwistek. iiber die antinomien der prinzipien der mathematik. Mathema-
tische Zeitschrift, 14:236-243, 1922.

Pierre-Louis Curien and Guillaume Munch-Maccagnoni. The duality of computa-
tion under focus. In Cristian S. Calude and Vladimiro Sassone, editors, Theoret-
ical Computer Science - 6th IFIP TC 1/WG 2.2 International Conference, TCS
2010, Held as Part of WCC 2010, Brisbane, Australia, September 20-23, 2010.
Proceedings, volume 323 of IFIP Advances in Information and Communication
Technology, pages 165—-181. Springer, 2010.

J.R.B. Cockett and C.A. Pastro. A language for multiplicative-additive linear
logic. Electronic Notes in Theoretical Computer Science, 122:23-65, 2005. Pro-
ceedings of the 10th Conference on Category Theory in Computer Science (CTCS
2004).

Alonzo Church and J. B. Rosser. Some properties of conversion. Transactions of
the American Mathematical Society, 39(3):472-482, 1936.

H. B. Curry. Grundlagen der kombinatorischen logik. American Journal of
Mathematics, 52(3):509-536, 1930.

H. B. Curry. Functionality in combinatory logic. Proceedings of the National
Academy of Sciences of the United States of America, 20(11):584-590, 1934.

H. B. Curry. First properties of functionality in combinatory logic. Tohoku
Mathematical Journal, First Series, 41:371-401, 1935.

Haskell B. Curry. The combinatory foundations of mathematical logic. The
Journal of Symbolic Logic, 7(2):49-64, 1942.

Pierre-Louis Curien. Alpha-conversion, conditions on variables and categorical
logic. Studia Logica, 48(3):319-360, 1989.

Pierre-Louis Curien. Categorical Combinators, Sequential Algorithms, and Func-
tional Programming (2nd Ed.). Birkhauser Boston Inc., USA, 1994.

181



BIBLIOGRAPHY

[ABSO)

[dC16]

[dCdF12]

IDDS22]

[Doul7]

[DST71]

[Ehr95]

[Ehr16]

[Ehr18]

[ET19]

[FBY7]

[Fio96]

[Fra22)

Nicolaas Govert de Bruijn. A survey of the project automath. Studies in logic
and the foundations of mathematics, 133:141-161, 1980.

Daniel de Carvalho. The Relational Model Is Injective for Multiplicative Expo-
nential Linear Logic. In Jean-Marc Talbot and Laurent Regnier, editors, 25th
EACSL Annual Conference on Computer Science Logic, CSL 2016, August 29
- September 1, 2016, Marseille, France, volume 62 of LIPIcs, pages 41:1-41:19.
Schloss Dagstuhl - Leibniz-Zentrum fiir Informatik, 2016.

Daniel de Carvalho and Lorenzo Tortora de Falco. The relational model is injec-
tive for multiplicative exponential linear logic (without weakenings). Ann. Pure
Appl. Log., 163(9):1210-1236, 2012.

Anupam Das, Abhishek De, and Alexis Saurin. Decision problems for linear logic
with least and greatest fixed points. In Amy P. Felty, editor, 7th International
Conference on Formal Structures for Computation and Deduction, FSCD 2022,
August 2-5, 2022, Haifa, Israel, volume 228 of LIPIcs, pages 20:1-20:20. Schloss
Dagstuhl - Leibniz-Zentrum fiir Informatik, 2022.

Amina Doumane. On the infinitary proof theory of logics with fixed points. PhD
thesis, Paris Diderot University, 2017.

Christopher Strachey Dana Scott. Towards a mathematical semantics for com-
puter languages. Technical report, 1971.

Thomas Ehrhard. Hypercoherences: A strongly stable model of linear logic. In
Proceedings of the Workshop on Advances in Linear Logic, page 83-108, USA,
1995. Cambridge University Press.

Thomas Ehrhard. Call-by-push-value from a linear logic point of view. In Pe-
ter Thiemann, editor, Programming Languages and Systems - 25th FEuropean
Symposium on Programming, ESOP 2016, Held as Part of the Furopean Joint
Conferences on Theory and Practice of Software, ETAPS 2016, Eindhoven, The
Netherlands, April 2-8, 2016, Proceedings, volume 9632 of Lecture Notes in Com-
puter Science, pages 202—-228. Springer, 2016.

Thomas Ehrhard. An introduction to differential linear logic: proof-nets, models
and antiderivatives. 28(7):995-1060, 2018.

Thomas Ehrhard and Christine Tasson. Probabilistic call by push value. Log.
Methods Comput. Sci., 15(1), 2019.

Gottlob Frege and Michael Beaney. The Frege Reader. Oxford, England: Black-
well, 1997.

Marcelo P. Fiore. Aziomatic Domain Theory in Categories of Partial Maps.
Distinguished Dissertations in Computer Science. Cambridge University Press,
1996.

A. Fraenkel. Zu den grundlagen der cantor-zermeloschen mengenlehre. Mathe-
matische Annalen, 86:230-237, 1922.

182



Fixpoints of types in linear logic from a Curry-Howard-Lambek perspective.

[Fre84] Gottlob Frege. The Foundations of Arithmetic: A Logico-Mathematical Enquiry
Into the Concept of Number. translated by J.L. Austin, Oxford: Blackwell, second
revised edition, 1974, 1884.

[Fre9l] Peter Freyd. Algebraically complete categories. In Aurelio Carboni,
Maria Cristina Pedicchio, and Guiseppe Rosolini, editors, Category Theory, pages
95-104, Berlin, Heidelberg, 1991. Springer Berlin Heidelberg.

[Fre92] P. J. Freyd. Remarks on algebraically compact categories, page 95—106. London
Mathematical Society Lecture Note Series. Cambridge University Press, 1992.

[FS13] Jéréme Fortier and Luigi Santocanale. Cuts for circular proofs: semantics and
cut-elimination. In Simona Ronchi Della Rocca, editor, Computer Science Logic
2013 (CSL 2013), CSL 2013, September 2-5, 2013, Torino, Italy, volume 23 of
LIPIcs, pages 248-262. Schloss Dagstuhl - Leibniz-Zentrum fiir Informatik, 2013.

[Gal93| Jean Gallier. Constructive logics part i: A tutorial on proof systems and typed
A-calculi. Theoretical Computer Science, 110(2):249-339, 1993.

