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Abstract

The focus of this thesis is to design a hypersequent calculus called HMR for Riesz modal
logic, or equivalently, for the equational theory of modal Riesz spaces. It is part of a line of
research aiming to provide a structural proof system for well-known probabilistic logics like the
probabilistic g—calculus or probabilistic Computational Tree Logic.

Riesz modal logic is a real-valued modal logic, i.e., a modal logic whose terms are interpreted
as real numbers instead of Booleans. If extended with fixed—point defined operators, Riesz modal
logic is expressive enough to encode most of the usual probabilistic logics like the probabilistic
Computational Tree Logic mentioned above. Moreover, an equational axiomatisation has been
provided for Riesz modal logic: there is a set of axioms such that two terms of Riesz modal logic
are equivalent, i.e., they have the same interpretations in all models, if and only if they can be
proved equal using this set of axioms and the rules of equational reasoning.

The goal of providing a hypersequent calculus for Riesz modal logic is to have a better—
behaved proof system. The main limitation of equational reasoning is that its rules are not
all analytical: it may be necessary to "guess" formulas during the construction of a derivation,
which require some human ingenuity. Therefore we want to provide a proof system that is both
sound and complete with regards to the axiomatisation of Riesz modal logic, while having only
analytical rules, making the process of building derivations much simpler.

To do so, we build upon another existing hypersequent calculus introduced for the Abelian
logic. Riesz modal logic can be seen as the Abelian logic extended with a scalar multiplication
(a term can be multiplied by a real scalar r € R) and a modal operator ¢. Therefore, HMR is
built by extending the hypersequent calculus for the Abelian logic with new rules to deal with
those new operations, and by using weighted hypersequents instead of regular hypersequents,
i.e., using pairs of real numbers and Riesz modal logic terms as elementary blocks instead of
just Riesz modal logic terms. We show that this new hypersequent calculus is both sound and
complete with regards to the axiomatisation of Riesz modal logic. We also prove that it satisfies
the CAN elimination theorem, or equivalently the CUT elimination theorem, effectively removing
the only non—analytical rule.

Lastly, we use this new hypersequent calculus to prove new and interesting results. Among
them, we show that the equivalence problem of Riesz modal logic is decidable (i.e., there is an
algorithm to decide whether or not two Riesz modal logic terms are equivalent). We also solve
a problem that was previously left open regarding the axiomatisation of Riesz modal logic.



Résumé

L’objectif de cette thése est de concevoir un calcul d’hypersequents appelé HMR pour la
Logique Modale de Riesz, ou de maniére équivalente, pour la théorie équationnelle des espaces
de Riesz modaux. Elle s’inscrit dans une ligne de recherche visant a fournir un systéme de preuve
structurelle pour des logiques probabilistes bien connues comme le p—calcul probabiliste ou la
logique probabiliste du temps arborescent (probabilistic Computational Tree Logic or pCTL).

La logique modale de Riesz est une logique modale a valeurs réelles, c’est-a-dire une logique
modale dont les termes sont interprétés comme des nombres réels au lieu de Booléens. Si elle est
étendue avec des opérateurs de point fixes, la logique modale de Riesz est suffisamment expressive
pour coder la plupart des logiques probabilistes habituelles comme la logique probabiliste du
temps arborescent mentionnée ci-dessus. De plus, une axiomatisation équationnelle a été fournie
pour la logique modale de Riesz : il existe un ensemble d’axiomes tels que deux termes de
la logique modale de Riesz sont équivalents, c’est-a-dire qu’ils ont les mémes interprétations
dans tous les modéles, si et seulement s’ils peuvent étre prouvés égaux en utilisant cet ensemble
d’axiomes et les régles du raisonnement équationnel.

Le but de fournir un calcul d’hypersequents pour la logique modale de Riesz est d’avoir un
systéme de preuve ayant certaines propriétés intéressantes. La principale limite du raisonnement
équationnel est que ses régles ne sont pas toutes analytiques : il peut étre nécessaire de « deviner
» des formules lors de la construction d’une dérivation, ce qui demande une certaine ingéniosité
humaine. Par conséquent, nous voulons fournir un systéme de preuve a la fois correct et complet
en ce qui concerne l'axiomatisation de la logique modale de Riesz, tout en n’ayant que des régles
analytiques, ce qui rend le processus de construction des dérivations beaucoup plus simple.

Pour ce faire, nous nous appuyons sur un autre calcul d’hypersequents existant introduit pour
la logique Abélienne. La logique modale de Riesz peut étre vue comme la logique Abélienne
étendue avec une multiplication par un nombre réel (un terme peut étre multiplié par un nombre
réel r € R) et un opérateur modal . Par conséquent, HMR est construit en étendant le calcul
d’hypersequents pour la logique Abélienne avec de nouvelles régles pour traiter ces nouvelles
opérations, et en utilisant des hypersequents pondérés au lieu des hypersequents habituels, c’est-
a-dire en utilisant des paires de nombres réels et des termes de la logique modale de Riesz comme
blocs élémentaires au lieu de simples termes de la logique modale de Riesz. Nous montrons que ce
nouveau calcul d’hypersequents est & la fois correct et complet en ce qui concerne I’axiomatisation
de la logique modale de Riesz. Nous prouvons également qu’il satisfait le théoréme d’élimination
de larégle CAN, ou de maniére équivalente le théoréme d’élimination de la régle CUT, supprimant
la seule régle non analytique.

Enfin, nous utilisons ce nouveau calcul d’hypersequents pour prouver des résultats nouveaux
et intéressants. Parmi eux, nous montrons que le probléme d’équivalence de la logique modale
de Riesz est décidable (c’est-a-dire qu'il existe un algorithme pour décider si oui ou non deux
termes de la logique modale de Riesz sont équivalents). Nous résolvons également un probléme
précédemment laissé ouvert concernant ’axiomatisation de la logique modale de Riesz.
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Introduction

In the last decades, many applications for mathematical logic have been found, notably
regarding the formal verification of hardware and software systems: logics are used to express
and verify properties of programs. By using tools for the verification of properties of complex
systems based on logical methods, it is possible to find and correct bugs which could otherwise
be very costly or even be dangerous to human lives. As a concrete example, in [LEZGI3| the
authors used logical methods to verify some correctness properties of the software regulating
air—traffic.