[Gan68| R. O. Gandy. P. b. andrews. a transfinite type theory with type variables. studies
in logic and the foundations of mathematics. north-holland publishing company,
amsterdam1965, xv 143 pp. Journal of Symbolic Logic, 33(1):112-113, 1968.

[Gen35] Gerhard Gentzen. Untersuchungen tber das logische Schliessen. Ph.d. thesis,
Universitdt Gottingen, March 1935.

[Gen39) G. Gentzen. Die gegenwértige lage in der mathematischen grundlagenforschung.
— neue fassung des widerspruchsfreiheitsbeweises fiir die reine zahlentheorie.
1939.

[Gen64] Gerhard Gentzen. Investigations into logical deduction. American Philosophical

Quarterly, 1(4):288-306, 1964.

[Gir71] J. Y. Girard. Une extension de l'interpretation de Godel a l’analyse, et son
application a I’élimination des coupures dans I’analyse et la théorie des types.
63:63-92, 1971.

[GirT2] J.Y. Girard. Interprétation fonctionnelle et élimination des coupures de
Uarithmétique d’ordre supérieur. Editeur inconnu, 1972.

[Gir86] Jean-Yves Girard. The system F of variable types, fifteen years later. Theoretical
Computer Science, 45:159-192, 1986.

[Gir87a] Jean-Yves Girard. Linear logic. Theor. Comput. Sci., 50:1-102, 1987.

[Gir87b] J.Y. Girard. Proof Theory and Logical Complexity. Number v. 1 in Collection
Gratianus: Section Monographs. Bibliopolis, 1987.

[Gir88] Jean-Yves Girard. Normal functors, power series and A-calculus. Annals of Pure
and Applied Logic, 37(2):129-177, 1988.

[Gir92] Jean-Yves Girard. Fixpoint theorem in linear logic. An email posting to the
mailing list linear@cs.stanford.edu, 1992.

183


linear@cs.stanford.edu

BIBLIOGRAPHY

[Gir95]

[Gir99]

[GLT89]

[G5d29]

[God31]

[God58]

[Goo60]

[HA28)

[Hen50]

[Her94]

[Her95)

[How70]

[HowS0]

Jean-Yves Girard. Linear logic: Its syntax and semantics. In Jean-Yves Girard,
Yves Lafont, and Laurent Regnier, editors, Advances in Linear Logic. Cambridge
University Press, 1995.

Jean-Yves Girard. On denotational completeness. Theoretical Computer Science,
227:249-273, 1999.

J.Y. Girard, Y. Lafont, and P. Taylor. Proofs and Types. Cambridge Tracts in
Theoretical Computer Science. Cambridge University Press, 1989.

Kurt Godel. Uber die vollstédndigkeit des logikkalkiils, 1929.

Kurt Goédel. Uber formal unentscheidbare sétze der principia mathematica und
verwandter systeme i. Monatshefte fir Mathematik und Physik, 38:173-198, 1931.

Kurt Goédel. Uber eine bisher noch nicht beniitzte erweiterung des finiten stand-
punktes. Dialectica, 12(3):280, 1958.

R. L. Goodstein. Combinatory logic. by h. b. curry and r. feys. pp. 417. 42s.
1958. (north holland publishing co., amsterdam). The Mathematical Gazette,
44(347):77-77, 1960.

D. Hilbert and W. Ackermann. Grundziige der theoretischen Logik. Grundlehren
der mathematischen Wissenschaften in Einzeidarstellungen. J. Springer, 1928.

Leon Henkin. Completeness in the theory of types. The Journal of Symbolic
Logic, 15(2):81-91, 1950.

Hugo Herbelin. A lambda-calculus structure isomorphic to gentzen-style sequent
calculus structure. In Leszek Pacholski and Jerzy Tiuryn, editors, Computer Sci-
ence Logic, 8th International Workshop, CSL °94, Kazimierz, Poland, September
25-30, 1994, Selected Papers, volume 933 of Lecture Notes in Computer Science,
pages 61-75. Springer, 1994.

Hugo Herbelin. Séquents qu’on calcule: de l'interprétation du calcul des séquents
comme calcul de lambda-termes et comme calcul de stratégies gagnantes. (Com-
puting with sequents: on the interpretation of sequent calculus as a calculus of
lambda-terms and as a calculus of winning strategies). PhD thesis, Paris Diderot
University, France, 1995.

W.A. Howard. Assignment of ordinals to terms for primitive recursive functionals
of finite type. In A. Kino, J. Myhill, and R.E. Vesley, editors, Intuitionism and
Proof Theory: Proceedings of the Summer Conference at Buffalo N.Y. 1968,
volume 60 of Studies in Logic and the Foundations of Mathematics, pages 443—
458. Elsevier, 1970.

William Alvin Howard. The formulae-as-types notion of construction. In Haskell
Curry, Hindley B., Seldin J. Roger, and P. Jonathan, editors, To H. B. Curry: Es-
says on Combinatory Logic, Lambda Calculus, and Formalism. Academic Press,
1980.

184



Fixpoints of types in linear logic from a Curry-Howard-Lambek perspective.

[HP87]

[HS03]

[Hyl97]

[Jay89]

[JFM+96]

[Keg99]

[KhLO9S]

[KK95]

[Kle38]

[Kle71]

[KM71]

[Kna2§]

[KPP21]

[KR35]

[Laf88a]

[Laf88b]

J. M. E. Hyland and Andrew M. Pitts. The theory of constructions: Categorical
semantics and topos-theoretic models. 1987.

Martin Hyland and Andrea Schalk. Glueing and orthogonality for models of linear
logic. Theoretical Computer Science, 294(1):183-231, 2003. Category Theory and
Computer Science.

Martin Hyland. Game Semantics, page 131-184. Publications of the Newton
Institute. Cambridge University Press, 1997.

C.Barry Jay. Languages for monoidal categories. Journal of Pure and Applied
Algebra, 59(1):61-85, 1989.

Achim Jung, Marcelo P. Fiore, Eugenio Moggi, Peter W. O’Hearn, Jon G. Riecke,
Giuseppe Rosolini, and Ian David Bede Stark. Domains and denotational seman-
tics history accomplishments and open problems. 1996.

Mathias Kegelmann. Factorisation systems on domains. Appl. Categorical
Struct., 7(1-2):113-128, 1999.

T. W. Koh and C. h. L. Ong. Type theories for autonomous and *-autonomous
categories: I. type theories and rewrite systems - ii. internal languages and co-
herence theorems, 1998.