To verify those properties, they first have to be expressed formally. One approach is to express
them using a chosen logic. For instance, the well-known modal p—calculus [Koz83| can be used
to express interesting properties, like the fact that a program is deadlock—free, i.e., that it will
not be stuck in some state (see also [BARV02, [Sti01l [CF08] for an introduction to modal logics).

It then becomes useful to be able to reason on the formulas that can be expressed in the
logic. It is, for instance, often desirable to be able to check whether or not two formulas ¢ and v
are equivalent, i.e., that a program satisfies ¢ if and only if it satisfies ). One of the uses is, for
instance, that if it is known that a program satisfies ¢, and that ¢ is equivalent to 1, then we
automatically get that the program satisfies ¢, avoiding the (possibly expensive) cost of having
to check the second property.

For some logics, it is possible to automatically check whether or not two formulas are equiv-
alent, like for modal p—calculus (see, e.g., [BKO0§|). However it is not always possible, and even
when it is possible, the process can be quite costly. It is thus often useful to design alternative
and complementary approaches to establish relations on formulas. Those approaches can be
human-aided, and help the user construct a formal proof of a desired statement.

A classic human—aided approach is equational reasoning, where one can construct formal
proofs of equalities between formulas using a set of axioms and the well-known rules of equational
reasoning. An example is to use the axioms of Boolean algebras to construct proofs that two
formulas of Boolean logic are equivalent.

However, human ingenuity can be necessary in such systems. In equational reasoning, because

of the transitivity rule
AFA=C A-C=B
A-A=B

trans

the user may have to guess the formula C' while constructing the proof of A = B, which can
require quite a lot of ingenuity. Such a rule where it is necessary to "guess" a new formula is
called a non—analytical rule. Even some basic equalities such as £V = x may heavily rely on the
user to provide those intermediary steps, e.g., the proof zVz = (zV2)AT = (V)N (rA—x) =
xV(xA-z) = 2V La = x requires four intermediary formulas. This makes the process of deriving
such proofs difficult to automatize. Such a rule where we have to guess a new formula is called
a non—analytic rule.
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Structural proof theory is a field of mathematics (see [Bus98|) that focuses on developing
proof systems that require less human ingenuity to build proofs. For instance, regarding Boolean
logic, Gentzen’s sequent calculus [Gen34] is a structural proof system with good properties, most
notably the CUT—elimination theorem that effectively removes the only non-analytical rule of
the system.

When coming with a new structural proof system S for a logic L, there are three properties
that are very desirable:

e Soundness: every property that can be proved in S can be proved in L,
e Completeness: every property that can be proved in L can be proved in S, and

¢ Elimination of the non—analytical rules: the system S is complete even without any
non-analytical rule (in the case of Gentzen’s sequent calculus, this is the CUT—elimination
theorem).

Those three properties are often enough to ensure that the structural proof system S behaves
well-enough. Structural proof systems have been developed even for very expressive logics such
as the modal py—calculus among others [Wal95| [Stu07, DHLOE, DoulT].

Despite being well studied and well understood, ordinary modal logics like modal p—calculus
are not adequate for reasoning on all kinds of programs. One of the limitations concerns proba-
bilistic programs, i.e., programs that use instructions to generate random numbers (e.g., rand ()
in C).

To handle such programs, it is often natural and useful to express properties about prob-
abilities. Thus, the interest in designing probabilistic logics since the early 1980’s. Those can
express properties regarding probabilities such as "the program will not face any deadlock with
probability strictly greater than %".

Quite a few probabilistic logics have been designed and studied, in particular probabilistic
Computation Tree Logic (pCTL) [LS82, HS&6, [HJ94, BK08]. pCTL is one of the most used
probabilistic logic since it has a simple definition but is already quite expressive. For instance,
the deadlock—free property above can be stated in pCTL as —(Ps 4 (F terminal)).

However, the progress in designing a well-behaved structural proof system for probabilistic
logics has, this far, been quite underwhelming. There is currently, to the best of our knowledge,
no well-behaved structural proof system for the logic pCTL, or any other expressive probabilistic
logic (see, e.g., [DEHMIG] for the logic pCTL, [BGZB09, [Hsul7| for pRHL and [Koz85] pPDL).
We can separate the design of a well-behaved structural proof system into two distinct steps:

1. first design a sound and complete proof system for deriving the equivalence of formulas —
this is a called the axiomatisation problem,

2. then build upon this proof system to design a better behaved structural proof system, more
specifically, a proof system without any non—analytic rule.

In the case of Boolean logic, the first step could be to find the set of axioms used in equational
reasoning, while the second step would be to build Getzen’s sequent calculus and prove the
CUT-elimination theorem.

The axiomatisation problem for pCTL has been left open for 35 years (see [LS82] or [HS86]):
all the proof systems for pCTL are currently incomplete.

One of the approaches to design a good proof system for probabilistic logics, which was
democratised by the seminal work of Kozen on probabilistic PDL [Koz85], is to take some distance
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from the usual Boolean semantics. Instead of interpreting formulas as either true or false (like
in pCTL), pPDL formulas are interpreted as real numbers. Such logics are called real-valued
logics. Further insights on the usefulness of real-valued logics for probabilistic programs can
be found in [Koz81]. Importantly, a sound and complete axiomatisation was found for pPDL
[Koz85]. However, pPDL is quite limited, and can not be easily directly extended to other
expressive logics like pCTL. This comes from the fact that the language of pPDL is both used as
a programming language and as the logic used to reason on those programs, and the programs
built using pPDL are quite limited. For instance, pPDL satisfies the finite model property where
one of the key points of pCTL is that the finite model property fails for pCTL.

Even though all the methods used by Kozen to design pPDL can not be directly used to
develop a well-behaved proof system for pCTL, it gives some new insights into the problems
faced in designing this system. For instance, the use of a real valued logic instead of a Boolean
one is quite promising. Indeed, recent works [Mio12],[MS13|[Mio18] have shown that pCTL can be
encoded using a simple real-valued modal logic extended with (co)inductively defined operators
like Yukasiewicz p—calculus.

Therefore, one natural direction of research is the following.