A. Kenny and P.V.C.A. Kenny. Frege: An Introduction to the Founder of Modern
Analytic Philosophy. Penguin philosophy. Penguin Books, 1995.

S. C. Kleene. On notation for ordinal numbers. Journal of Symbolic Logic,
3(4):150-155, 1938.

S.C. Kleene. Introduction to Metamathematics. Bibliotheca Mathematica, a
Series of Monographs on Pure and. Wolters-Noordhoff, 1971.

G. M. Kelly and Saunders Maclane. Coherence in closed categories. Journal of
Pure and Applied Algebra, 1:97-140, 1971.

Bronistaw Knaster. Un théoréme sur les fonctions d’ensembles. Ann. Soc. Polon.
Math. 6, pages 133-134, 1928.

Denis Kuperberg, Laureline Pinault, and Damien Pous. Cyclic proofs, system t,
and the power of contraction. Proc. ACM Program. Lang., 5(POPL), January
2021.

S. C. Kleene and J. B. Rosser. The inconsistency of certain formal logics. Annals
of Mathematics, 36(3):630-636, 1935.

Yves Lafont. The linear abstract machine. Theor. Comput. Sci., 59:157-180,
1988.

Yves Lafont. Logiques, catégories machines : implantation de langages de pro-
grammation guidée par la logique catégorique. PhD thesis, 1988.

185



BIBLIOGRAPHY

[Lam]

[Lam68]

[Lam69]

[Lamg9)

[Lam92]

[Lau02]

[Law]

[Law63]

[Law69]

[LMMP13]

[Mac63]

[MacT71]

[Mak93a)]

[Mak93b]

[Mar84]

Frangois Lamarche. A large cartesian closed category of domains.

Joachim Lambek. Deductive systems and categories i. syntactic calculus and
residuated categories. Math. Syst. Theory, 2(4):287-318, 1968.

Joachim Lambek. Deductive systems and categories ii. standard constructions
and closed categories. In Peter J. Hilton, editor, Category Theory, Homology
Theory and their Applications I, pages 76—122, Berlin, Heidelberg, 1969. Springer
Berlin Heidelberg.

J. Lambek. Multicategories Revisited. Rapport du Department of Mathematics
and Statistics. McGill University, Department of Mathematics and Statistics,
1989.

Frangois Lamarche. Quantitative domains and infinitary algebras. Theoretical
Computer Science, 94(1):37-62, 1992.

Olivier Laurent. Ftude de la polarisation en logique. Theése de doctorat, Université
Aix-Marseille II, March 2002.

Francis William Lawvere. Equality in hyperdoctrines and comprehension scheme
as an adjoint functor. In A. Heller, editor, Applications of Categorical Algebra,
pages 1-14, Providence, 1970. AMS.

F. William Lawvere. Functorial Semantics of Algebraic Theories and Some Al-
gebraic Problems in the context of Functorial Semantics of Algebraic Theories.
Ph.d. thesis, Columbia University, 1963.

F. William Lawvere. Adjointness in foundations. Dialectica, 23(3/4):281-296,
1969.

Jim Laird, Giulio Manzonetto, Guy McCusker, and Michele Pagani. Weighted
relational models of typed lambda-calculi. In 2013 28th Annual ACM/IEEE
Symposium on Logic in Computer Science, pages 301-310, 2013.

Saunders Maclane. Natural associativity and commutativity. Rice Institute Pam-
phlet - Rice University Studies, 49:28-46, 1963.

Saunders MacLane. Categories for the Working Mathematician. Springer-Verlag,
New York, 1971. Graduate Texts in Mathematics, Vol. 5.

Michael Makkai. The fibrational formulation of intuitionistic predicate logic i:
completeness according to godel, kripke, and lduchli, part 1. Notre Dame J.
Formal Log., 34:334-377, 1993.

Michael Makkai. The fibrational formulation of intuitionistic predicate logic i:
completeness according to gbdel, kripke, and lauchli, part 2. Notre Dame J.
Formal Log., 34:471-498, 1993.

Per Martin-Lof. Intuitionistic Type Theory. Bibliopolis, 1984.

186



Fixpoints of types in linear logic from a Curry-Howard-Lambek perspective.

[Mat98]

[Mat99a]

[Mat99b)]

[Mel03]

[Mel09)]

[Mil80]

[Mi192]

IMLT1]

[MR77]

[MRA93]

[Mul85]

[Mun09]

[Mun13]

[NVPRO1]

Ralph Matthes. Monotone fixed-point types and strong normalization. In Georg
Gottlob, Etienne Grandjean, and Katrin Seyr, editors, Computer Science Logic,
12th International Workshop, CSL ’98, Annual Conference of the EACSL, Brno,
Czech Republic, August 24-28, 1998, Proceedings, volume 1584 of Lecture Notes
in Computer Science, pages 298-312. Springer, 1998.

Ralph Matthes. Eztensions of system F by iteration and primitive recursion on
monotone inductive types. PhD thesis, Ludwig Maximilian University of Munich,
Germany, 1999.

Ralph Matthes. Monotone (co)inductive types and positive fixed-point types.
RAIRO Theor. Informatics Appl., 33(4/5):309-328, 1999.

Paul-André Mellies. Categorical models of linear logic revisited. working paper
or preprint, October 2003.

Paul-André Mellies. Categorical semantics of linear logic. Interactive models of
computation and program behaviour, PES, volume 27, 2009.

Robin Milner. A calculus of communicating systems. In Lecture Notes in Com-
puter Science, 1980.

Robin Milner. Functions as processes. Mathematical Structures in Computer
Science, 2:119 — 141, 1992.

Per Martin-Lof. Hauptsatz for the intuitionistic theory of iterated inductive
definitions. In J.E. Fenstad, editor, Proceedings of the Second Scandinavian Logic
Symposium, volume 63 of Studies in Logic and the Foundations of Mathematics,
pages 179-216. Elsevier, 1971.

Michael Makkai and Gonzalo E. Reyes. First order categorical logic. Springer-
Verlag, Berlin-Heidelberg-New York, 1977.

Tan Mackie, Leopoldo Roman, and Samson Abramsky. An internal language for
autonomous categories. Applied Categorical Structures, 1:311-343, 1993.

Ketan D. Mulmuley. Full Abstraction and Semantic FEquivalence. PhD thesis,
USA, 1985. AAI8601184.

Guillaume Munch-Maccagnoni. Focalisation and classical realisability. In Erich
Gréadel and Reinhard Kahle, editors, Computer Science Logic, 23rd international
Workshop, CSL 2009, 18th Annual Conference of the EACSL, Coimbra, Portugal,
September 7-11, 2009. Proceedings, volume 5771 of Lecture Notes in Computer
Science, pages 409-423. Springer, 2009.

Guillaume Munch-Maccagnoni. Syntax and Models of a non-Associative Com-
position of Programs and Proofs. (Syntaxe et modéles d’une composition non-
associative des programmes et des preuves). PhD thesis, Paris Diderot University,
France, 2013.

Sara Negri, Jan von Plato, and Aarne Ranta. Structural Proof Theory. Cambridge
University Press, 2001.

187



BIBLIOGRAPHY

[NW96]

[Ongl7]

[Par92]

[PGOS]

[Plo77]

[Poh73]

[Pot77]

[PRO7]

[Pra67]

[Pra68|

[Pra9l]

[P&37]

[Qua9s]

[Ram31]

[Ret93]

[Rey83|

Damian Niwinski and Igor Walukiewicz. Games for the p-calculus. Theoretical
Computer Science, 163(1):99-116, 1996.

C.-H. Luke Ong. Quantitative semantics of the lambda calculus: Some general-
isations of the relational model. In 2017 32nd Annual ACM/IEEE Symposium
on Logic in Computer Science (LICS), pages 1-12, 2017.

Michel Parigot. Ap-calculus: An algorithmic interpretation of classical natu-
ral deduction. In Andrei Voronkov, editor, Logic Programming and Automated
Reasoning, pages 190-201, Berlin, Heidelberg, 1992. Springer Berlin Heidelberg.

Jan Von Plato and G. Gentzen. Gentzen’s proof of normalization for natural
deduction. The Bulletin of Symbolic Logic, 14(2):240-257, 2008.

G.D. Plotkin. Lcf considered as a programming language. Theoretical Computer
Science, 5(3):223-255, 1977.

Veta Pohlova. On sums in generalized algebraic categories. Czechoslovak Math-
ematical Journal, 23(2):235-251, 1973.

Garrel Pottinger. Normalization as a homomorphic image of cut-elimination.
Annals of Mathematical Logic, 12(3):323-357, 1977.

John Power and Edmund Robinson. Premonoidal Categories and Notions of
Computation. 7(5):453-468, 1997.

Dag Prawitz. Completeness and hauptsatz for second order logic. Theoria,
33(3):246-258, 1967.

Dag Prawitz. Hauptsatz for higher order logic. Journal of Symbolic Logic, 33:452
— 457, 1968.

Dag Prawitz. Gaisi takeuti. proof theory. studies in logic and the foundations of
mathematics, vol. 81. north-holland publishing company, amsterdam and oxford,
and american elsevier publishing company, new york, 1975. Journal of Symbolic
Logic, 56(3):1094, 1991.

Roézsa Péter. S. c. kleene. A-definability and recursiveness. duke mathematical
journal, bd. 2 (1936), s. 340-353. Journal of Symbolic Logic, 2(1):38-39, 1937.

Myriam Quatrini. Sémantique cohérente des exponentielles : de la logique linéaire
a la logique classique. PhD thesis, 1995.

Frank Plumpton Ramsey. The Foundations of Mathematics and Other Logical
Essays. Edited by R.B. Braithwaite, with a Pref. By G.E. Moore. —. London,
England: Routledge and Kegan Paul, 1931.

Christian Retoré. Réseauz et séquents ordonnés. (Ordered sequents and proof
nets). PhD thesis, Paris Diderot University, France, 1993.

John C. Reynolds. Types, abstraction and parametric polymorphism. In IFIP
Congress, 1983.

188



Fixpoints of types in linear logic from a Curry-Howard-Lambek perspective.

[Rey93] John C. Reynolds. The discoveries of continuations. LISP and Symbolic Com-
putation, 6:233-247, 1993.

[Rey98| John C. Reynolds. Theories of Programming Languages. Cambridge University
Press, 1998.

[Rus06] Bertrand Russell. The theory of implication. American Journal of Mathematics,
28(2):159-202, 1906.

[San02] Luigi Santocanale. A calculus of circular proofs and its categorical semantics. In
Mogens Nielsen and Uffe Engberg, editors, Foundations of Software Science and
Computation Structures, 5th International Conference, FOSSACS 2002. Held as
Part of the Joint Furopean Conferences on Theory and Practice of Software,
ETAPS 2002 Grenoble, France, April 8-12, 2002, Proceedings, volume 2303 of
Lecture Notes in Computer Science, pages 357-371. Springer, 2002.

[Sch] Moses Schénfinkel. Uber die bausteine der mathematischen logik. Mathematische
Annalen, 92:305-316.

[Sco70] Dana Scott. Constructive validity. In M. Laudet, D. Lacombe, L. Nolin, and
M. Schiitzenberger, editors, Symposium on Automatic Demonstration, pages 237—
275, Berlin, Heidelberg, 1970. Springer Berlin Heidelberg.

[ScoT2] Dana Scott. Continuous lattices. In F. W. Lawvere, editor, Toposes, Algebraic
Geometry and Logic, pages 97-136, Berlin, Heidelberg, 1972. Springer Berlin
Heidelberg.

[Sco93] Dana S. Scott. A type-theoretical alternative to iswim, cuch, owhy. Theor.
Comput. Sci., 121:411-440, 1993.

[See77] R.A.G Seely. Hyperdoctrines and Natural Deduction: Some Connections between
Proof Theory and Category Theory. Thesis (ph.d.), University of Cambridge,
1977.

[See83| Robert A. G. Seely. Hyperdoctrines, natural deduction and the beck condition.
Mathematical Logic Quarterly, 29(10):505-542, 1983.

[See89) R.A.G. Seely. Linear logic, *-autonomous categories and cofree coalgebras. In
IN CATEGORIES IN COMPUTER SCIENCE AND LOGIC, pages 371-382.
American Mathematical Society, 1989.

[SP82] M. B. Smyth and G. D. Plotkin. The category-theoretic solution of recursive
domain equations. SIAM Journal on Computing, 11(4):761-783, 1982.

[ST58] Dana S. Scott and Alfred Tarski. The sentential calculus with infinitely long
expressions. Colloquium Mathematicum, 6:165-170, 1958.