1. Find a simple real-valued modal logic having nice properties.

2. Design a good structural proof system for this logic. This thesis focuses on designing
such a system for Riesz modal logic.

3. Extend the logic with the (co)inductive defined operators necessary to obtain the expres-
siveness of pCTL.

4. Build upon the proof system designed at step 2 to obtain a well-behaved proof system for
the logic obtained at step 3, thus having a good proof system for pCTL.

As mentioned above, good real-valued modal logics have already been designed. Among
those, this thesis will focus on Riesz modal logic, introduced by Furber, Mardare and Mio in
[IMFM17, FMM20]. Riesz modal logic can interpret other basic real-valued logics, including
F.ukasiewicz modal logic. Moreover, a sound and complete axiomatisation for Riesz modal logic
has been found in [MEMI17]. Moreover, a structural proof system called GA for Abelian logic,
which can be seen as a fragment of Riesz modal logic, was designed by Gabbay, Metcalfe and
Olivetti in [MOGO05]. Thus Riesz modal logic is a good candidate for building a proof system for
the second step. Note that there are other good candidates to study for designing a well-behaved
structural proof system. E.g., Diaconescu, Metcalfe and Schniiriger recently introduced another
extension to Abelian logic with modal operators called K(A) in [DMS1§].

To provide a sound and complete axiomatisation for Riesz modal logic, Furber, Mardare and
Mio introduce the notion of modal Riesz spaces [MEM17]|. A modal Riesz space is a Riesz space,
i.e., a vector space equipped with a lattice order compatible with the vector operations, extended
with a modal operator ¢ satisfying the following axioms:

e Linearity: for all terms ¢, and real scalar r, O(t1 + rt2) = O(t1) + rO(t2),
e Positivity: if 0 < ¢ then 0 < {(¢),

e 1-decreasing : (1) < 1.
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It was shown that two formulas for Riesz modal logic are equivalent, when interpreted on Markov
chains, if and only if the two corresponding terms are equal in all modal Riesz spaces [MFMI17,
FMM20].

An interesting class of proof systems to investigate for Riesz modal logic, and modal logics
in general, is the class of hypersequent calculi. Hypersequent calculus is a generalisation of
Gentzen’s sequent calculus introduced by A. Avron [Avr87|, and independently by G. Pottinger
[Pot83]. In hypersequent calculus, instead of having only one sequent, the system is used to derive
a multiset of sequents. This modification significantly increases the expressiveness of Gentzen’s
calculus as it allows additional transfers of information between the sequents.

Contributions of this thesis: The focus of this thesis is to design a hypersequent calculus
called HMR for Riesz modal logic, or equivalently, for the equational theory of modal Riesz
spaces. To do so, we will build on the hypersequent calculus GA introduced in [MOGO5| by
Gabbay, Metcalfe and Olivetti.

Since GA is a hypersequent calculus for Abelian lattice-ordered groups, i.e., Abelian groups
equipped with a lattice order, there are two operations that needs to be added to the system:
the scalar multiplication and the modal operator ¢.

This will be done incrementally: I separately introduce a hypersequent calculus for Riesz
spaces, i.e., Abelian lattice—ordered groups with scalar multiplication, called HR and a hyperse-
quent calculus for modal Abelian lattice—ordered groups called MG A before introducing HMR.
This iterative process is useful to better appreciate the difficulties and insights concerning those
two additional operations.

Organisation of this thesis. In Chapter [I] we provide the required technical background.
We give the basic definitions of the different algebras considered in this thesis, i.e., Abelian
lattice—ordered groups, Riesz spaces and modal Riesz spaces. We also introduce the Riesz modal
logic and provide the definition of the hypersequent calculus GA of [MOGO05].

In Chapter [2 we start building the iterative hypersequent calculi. We first introduce the
hypersequent calculus GA||, which is equivalent to GA but has a structure better suited to the
systems introduced after. We then introduce HR and MGA before merging them into HMR.

In Chapter [3] we give some applications of the system HMR. Notably, we prove that the
equational theory of modal Riesz spaces is decidable, and answer a problem left open in [FMM20]
by showing that free modal Riesz spaces are Archimedean.



Chapter 1

Technical background

1.1 Lattice—ordered Abelian groups

Lattice—ordered groups constitute a mature field of research, dating back to fundamental
papers by Birkhoff, Nakano and Lorenzen among others and are closely related to (modal) Riesz
spaces as we will see. Moreover, a hypersequent calculus was introduced by Metcalfe, Gabbay
and Olivetti for the theory of lattice—ordered Abelian groups, and this hypersequent calculus will
serve as the basis for the work presented in this thesis. Thus, we will first introduce the definitions
of lattice—ordered Abelian groups and the results used in our work. We refer to [AF89, [KM94]
for a comprehensive reference to the subject.

A lattice—ordered Abelian group, or Abelian I-group, is an algebraic structure (R, 0, +, —, LI, M)
such that (R,0,+,—) is an Abelian group, (R,U, M) is a lattice and the induced order (a < b <
al1b = a) is compatible with addition in the sense that for all a,b,c € R, if a < b then a+c¢ < b+c.
Formally we have:

Definition 1.1.1 (Abelian l-group). The language La of Abelian l-groups is given by the
signature {0,4, —, U,M} where 0 is a constant, +, U and M are binary functions and — is a
unary function. A lattice—ordered Abelian group, or Abelian [-group, is a La-algebra, i.e., a set
equipped with interpretations for the operations, satisfying the set Aj_groups Of equational axioms
of Figure We use the standard abbreviation of x <y for x My = x.

1. Axioms of Abelian groups: x4+ (y+2) = (z+y)+z, z+y=y+z,2+0=z,2—x =0,

2. Lattice axioms: (associativity) z U (yUz) = (zUy)Uz, 2MN(yMNz) = (xMy) Nz,
(commutativity) zUy = yUz, zMy = yMz, (absorption) zU(zMy) = z, zM(zUy) = z.

3. Compatibility axiom: (zMNy)+2z <y+ z.

Figure 1.1: Set Aj_group of equational axioms of Abelian l-groups.