[Str00] Christopher S. Strachey. Fundamental concepts in programming languages.
Higher-Order and Symbolic Computation, 13:11-49, 2000.

[TA22] Takeshi Tsukada and Kazuyuki Asada. Linear-algebraic models of linear logic as
categories of modules over sigma-semirings, 2022.

189



BIBLIOGRAPHY

[Tai65)

[Tai67]

[Tai68]

[Tak53]

[Tar55]

[Tar58]

[Tay22]

[Tit73]

[Toe05]

[Tro73]

[TSO00]

[UB9Y]

[UVOS]

VAWST]
[VH67]

William W. Tait. Infinitely long terms of transfinite type. Studies in logic and
the foundations of mathematics, 40:176-185, 1965.

W. W. Tait. Intensional interpretations of functionals of finite type i. The Journal
of Symbolic Logic, 32(2):198-212, 1967.

W. W. Tait. A nonconstructive proof of gentzen’s hauptsatz for second order
predicate logic. Journal of Symbolic Logic, 33(2):289-290, 1968.

Gaisi Takeuti. On a generalized logic calculus. Japanese journal of mathematics
‘transactions and abstracts, 23:39-96, 1953.

Alfred Tarski. A lattice-theoretical fixpoint theorem and its applications. Pacific
Journal of Mathematics, 5:285-309, 1955.

Alfred Tarski. Remarks on predicate logic with infinitely long expressions. Col-
loquium Mathematicum, 6:171-176, 1958.

Paul Taylor. Well founded coalgebras and recursion. 2022.

Satoko Titani. A proof of the cut-elimination theorem in simple type theory. The
Journal of Symbolic Logic, 38(2):215-226, 1973.

Michael Toepell. Chapter 55 - david hilbert, grundlagen der geometrie, first
edition (1899). In I. Grattan-Guinness, Roger Cooke, Leo Corry, Pierre Crépel,
and Niccolo Guicciardini, editors, Landmark Writings in Western Mathematics
1640-1940, pages 710-723. Elsevier Science, Amsterdam, 2005.

Anne Sjerp Troelstra. Notes on intuitionistic second order arithmetic. 1973.

A. S. Troelstra and H. Schwichtenberg. Basic Proof Theory. Cambridge Tracts
in Theoretical Computer Science. Cambridge University Press, 2 edition, 2000.

C. Urban and G. M. Bierman. Strong normalisation of cut-elimination in classical
logic. In Jean-Yves Girard, editor, Typed Lambda Calculi and Applications, pages
365-380, Berlin, Heidelberg, 1999. Springer Berlin Heidelberg.

Tarmo Uustalu and Varmo Vene. Comonadic Notions of Computation. In Jiri
Adamek and Clemens Kupke, editors, Proceedings of the Ninth Workshop on
Coalgebraic Methods in Computer Science, CMCS 2008, Budapest, Hungary,
April 4-6, 2008, volume 203 of Electronic Notes in Theoretical Computer Sci-
ence, pages 263-284. Elsevier, 2008.

J. van de Wiele. PhD thesis, 1987.

J. van Heijenoort. From Frege to Godel: A Source Book in Mathematical Logic,
1879-1931. Source books in the history of the sciences. Harvard University Press,
1967.

John von Neumann. Uber die definition durch transfinite induktion und ver-
wandte fragen der allgemeinen mengenlehre. Mathematische Annalen, 99:373—
391.

190



Fixpoints of types in linear logic from a Curry-Howard-Lambek perspective.

[vP13] Jan von Plato. Elements of Logical Reasoning. Cambridge and New York: Cam-
bridge University Press, 2013.

[vP18] Jan von Plato. The Development of Proof Theory. In Edward N. Zalta, editor,
The Stanford Encyclopedia of Philosophy. Metaphysics Research Lab, Stanford
University, Winter 2018 edition, 2018.

[Wal00] Igor Walukiewicz. Completeness of kozen’s axiomatisation of the propositional
p-calculus. Information and Computation, 157(1):142-182, 2000.

[WanT79] Mitchell Wand. Fixed-point constructions in order-enriched categories. Theoret-
ical Computer Science, 8(1):13-30, 1979.

[WR13] A. N. Whitehead and B. Russell. Principia mathematica. Revue de Métaphysique
et de Morale, 19(2):19-19, 1910-1913.

[Zer08| E. Zermelo. Untersuchungen iiber die grundlagen der mengenlehre. i. Mathema-
tische Annalen, 65:261-281, 1908.

[Zer35] Ernest Zermelo. Grundlagen einer allgemeinen theorie der mathematischen
satzsysteme. Fundamenta Mathematicae, 25(1):136-146, 1935.

[ZucT4] J. Zucker. The correspondence between cut-elimination and normalization. An-
nals of Mathematical Logic, 7(1):1-112, 1974.

[Cu97] Djordje Cubri¢. On the semantics of the universal quantifier. Annals of Pure and
Applied Logic, 87(3):209-239, 1997.

191



Dans cette these, nous étudions le point fixe des types en logique linéaire a partir d’une
correspondance de Curry-Howard-Lambek.

Girard dans [Gir92] a suggéré d’envisager I’extension de la logique linéaire avec des points
fixes de formules dans une note non publiée, bien que la premieére étude complete de la
théorie de la preuve d’une telle une extension de la logique linéaire est de Baelde [Bac12]. Il a
considéré une extension uMALL de la logique linéaire additive multiplicative avec les principes
d’induction et de coinduction. Il semble, apparemment, que sa motivation vienne plus du point
de vue de la “proof search” et de la vérification du systéme et donc son systeme logique uMALL
est un calcul de prédicat. Nous examinerons ce systéme a partir de I’approche de la théorie
du point fixe avec une perspective Curry-Howard-Lambek. Ainsi, nous n’avons pas besoin
de traiter un calcul de prédicat, et nous nous en tenons au cadre du calcul de proposition.
Contrairement & [Bael2], nous incluons les exponentielles dans notre systéme depuis le début,
nous ’appelons donc plLL plutét que propositionnel pMALL. Les exponentielles ne sont pas
prises en compte dans pMALL parce qu’une certaine forme d’exponentielle peut étre codée en
utilisant des types inductifs/coinductifs, cependant ces exponentielles ne sont pas entierement
satisfaisantes de notre point de vue car leur interprétation dénotationnelle ne satisfait pas tous
les isomorphismes requis ; spécifiquement, les Seely isos manquent (Ceci est expliqué dans le
chapitre 1). Le systéme pLL est décrit dans le Chapitre 0, et 1a nous pouvons également voir
un bref apercu de la logique linéaire et de son modele.