Remark 1. Note how the compatibility axiom has been equivalently formalised in Figure [1.1] as
an inequality and not as an implication by using (zMy) and y as two general terms automatically
satisfying the hypothesis (z My) < y. Moreover the inequality

(zNy)+z<y+z

11
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can be rewritten as the equation
(@ny)+2)N(y+2z)=(xNy)+2

using the lattice operations (z < y < xMy = ). Hence, since Abelian l-groups are axiomatised
by a set of equations, the family of Abelian l-groups is a variety in the sense of universal algebra.

Ezample 1. The integers Z together with their standard linear order (<), expressed by taking
k1 M ke = min(ky, k2) and k1 U ko = max(kq, k2), is an Abelian l-group. This is a fundamental
example also due to the following fact (see, e.g., [Wei63] for a proof): for any two terms A, B, the
equality A = B holds in all Abelian 1-groups if and only if A = B holds in the Abelian 1-group
(Z,<).

Example 2. For a given set X, the set ZX of functions f : X — Z is a Abelian I-group when
all operations are defined pointwise: (—f)(x) = —(f(z)), (f +9)(z) = f(x) + g(z), (fUg)(z) =
f@)ug(x), (fMg)(x) = f(z)Mg(z). Thus, for instance, the space of n-dimensional vectors Z"
is an Abelian l-group whose lattice order is not linear.

Remark 2. We use the capital letters A, B, C' to range over terms built from a set of variables
ranged over by x,y,z. We write A[B/z| for the term, defined as expected, obtained by substi-
tuting all occurrences of the variable = in the term A with the term B.

As observed in Remark [T} the family of Abelian l-groups is a variety of algebras. This means,
by Birkhoff completeness theorem, that two terms A and B are equivalent in all Abelian I-groups
if and only if the identity A = B can be derived using the familiar deductive rules of equational
logic, written as A} groups - A = B (see Theorem 21 of [Wec92| or the seminal work of Birkhoff
[Bir35]).

Definition 1.1.2 (Deductive Rules of Equational Logic). Rules for deriving identities between
terms from a set A of equational axioms:

(A=B)e A AFB=A AFA=B
Ara=5 >  Zra=a™  Ara=3¥"  Arcpu=cp@ ™
AFA=B ArB=C _ AFA=B
ArA-C AT ACJz] = B[C/a]

where A, B,C are terms of the algebraic signature under consideration built from a countable
collection of variables and C[] is a context.

In what follows we denote with Aj_groups - A < B the judgement A} groups - A = AN B.

The following elementary facts (see, e.g., [KM94| for proofs) imply that, in the theory of
Abelian l-groups, a proof system for deriving equalities can be equivalently seen as a proof
system for deriving equalities with 0 or inequalities.

Lemma 1. The following assertions hold:
i Alfgroups FA=B & Al*groups FA—B= 0,
. Alfgroups FA=0 & (Al—groups F0<Aand Al*groups FO< _A) i

Definition 1.1.3. A term A is in negation normal form (NNF) if the operator (—) is only
applied to variables.

For example, the term (—z) M (—y) is in NNF, while the term —(z Lly) is not.

Lemma 2. Fvery term A can be rewritten to an equivalent term in NNF.
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Proof. Negation can be pushed towards the variables by the following rewritings: —(—A) = A,
—(A+B)=(-A)+(-B), —(AUB) = (-A)N(-B) and —(ANB) = (—A)U(—DB) (see Lemma
(4) below). O

Negation can be defined on terms in NNF as follows.

Definition 1.1.4. Given a term A in NNF, the termiz is defined inductively as follows: T = —ux,
—r=x,A+B=A+B,AUB=ANB,ANNB=AUB.

The following are basic facts regarding negation of NNF terms.

Lemma 3. For any term A in NNF, the term A is also in NNF and it holds that Al groups F
A=—-A.

Proof. We prove the result by straightforward induction on A. See Lemma [5| (4) below for the
U and I cases. O

Lemma 4. For any terms A, B in NNF, it holds that A[B/z] = A[B/x].

It is convenient to define a notion of complexity on the terms to reason by induction on the
size of the terms later on.

Definition 1.1.5 (Complexity). We define the complexity ¢(A) of a term in NNF A by induction
as follows:

e ¢c(x)=0 e ¢c(A+ B)=1+4+c(A)+¢(B)
e ¢(T)=0 e c(AUB)=14c¢(A)+¢(B)
e c(0)=1 e ¢c(AMIB)=14c¢(A)+¢(B)

We now list some useful facts that will be used throughout the paper. The following are
useful derived operators frequently used in the theory of Abelian l-groups:

Symbol | Terminology Definition
AT The positive part AUO0

A~ The negative part | (—A)U0

|A| The absolute value | AT + A~

Lemma 5. The following equations hold:

e (1) For all A, 2A~ = (2A)~

(2) For all A,B, 2(AUB)” <(A+ B)~

(8) For all A,B, (A+B)” <A~ +B~

(4) For all A, B, —(AUB) = (~A) 1 (—B) and —(AN B) = (~A) U (—B).

(5) For all A, B,C, AU(BNC) = (AUB)N(AUC) and AN (BUC) = (ANB)U(ANC).

(6) For all A,B,C, A+ (BUC) = (A+B)U(A+C) and A+ (BNC) = (A+B)N(A+C).

(7) For all A, 0 < AU (—A).
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Most notably, observe that Abelian l-groups are distributive lattices (Lemma [5] (5)), that
sum distributes over lattice operations (Lemma [5| (6)) and that the least upper bound of any
element with its negation is always positive (Lemma 5| (7)).

Proof. As mentioned in Example[l] the Abelian 1-group Z is complete for the equational theory
of Abelian I-groups. This means that a universally quantified equation Aji_groups - 4 = B
holds in all Abelian l-groups if and only if it holds in the Abelian l-group (Z,<). It is then
straightforward to check the validity of all equations in Z. O

Lemma 6. For all A,B, AUB >0 if and only if A~ M B~ =0.
Proof. For all A, B we have:

0M(AUB) = (AN0)U(BM0)

= —(((=A) U (=0)) M ((~B) U (-0)))
= —(A~nB7)

Hence 0M (AU B) =0 if and only if —(A~ M B~) =0 if and only (A~ M B~) = 0. The proof is
complete recalling that 0 < A LI B means, by definition, that 0 =01 (AU B). O

1.2 Riesz Spaces

The theory of Riesz spaces, also known as vector lattices, is a branch of mathematics at the
intersection of algebra and functional analysis, introduced by F. Riesz, L. Kantorovich and H.
Freudenthal among others. It merges the notions of lattice order and that of real vector spaces.
The former is pervasive in logic and the latter is at the heart of probability theory (e.g., convex
combinations, linearity of the expected value operator, etc.). Kozen was the first to observe in
a series of seminal works (see, e.g., [Koz81l, [Koz85]) that, for the above reasons, the theory of
Riesz spaces provides a convenient mathematical setting for the study and design of probabilistic
logics. Mio, Furber and Mardare extend the theory of Riesz spaces with a modal operator to
obtain the theory of modal Riesz spaces, which is the theory we are interested in for the different
hypersequent calculi introduced later on.

A Riesz space is an algebraic structure (R, 0, +, ()rer, U, ) such that (R,0,+, (r),cr) is a
vector space over the reals, (R,L, M) is a lattice and the induced order (¢ < b < aMb = a)
is compatible with addition and with the scalar multiplication, in the sense that: (i) for all
a,b,ce R, if a <bthen a+c<b+c, and (ii) if a > b and r € R>( is a non-negative real, then
ra > rb.

Following Definition[T.1.T} a Riesz space can be seen as an Abelian l-group where the language
is extended with scalar multiplications (r) for all r € R and the axioms regarding the scalar
multiplications are added to the axioms of Abelian l-groups.

This section contains the basic definitions and results related to Riesz spaces. We refer to
[LZ71L [TR77] for a more thorough introduction to the topic. Formally we have:

Definition 1.2.1 (Riesz Space). The language L of Riesz spaces is given by the (uncountable)
signature {0, 4+, (),ecr, U,M} where 0 is a constant, +, U and M are binary functions and r is a
unary function, for all r € R. A Riesz space is a Lp-algebra satisfying the set Agjes, of equational
axioms of Figure We use the standard abbreviations of —z for (—1)z and = < y for xMy = =.

Remark 3. Similarly to Abelian l-groups (see Remark [1} Riesz spaces are axiomatised by a set
of equations, and so the family of Riesz spaces is a variety in the sense of universal algebra.
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1. Axioms of real vector spaces:

e Additive group: x + (y+z2)=(z+y)+z,z+y=y+z,z+0=z,z—x=0,

e Axioms of scalar multiplication: ri(roz) = (r1 - ro)x, lo =z, r(z +y) = (rz) +
(ry), (r1 + o)z = (r1z) + (rex),

2. Lattice axioms: (associativity) z U (yUz) = (zUy)Uz, 2 MN(yMNz) = (xMy) Nz,
(commutativity) zUy = yUz, zMy = yMz, (absorption) zU(zMy) = z, zM(zUy) = z.

3. Compatibility axioms:

e (xMy)+z2<y+ 2z
o r(xMNy) < ry, for all scalars r > 0.

Figure 1.2: Set Agjes, of equational axioms of Riesz spaces.

Ezample 3. The real numbers R together with their standard linear order (<), expressed by
taking r; M7y = min(ry,r2) and r U re = max(ry,72), is a Riesz space. It has the same
importance as Z for Abelian l-groups in the sense that the real numbers R is complete for the
quasi—equational theory of Riesz spaces (see, e.g., [LvAQ7| for a proof). Note however that
this result is stronger than the one for Abelian l-groups mentioned in Example Indeed, Z
is complete for the equational theory of Abelian l-groups whereas R is complete for the quasi—
equational theory of Riesz spaces. Thus a quasi—equation, i.e., an implication of the form

n
i=1
holds in all Riesz spaces if and only if it holds in R.

Example 4. For a given set X, the set RY of functions f : X — R is a Riesz space when all

operations are defined pointwise: (rf)(z) = r(f(x)), (f + 9)(z) = f(z) + g(z), (fUg)(zx) =
fl@)ug(x), (fNg)(x) = f(x)Mg(x). Thus, for instance, the space of n-dimensional vectors R™
is a Riesz space whose lattice order is not linear.

The following elementary facts (see, e.g., [LZ71l, §2.12] for proofs) imply that, in the theory
of Riesz spaces, a proof system for deriving equalities can be equivalently seen as a proof system
for deriving equalities with 0 or inequalities.

Lemma 7. The following assertions hold:
L4 ARiestA:B = ARieSZFA*BZO,
® ARiesz F A=B & (ARies; - A < B and Agjes, F B < A).

Remark 4. From now on, in the rest of this paper, it will be convenient to take the derived
negation operation (—A) = (—1)A as part of the signature and restrict all scalars r to be strictly
positive (r > 0). The scalar 0 € R can be removed by rewriting (0)A as 0.

Definition 1.2.2. A term A is in negation normal form (NNF) if the operator (—) is only
applied to variables.

For example, the term (—2) M (—y) is in NNF, while the term —(z U y) is not.
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Lemma 8. Fvery term A can be rewritten to an equivalent term in NNF.

Proof. Negation can be pushed towards the variables by the following rewritings: —(—A4) = A
—(rA) =r(—A), —(A+B) = (-A)+(-B), —(AUB) = (—A)N(—B) and —(ANB) = (—A)U(—B
(see Lemma [I0[4) below). O

Negation can be defined on terms in NNF as follows.

Definition 1.2.3. Given a term A in NNF, the term A is defined as follows: T = —x, —z = x,
rA=rA, A+ B=A+B, AUB=ANB, ANB=AUB.

The following are basic facts regarding negation of NNF terms.

Lemma 9. For any term A in NNF, the term A is also in NNF and it holds that ARies, - A =
—A.

Proof. We prove the result by straightforward induction on A. See Lemma 4) below for the
LI and M cases. O

Proposition 1. For any terms A, B in NNF, it holds that A[B/x] = A[B/x].

7

We now define the complexity of a Riesz term.

Definition 1.2.4 (Complexity). We define the complexity ¢(A) of a term in NNF A by induction
as follows:

e c(z)=0 e c(A+B)=1+¢c(A)+c(B)
e ¢(T)=0

. 0)=1 e c(AUB)=1+¢(A)+¢(B)
e c(rd) =1+c(A) e c(ANB)=1+¢(A)+c(B)

We now list some useful facts that will be used throughout the paper.
Lemma 10. The following equations hold:
e (1) For all A andr >0, r(A”7) = (rA)".