Maintenant, nous expliquons ci-dessous ce que nous avons fait dans chaque chapitre selon
notre motivation principale qui est de faire la relation entre la théorie des points fixes, la
logique linéaire et la correspondance de Curry-Howard-Lambek.

Chapitre 1

Dans le chapitre 1, nous avons d’abord décidé d’étudier la sémantique dénotationnelle de
uLL, dont la définition ne repose pas sur la réécriture systéme ulLL est équipé, puisque la
théorie de la preuve (et donc la “sémantique opérationnelle”) de pLL est encore en cours de
développement. Nous y développons une sémantique catégorielle de puLL étendant la notion
standard de catégorie Seely * de la logique linéaire classique. Un tel modele de plLL est
constitué d’une catégorie de Seely £ et d’une classe de foncteurs £ — L pour toutes les
arités possibles n qui seront utilisées pour interpréter plLL formules a variables libres. Ces

'Parfois appelée catégorie new-Seely : c’est un SMCC cartésien avec une structure *-autonome et une
comonade !__ avec une structure monoidale symétrique forte du produit cartésien au produit tensoriel.
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foncteurs doivent étre dotés d’'une “strength” pour traiter correctement les contextes dans la
regle v. Puis nous développons une instance simple de ce cadre qui consiste a prenant pour £
la catégorie des ensembles et des relations, un modele Seely bien connu de la logique linéaire.
Les foncteurs “strong” que nous considérons sur cette catégorie, que nous appelons ensembles
de variables, sont les couples F = (F,F) ot F est la strength et F : Rel® — Rel est un
foncteur continu de Scott dans le sens ot il commute avec les unions dirigées de morphismes
ce qui implique une cocontinuité catégorielle sur la catégorie des ensembles et des injections et
fait correspondre les inclusions aux inclusions (cette légere exigence supplémentaire simplifie
la présentation). Il n’y a pas d’exigence particuliere concernant la force F au-dela de la
naturalité, de la monoidalité et de la compatibilité avec la comultiplication de la comonade
!_. Les ensembles de variables forment un modele Seely de puLL ou la négation linéaire est
I'identité sur les objets, les formules u¢ F' et v( F' sont interprétées comme le méme ensemble
de variables, exactement comme ® et % sont interprétés de la méme maniere (et de méme pour
les additifs et les exponentielles) : la “dégénérescence” dénotationnelle au niveau des types est
une caractéristique bien connue de Rel qui ne signifie pas du tout que le modele est trivial ;
par exemple, les preuves exponentielles multiplicatives normales LL qui ont des interprétations
relationnelles distinctes ont des réseaux de preuves associés distincts [dCdF12, dC16]. Alors on
“enrichit” ce modele Rel en considérant des ensembles munis d’une structure supplémentaire
de totalité : un espace de totalité non uniforme (NUTS) est un couple X = (| X|, 7 (X)) ou
est un ensemble et 7(X) est un ensemble de sous-ensembles qui intuitivement représentent
le total, c’est-a-dire terminer les calculs de type X. Cet ensemble T (X) doit coincider avec
son bidual pour une dualité exprimée en termes d’intersections non vides. Etant donné
deux NUTS X et Y, il existe une notion naturelle de relation totale t C | X| x |Y| donnant
lieu & une catégorie Nuts qui est facilement considérée comme un modele Seely de logique
linéaire. Pour en faire un modele catégoriel de plLL, nous avons besoin d’une notion de
foncteurs “strong” Nuts” — Nuts. Plutot que de les considérer directement comme des
foncteurs, nous définissons les “non-uniform variable totality spaces” (VNUTS) comme des
paires X = (|X[, 7(X)) ou |X| : Rel”™ — Rel est un ensemble de variables et, pour chaque
tuple X = (X1,...,X,)de VNUTS, T (X)( VectX) est une structure de totalité sur 'ensemble
IX[(|X]). 11 faut aussi que Paction du foncteur [X]| sur les morphismes Nuts et la “strength”
X respectent cette structure de totalité. Alors il est facile de dériver d'un tel VNUTS X un
foncteur “strong” Nuts™ — Nuts et on montre que, muni de ces foncteurs “strong”, Nuts
est un modele de pLL. Et enfin, nous appliquerons la méme notion de totalité sur des espaces
de cohérence, et nous fournirons un autre modele concret de pylLL basé sur des espaces de
cohérence avec totalité.

Chapitre 2

Dans le chapitre 2, le long de notre parcours pour établir une relation entre les points fixes, la
logique linéaire et ’approche de Curry-Howard-Lambek, nous avons décidé de développer un
A-calcul pour cette extension pLL. Cependant, les régles structurelles explicites de la logique
linéaire rendent un tel langage tres lourd, difficile & utiliser et & analyser. En particulier, des
substitutions explicites seraient nécessaires dans une telle syntaxe basée sur puLL. However,
Olivier Laurent in [Lau02] introduced a “polarized” linear logic LLP which relaxes the use
of structural rules on so-called negative formulas. Donc, nous profitons de cet avantage de
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la regle structurelle implicite dans LLP, et nous appelons LLPin, pour la logique linéaire
polarisée avec des regles structurelles implicites.