(2) For all A,B, 2(AUB)” < (A+ B)~

(3) For all A,B, (A+ B)" <A~ +B™.

(4) For allrT > 0,0 < A if and only if 0 < rA.
(5) For oll A,B, —(AUB)=(—A)N(—B) and —(AN B) = (—A)U (—B).

(6) For all A, B,C, AU(BNC) = (AUB)N(AUC) and AN (BUC) = (ANB)U(ANC).

(7) For all A,B,C, A+ (BUC) = (A+B)U(A+C) and A+ (BNC) = (A+B)N(A+C).
e (8) Forall A, 0 < AU (—A).

Most notably, observe that Riesz spaces are distributive lattices (Lemma 6)), that sum
distributes over lattice operations (Lemma [10[(7)) and that the least upper bound of any element
with its negation is always positive (Lemma [L0[8)).
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Proof. As mentioned in Example|3] the Riesz space R is complete for the quasi—equational theory
of Riesz spaces. This means that a universally quantified Horn clause /\ie 7 ARiess - Ai = B; =
ARies, F A = B holds in all Riesz spaces if and only if it holds in the Riesz space (R, <). It is
then straightforward to check the validity of all equations and equational implications in R. [

Lemma 11. For all A,B, AUB >0 if and only if A~ B~ =0.
Proof. For all A, B we have:

0N(AuB) = (Ano)u(Bno)

—(((A) U (=0)) N ((=B) U (=0)))
—(A-NB)

Hence 0M (AU B) =0 if and only if —(A~ M B~) =0 if and only (A~ M B~) = 0. The proof is
complete recalling that 0 < A B means, by definition, that 0 =01 (AU B). O

The Archimedean property plays a central role in the representation theory of Riesz spaces.
Indeed the Archimedean spaces are precisely those that can be shown to be isomorphic to spaces
of real-valued functions on certain topological spaces (see, e.g., [LZ71l, Sec. 46]) Furthermore,
special representation theorems are available if the Riesz space possesses a weak-unit [LZ71], Sec.
50]) or even a strong unit (J[LZT71l Sec. 45]).

Definition 1.2.5 (Archimedean Riesz spaces). A Riesz space R is said to be Archimedean if it
satisfies the following property

Va,be R,(Vn € Nyna<b)=a<0

Ezample 5. The Riesz space R is Archimedean.
Example 6. The Riesz space R? with the lexicographic order, i.e.,

a<c
a=cand b<d

(a,b) < (¢,d) & {

is not Archimedean. Indeed, n(0,1) = (0,n) < (1,0) for all n» € N but (0,1) £ (0,0).

Definition 1.2.6 (Weak unit). Let R be a Riesz space. A positive element u € R is said to be
a weak unit if for all positive element x € R, if z M u = 0 then x = 0.

Definition 1.2.7 (Strong unit). Let R be a Riesz space. A positive element u € R is said to be
a strong unit if for all x € R, there exists n € N such that |z| < nu.

1.3 Modal Riesz Spaces

This section contains the basic definitions and results related to modal Riesz spaces, as
introduced in [MEMI17, [FMM20].

The language of modal Riesz spaces extends that of Riesz spaces with two symbols: a constant
1 and an unary operator ¢.

Definition 1.3.1 (Modal Riesz Space). The language E% of modal Riesz spaces is Lr U {1,0}
where L is the language of Riesz spaces as specified in Definition [[.2.I] A modal Riesz space is
a ﬁ%—algebra satisfying the set Agiesz of axioms of Figure
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Axioms of Riesz spaces see Figure
_l’_
Positivity of 1: 0<1
Linearity of ¢: O(r1A+1reB) =11 0(A) + ro0(B)
Positivity of ¢: O(OLA)>0
1-decreasing property of ¢: O(1) <1

Figure 1.3: Set A, _, of equational axioms of modal Riesz spaces.

Remark 5. Note that the positivity axiom is equivalent to the following implication, which is
easier to read.
A>0=04>0

However, as in Remark [I] we formalise the axiom as an inequality to ensure that modal Riesz
spaces are fully axiomatised by a set of equations, and thus that the family of modal Riesz spaces
is a variety.

Ezxample 7. Every Riesz space R can be made into a modal Riesz space by interpreting 1 with
any positive element and by interpreting ¢ as the identity function (Q(z) = x) or the constant 0
function ¢(z) = 0.

Ezample 8. The Riesz space (R, <) of linearly ordered real numbers becomes a modal Riesz space
by interpreting 1 with the number 1, and ¢ by any linear (due to the linearity axiom) function
x — rx for a scalar r € R such that » > 0 (due to the positivity axiom) and r» <1 (due to the
1-decreasing axiom).

Ezample 9. Generalising the previous example, the Riesz space R™ (with operations defined
pointwise, see Example [4) becomes a modal Riesz space by interpreting 1 with the constant 1
vector and ¢ by a linear (due to the linearity axiom) map M : R” — R", thus representable as
a square matrix,

1 ri1 Ti2 o Tin

1 o1 T22 -t Tap
1= =

1 Tn,1 Tn,2 v Tnn

such that all entries 7; ; are non-strictly positive (due to the positivity axiom) and where all
the rows sum up to a value < 1, i.e., for all 1 < ¢ < n it holds that 2?21 ri; < 1 (due
to the 1-decreasing axiom). Such matrices are known as sub-stochastic matrices. Each sub—
stochastic matrix M can be regarded as a probabilistic transition system (also referred to as
Markov chain, see Section whose set S of states is S = {s1,...,s,} and whose transition
function 1y : S — D=Y(S), defined as:

T (si)(s5) = 7ij
assigns to each state s; € S a sub-probability distribution 73/(s;) € D=(S) specifying the

probability of reaching s; from s;, for any s;,s; € S.