Nous étudions plLLPimp, une extension de LLP;m, avec plus petit et plus grand points fixes,
en introduisant et en étudiant un systéme L calculus [CHOO, CM 10, Mun13, Mun09] pour une
version polarisée de plLL. La recherche d’une simplicité syntaxique maximale a guidé notre
conception de ce calcul. Nous utilisons la lettre grecque x pour le nom binder au lieu du plus
traditionnel p/fi [Par92] qui conduirait & des confusions avec la notation standard associée
au plus petit et au plus grand points fixes (u/v). Lié a cette simplicité syntaxique, un terme
négatif ou une commande peut étre typé par un séquent négatif ou positif de sorte qu’il existe
en fait cinq types de jugements de typage et que ce partitionnement est pris en compte par la
sémantique. La polarisation des points fixes signifie que les plus petits points fixes permettent
de définir des types de données (entiers, listes, arbres etc.) tandis que les plus grands points
fixes permettent de définir des co-types de données, c’est-a-dire des types de consommateurs
de données “. Nous nous référons a [APTS13] pour une discussion détaillée de la dualité
computationnelle entre les données et les co-types de données. Le calcul typé introduit de
cette maniére s’appelle kuLLP. Il a une construction de promotion positive s' pour mettre
un terme négatif s dans une boite (ou thunk) qui peut étre utilisée comme une donnée et une
déréliction négative der p qui permet pour ouvrir une telle boite. Tout comme le Au-calcul,
kuLLP a des noms «, ... associés aux formules négatives d’un séquent’. Puisqu’au plus
une formule positive peut apparaitre dans un séquent LLP unilatéral, nous n’avons besoin
que d’une seule variable que nous notons e. Il existe plusieurs “binders” pour les noms :
un classeur général ka.c qui permet de sélectionner une formule négative dans le contexte,
et les autres sont associés & L, % et la régle de Park. Tous ces liants produisent un terme
négatif dont le type est une formule négative rendue active pour des utilisations ultérieures.
Il existe également un “binder” %.c associé a la variable unique e qui produit un terme positif.
Une caractéristique cruciale de e est qu’il ne peut apparaitre que linéairement dans une
commande ou un terme négatif. Encore une fois, cela est dii au fait que toutes les formules
dans le cadre d’'une promotion doivent étre négatives. Notez également que e ne peut pas
apparaitre libre dans un terme positif en raison du fait qu’un séquentiel positif a exactement
une formule positive. Tous ces liants s’appliquent aux commandes qui sont des coupures s* p
entre un terme négatif s et un terme positif p. Notre sémantique opérationnelle ne fournit
que des relations de réduction pour les commandes et peut étre considérée comme décrivant
les interactions entre les constructeurs positifs et les destructeurs négatifs. Une commande
critique spécifique est ka.cxk.d qui pourrait a priori conduire a ¢ [k.d/a] ou d | Kappacac/e] ;
nous choisissons la deuxieme option rendant notre sémantique de réduction déterministe ;
nous définissons en fait une sorte de machine abstraite dont les états sont des commandes
sxp ou s est le programme et p est la pile (il n’y a pas d’environnements car les substitutions
sont exécutées immédiatement).

Notre objectif dans ce chapitre est double. D’une part, nous proposons une catégorie
sémantique du suLLP sur celui fourni au Chapitre 1. Etant donné un modele (£, £) (noté
simplement £) de uLL, I'idée principale est standard : interpréter une formule fermée positive
P comme un objet de la catégorie d’Eilenberg-Moore £'. Cela nécessite cependant de traiter

2This suggére fortement que les listes et les flux ne sont pas de méme nature, les flux ne sont pas des
données mais des consommateurs de données.

3En effet dans le Au-calcul tout les formules sont négatives et les noms sont associés aux formules apparais-
sant sur le coté droit d’un séquent tandis que les variables sont associées aux formules sur la gauche.
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également les contacts positifs ouverts. formules : on les prend en compte en introduisant
la notion de foncteurs positifs qui sont des foncteurs “strong” (comme spécifié par £) munis
d’une loi distributive par rapport & la comonade !, ils sont une généralisation fonctorielle de
la notion de !-coalgebre. Nous illustrons cette sémantique dans les modeles concrets Rel et
Nuts.

D’autre part, nous proposons également une forme de normalisation (élimination des
coupures) pour kuLLP. Cela s’est avéré étonnamment difficile. La solution est venue de com-
prendre que prouver une propriété de terminaison par rapport a la sémantique relationnelle
— en disant trés grossierement que si une commande a une sémantique relationnelle non vide
sa réduction se termine — serait possible car les points du modele relationnel sont des ar-
bres finis sur lesquels 'induction est possible. Concrétement cela signifie que ’on associe des
ensembles de termes a des points des modeles relationnels et ces ensembles sont facilement
définissables par induction. Pour rendre plus naturelle cette preuve de normalisation nous
donnons également une présentation de la sémantique relationnelle de kuLLP comme systeme
de typage d’intersection. Pour dériver de cette normalisation relationnelle une normalisation
standard propriété, il suffit de prouver que, dans suffisamment de situations significatives,
lorsque ¢ « : N, la commande ¢ a une sémantique relationnelle non vide. Nous faisons cela
pour N = 7nat ou nat est un type d’entiers défini comme une formule de moindre point fixe.
Le modele Nuts des espaces totalité non uniformes nous donne précisément cette informa-
tion : tout sous-ensemble total de 'interprétation relationnelle de 7nat est non vide et donc,
en particulier, I'interprétation de ¢ est non vide.

Chapitre 3

Dans le chapitre 3, nous étudierons la logique linéaire non bien fondée [Doul7, BDS16] d’'un
point de vue sémantique dénotationnel. Dans [Doul7, BDS16], le systéeme uMALLy, multi-
plicatif et additif non bien fondée LL avec deux reégles de dépliage des points fixes, est étudié.
Ils ont défini une notion syntaxique de validité sur les preuves afin de distinguer les preuves
solides des preuves “unsound”. On considére une extension de uMALL,, appelée ulLL.,, avec
des exponentielles. Nous récapitulons d’abord le langage et les régles d’inférence de ulLl.
Ensuite, nous fournirons une interprétation pour les preuves uMALL., dans Rel. Cependant,
les arbres de preuve sont peut-étre non bien fondée. Ainsi, nous considérons, comme c’est
standard, toutes les approximations finies d’une preuve, puis prenons le supremum de leur
interprétation. Pour définir la définition frécise de cette approximation, considérons une ex-
tension de pllo avec cette regle : " pour toute séquence I'. Nous interprétons cette
regle comme 'ensemble vide, et cela nous aide a considérer tout sous-arbre fini d'un plLy
donné comme une preuve dans cette extension de plLl,,. Comme la procédure d’élimination
des coupures dans pulL,, est un processus infini, nous considérerons une notion de limite en
définissant une métrique sur ’ensemble de toutes les preuves finies de uLL,. A partir de cette
notion de métrique, nous définissons une relation d’équivalence sur I'ensemble de toutes les
suites de Cauchy. Nous allons montrer que la complétion métrique de la collection de toutes
les séquences de Cauchy est isomorphe & l’ensemble de tous (potentiellement infini) pll
preuve (Bien que ce qui est fourni jusqu’a présent soit standard dans la littérature, nous les
fournirons dans ce chapitre dans un souci d’autonomie du manuscrit). Nous avons ensuite
prouvé la procédure de préservation par élimination de coupures, qui peut étre éventuellement
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un chemin de réduction infini, en utilisant un résultat montrant que 'interprétation de toute
suite de Cauchy est obtenue par limsup de l'interprétation de chaque preuve dans la suite.
Ensuite, nous relions la condition de validité et la totalité de Nuts en prouvant que chaque
preuve valide pll,, sera interprétée comme un élément total dans Nuts. Notre méthode de
preuve est similaire & la preuve de cohérence de LKID dans [Bro06]. Cependant le systéme
de [Bro06] est une logique classique avec des définitions inductives, et cette preuve est pour
une sémantique “Tarskian”. Nous devons donc adapter cette preuve en deux aspects : en
considérant ull. au lieu de LKID®, et en essayant de traiter une sémantique dénotationnelle
au lieu d’une sémantique “Tarskian”. L’adaptation pour ulLLy, se fait en quelque sorte dans
[Doul7], puisqu’il existe un théoréme de cohérence pour uMALL, par rapport a la sémantique
de vérité tronquée (une sémantique “Tarskian”). Donc, fondamentalement, le point principal
de notre preuve est de transformer un théoreme de cohérence de “Tarskian” en un théoréme
de correction dénotationnel. Enfin, nous terminons ce chapitre en prouvant que la sémantique
des preuves est préservée via I'opération de traduction qui envoie toute preuve ulLL vers une
preuve plloo.

Chapitre 4

Enfin, dans le dernier chapitre, nous revenons a la question qui s’est posée dans le chapitre
concernant la prise en compte des exponentielles dans pLL. Dans [Bael2], il n’a pas considéré
les exponentielles dans son systéeme de pMALL, et I'une des raisons est que 'utilisation d’un
encodage 1A = 1& A& (lA®!1A) de A, on peut piloter toutes les régles structurelles des
exponentielles dans puMALL. Cependant, cela n’est pas satisfaisant d’un point de vue dénota-
tionnel. Bien que cette exponentielle codée !* soit fonctorielle et ait également une structure
de comonade, elle ne remplit pas toutes les exigences catégorielles telles que stipulées dans la
définition d’une catégorie Seely, comme cela est également mentionné dans [Laf88h, Laf88a].
Plus précisément, on n’aura pas 'iso de Seely avec cette exponentielle ! (la proposition 6 de
[Laf88b] n’est pas iso mais équivalence). En d’autres termes, la catégorie de Kleisli associée L
n’est pas un CCC. Dans ce chapitre, nous étudierons une construction catégorielle générale
pour cette exponentielle codée. Sur la base de la notion de comagma dans une catégorie
L avec un foncteur binaire, nous transformons la classe des comagmas sur un objet donné
en une catégorie. Nous définissons ensuite la notion de quasi-exponentielle magmatique libre
(FMQE) comme une opération qui associe, a chaque objet X de £, un objet terminal de la
catégorie comagmas sur X. Nous montrerons ensuite la fonctorialité, la comonadicité et la
monoidalité d’une FMQE. Et nous terminerons la construction catégorielle de !* en fournissant
des morphismes de Seely.

Nous considérerons également certains modeles concrets comme des instances de cette
structure catégorielle. En interprétant ce !* encodé comme un arbre binaire, nous montrerons
que Rel et les espaces de cohérence sont bien deux cas concrets. Nous terminons ce chapitre en
prouvant que l'interprétation d’une preuve logique linéaire dans des espaces de cohérence avec
cette exponentielle arborescente est liée & son interprétation dans des espaces de cohérence
non uniformes avec I’exponentielle de Boudes. Pour ce faire, nous utilisons la méthode des
relations logiques, et ainsi, nous définissons une autre instance de notre cadre catégoriel
fourni, et nous I'appelons espaces de totalité locauz. Un espace de totalité local (LTS) est un
tuple généré par un espace de cohérence, un espace de cohérence non unifrom, une opération
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envoyant une exponentielle arborescente a une exponentielle multi-ensemble notée p, et un
gadget de totalité locale pour définir correctement la composition. Et nous prouverons que
si nous appliquons 'opération p sur linterprétation des preuves de logique linéaire dans des
espaces de cohérence avec ’exponentielle arborescente, nous obtiendrons son interprétation
dans des espaces de cohérence non uniformes.

Nous terminons ce manuscrit par un Chapitre5 conclusif, dans lequel nous exposons les
perspectives de notre travail.

LTRB &uv!

On peut résumer ce manuscrit en disant que il s’agit d’étudier le lien entre la théorie
des points fixes, la logique linéaire et la correspondance de Curry-Howard-Lambek.
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Takeaway of this manuscript

e Chapter I:
— Axiomatize a notion of categorical model of uLL, and proof its soundness: Defini-
tion |7 and Theorem 9.
— Provide some concrete models of plLL:
* Rel: Theorem 29, Nuts: Theorem 5, Coh: Theorem 5, and CohT: Theo-

rem 0.

— One can have similar constructions as what has been done in this chapter for the
other concrete models such as Scott model (which based on the category of preorders
and down-closed relations), hypercoherences, and probably of finiteness spaces. So,
a general categorical setting taking into account all these situations would be quite
useful (see Section 5.1 for some discussion about this).

e Chapter 2

— Developing a polarized A-calculus for LL with fixpoints: «uLLP.

— Prove interpretation lemma and a normalization theorem for KuLLP: Theorem 84,
104, and 106.

— Providing a categorical model for kulLLP and prove its soundness: Theorem 99.

— Providing two concrete models of kuLLP: Rel and Nuts.

e Chapter 3

— Provide two denotational models for ulLL., in Rel and Nuts, and prove its sound-
ness: Theorem 125,

— Relate the syntactic validity conditions on ulL., pre-proofs and totality notion of
Nuts: Theorem 134,

— The semantic is preserved via the translation of the uLL proofs into plLL, proofs:
Theorem 135.

e Chapter 4:

— Provide a categorical setting for Tree exponentials: Section 4.1

— Examine the mentioned categorical setting on two well-known models of LL, i.e,
Rel and Coh: Propositions 140 and 141 for Rel. Propositions |43 and |44 for
Coh.

— Provide a new concrete instances of the mentioned categorical setting, i.e, Local
Totality Spaces. Theorem 156, Propositions 163 and 165.

— Relate interpretations of LL proofs in coherence spaces with the tree exponential
and non-uniform coherence spaces: Theorem 166. /
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