Ezample 10. Consider the equality O(x Uy) = O(x) U O(y). Does it hold in all modal Riesz
spaces? In other words, does AI%CSZ FO(xUy) = O(x) U O(y)? The answer is negative. Take as
example the modal Riesz space R? with:
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() o)

and let a = (1,0) and b = (0,1). One verifies that ¢(a Ub) = (1,0) while ¢(a) U O(b) = (2,0).
This example shows that unlike the theory of Riesz spaces (cf. Example , the theory of modal
Riesz spaces cannot be generated by a linear model, i.e. a model where either a < b or b < a for
all a and b. Indeed, in any linear model, the equality ¢(z Uy) = O(x) U O(y) clearly holds while
it does not hold in the example above.

7 N\
O wl—
O win

Remark 6. The choice of using the ¢ symbol for the unary operation of modal Riesz spaces
might suggest the existence of a distinct De Morgan dual operator Ox = —{ — x. This is not the
case since, due to linearity, Oz = Oz, i.e., ¢ is self dual. While using a different symbol such as
(o) might have been a better choice, we decided to stick to ¢ for backwards compatibility with
previous works on modal Riesz spaces [MFM17, [FMM20l [LM19]. Another source of potential
ambiguity lies in the “modal” adjective itself. Of course other axioms for ¢ can be conceived
(e.g., O(zUy) = O(x)UO(y) instead of our O(x+y) = O(x)+O(y), see, e.g., [DMS18]). Therefore
different notions of modal Riesz spaces can be investigated, just like many types of classical modal
logic exist (K, S4, S5, etc). Once again, our choice of terminology is motivated by backwards
compatibility with previous works.

We now expand the definitions and properties related to terms in negation normal form to
modal Riesz spaces.

Definition 1.3.2. A term A is in negation normal form (NNF) if the operator (—) is only
applied to variables and the constant 1.

Lemma 12. Fvery term A can be rewritten to an equivalent term in NNF.

Proof. Negation can be pushed towards the variables by the following rewritings: —Q(A)
O(—A) (see Lemma [8] for the other operators).

ol

Negation can be defined on terms in NNF as follows.

Definition 1.3.3. Given a term A in NNF, we expand the operator A as follows: ¢0A = QA,
1=-1,-1=1.

The following are basic facts regarding negation of NNF' terms.

Lemma 13. For any term A in NNF, the term A is also in NNF and it holds that Agjes, F A =
—A.

Lemma 14. For any terms A, B in NNF, it holds that A[B/x] = A[B/z].

To define the complexity of a modal Riesz term, special care has to be taken for the { operator
and the 1 constant. Indeed, as we will see in Sections [2.3] and [2:4] it is useful for the induction
proofs to consider the complexity of a ¢ formula and the 1 constant to be 0. Therefore we define
the complexity of a modal Riesz term as follows.

Definition 1.3.4 (Complexity). We define the complexity c¢?(A) of a term A in NNF by induc-
tion as follows:

e O(2)=0 e O(1)=0

e () =0 e °(1)=0
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e °(0A) =0 e °(A+B)=1+c(A) +¢(B)
e 2(0)=1 o °(AUB)=1+c(A)+c(B)
o °(rA) =1+ c(A) e °(ANB)=1+c(A)+c(B)

We now list the usual facts that we require. First, note that modal Riesz spaces are an
extension of Riesz spaces, i.e., any equation that holds in all Riesz spaces also holds in all modal
Riesz spaces.

Lemma 15. Let A and B be Riesz terms, i.e., not containing any & nor 1. If Arijesz W A = B,
then A%. —+ A= B.

Riesz

Proof. We prove this result by a straightforward induction on the derivation of ARgjes, H A4 = B.
The induction is trivial since every axiom of Riesz spaces is also an axiom of modal Riesz
spaces. O

Moreover, the following elementary facts still hold in the theory of modal Riesz spaces.
Lemma 16. The following assertions hold:

o A, FA=B & A} ,FA-B=0,

o Ay FA=B & (A%, FA<Band A}, B <A).

Riesz Riesz Riesz

Proof. The first assertion comes from the following equalities:

A=A+4+0=A+(B-B)=(A-B)+B

Thus if A§,., - A= B then A}, ,F A—-B=B-B=0andif A— B=0then (A~ B)+B =
0+ B =0.

For the second assertion, recall that Al%esz F A < B is a notation for A%iesz FAMB=A.
Moreover, since ARgjes; F M2 = z holds, by Lemma we have A?{iesz F zMx = x and by using

the substitution rule, Aﬁiesz FAMNA=Aand AS. _+ BB = B. Therefore if A, + A= B,

Riesz Riesz
then A%, F ANB=AMNA=Aand A}, ,F BNA=BNB=8
For the other direction, if Agiesz F A< B and A?{iesz F B < A, then Agiesz FA=ANB =
BMA=B. O

Lemma 17. The following equations hold:
o (1) Forall A andr>0,7r(A7)=(r4)".

(2) For all A,B, 2(AUB)” < (A+ B)~

(8) For all A,B, (A+B)” <A~ +B~.

(4) For allr > 0,0 < A if and only if 0 < rA.

(5) For all A,B, —(AUB) = (—A)N(—B) and —(ANB) = (—A) U (-B).

(6) For all A,B,C, AU(BNC)=(AUB)N(AUC) and AN(BUC) = (ANB)U(ANC).

(7) For all A,B,C, A+ (BUC) = (A+B)U(A+C) and A+ (BNC) = (A+B)N(A+C).

(8) For all A, 0 < AU (—A).
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Most notably, observe that Riesz spaces are distributive lattices (Lemma [10(6)), that sum
distributes over lattice operations (Lemma [10[(7)) and that the least upper bound of any element
with its negation is always positive (Lemma [L0|8)).

Proof. Since R is not complete for the (quasi)equational theory of modal Riesz spaces (see Ex-
ample [10)), we can not use the same proof as in Lemma

However, apart from the fact (4), every fact is an equality, and thus still holds in modal Riesz
spaces according to Lemma For instance, to show (1), according to Lemma we know
that ARgiess F 7(#7) = (rz)~ for a variable z and for all 7 > 0 and thus A%, Fr(z™) = (rz)".

Riesz

Therefore, for all A and r > 0 we can derive 7(A~) = (rA)~ with the following derivation:

’Al?{iebz + T(JJ—) = (T'T)_
> subst
ARicsz - T(Ai) =(ra4)

The last fact (4) is a direct consequence of the compatibility axiom r(zMy) < ry with z =0
and y = A. Indeed, if 0 < A then 0M A = 0, and thus 0 = (01 A) < rA. Therefore, if
0 < A then 0 < rA for all » > 0. For the other direction, if 0 < rA then we just showed that
0<ira=A4A O

Lemma 18. For all A,B, AUB >0 if and only if A— M B~ =0.
Proof. For all A, B we have:

0N (AUB) = (AN0)U(BM0)

—(((=A4) U (=0)) M ((=B) LU (-0)))
—(A-NB)

Hence 0M (AU B) =0 if and only if —(A~ M B~) =0 if and only (A~ M B~) = 0. The proof is
complete recalling that 0 < A B means, by definition, that 0 = 011 (AU B). O

1.4 Free algebras

Being definable purely by equations, the class of modal Riesz spaces is a variety in the sense
of universal algebras. Therefore the category of modal Riesz spaces has free objects. Moreover,
the study of those free objects can be of interest. For instance, the open problem of [FMM20]
concerns the initial object of the category of modal Riesz spaces — which is a free object.

Definition 1.4.1 (Free objects). Let A be a variety of algebras (e.g., the variety of modal Riesz
spaces). For every set X, there is an unique free algebra Fu(X) € A over the set of generators
X satisfying the following universal property: there is an injective map i : X — F(X) such
that for any given algebra A € A and map k : X — A, there is an unique A-homomorphism
[ Fa(X) — A satisfying foi=k.

The free algebra Fy(()) is the initial object.

Remark 7. Note that since there is an injective map ¢ from X to Fy(X), by identifying z € X
and i(x), we can always consider that X C Fa(X).

Definition 1.4.2 (Term algebras). Let A be a variety of algebras over the signature £ and let
V be a set. The term algebra over the variables V is the set of terms built using the signature £
and the variables V quotiented by the axioms of A.
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Ezxample 11. In the case of modal Riesz spaces, the term algebra over the variables V is the set
of modal Riesz space terms on V), i.e., the set defined by the grammar

AB:=xe€V| 0| 1| A+B| rA| ANB| AUB| 0A
quotiented by the axioms of modal Riesz spaces.

Lemma 19 (Thm 12 of [Wec92]). Let A be a variety of algebras. The term algebra over the
variables V is isomorphic to the free algebra Fy(V).

Corollary 1. Let A be a variety of algebras and let A, B two A—terms over the set of variables
V, i.e., the variables appearing in A and B are all in V. Then

Ay FA=DB if and only if A= B inFy(V)

1.5 Riesz modal logic

In this section, we will introduce the Riesz modal logic. Riesz modal logic was introduced by
Furber, Mardare and Mio in [FMM20] as a real-valued probabilistic logic for Markov chains. As
mentioned earlier, modal Riesz spaces were introduced as the algebraic semantic for Riesz modal
logic.

Definition 1.5.1 (Sub—probability). Given a set X, we denote by D=1(X)

DN (X)={d: X - [0,1]| Y d(x) <1}

the set of sub—probability distributions on X.

Given a distribution d € D=1(X) and a subset A C X, we note by d(A) the cumulative
probability of A:
d(A) =" d(x)
€A
Definition 1.5.2 (Markov chain). A Markov chain is a pair (X,7) where X is the (possibly
infinite) set of states and 7 : X — D=!(X) is the transition function which maps each state to a
sub-probability distribution over states.

The intended interpretation is that, at a state z € X, the computation stops with probability
1 —d(X), where d = 7(x), and continues with probability d(X) following the sub—probability
distribution d.

Ezample 12. Consider the Markov chain having state space S = {s1, s2} and transition function
7 defined by: 7(s1) = (51 — %,52 — %) and 7(s2) = (s1 — %,52 — 0):

wol=



CHAPTER 1. TECHNICAL BACKGROUND 23

From the state s; the computation progresses to s itself with probability %, to so with probability

3 and it halts with probability ¢ (i.e., with the remaining probability 1 — (3 + )). From the

state sy the computation progresses to s; with probability % and it halts with probability %

Definition 1.5.3 (Terms). The terms of Riesz modal logic are defined using the following
grammar:

AB:=0| 1| ANB| AUB| rA| A+ B| 0A

Remark 8. Note that all Riesz modal logic terms are also modal Riesz space terms. Conversely,
all closed modal Riesz space terms (i.e., modal Riesz space terms without any variable) are also
Riesz modal logic terms.

Given any Markov chain (S, 7as), each Riesz modal logic term A is interpreted as a function
[A] =S — R.

Definition 1.5.4 (Transition semantics). For a Markov chain C' = (S, 7s), the interpretation
[A]c of a Riesz modal logic term A is inductively defined as:

[0lc(si) =0 [1c(si) =1
[rAlo(si) =7 ([Alc(si))  [A+ Ble(si) = [Ale(si) + [Ble(si)
[AU B]c(si) = max{[A]c(si), [Blc(si)}

[AT Bl (si) = min{[A]c(s:), [Blo(si)}

[0Ale(si) =D (ra(si)(s;) - [Alo(sy))

Jj=1

for all s; € S.
Therefore, the semantics [A]¢ of a term A can be understood as a (real-valued) quantitative
property of states and [0 A] ¢ denotes the expected value of [A]¢ after a transition step.

Ezxample 13. Consider for example the Markov chain of the previous example:

Wl

CO—

W=

and the Riesz modal logic terms ¢1 and Q(¢1). They are interpreted as the two functions on
S = {s1, $2} illustrated as vectors below:

5 4
o= () ponn-(3)
3 18
The term (1 assigns to each state s; € {s1,s2} the probability of making a computational step
from s; to any other state (and thus not halting). Similarly, the term ({1 is the vector assigning
to each state s; the probability of making two consecutive computational steps from s;.
More generally, ¢™1 assigns to each state s; the probability of making n computational step
from s;.
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Importantly, in [FMM20] the transition semantic is proved to be sound and complete with
respect to the equational theory of modal Riesz spaces.

Lemma 20 ([FMM20|[Thm 8.1]). Two closed modal Riesz terms A and B are provably equal
from the azioms of modal Riesz spaces if and only if [A]c = [B]c when interpreted in all possible
Markov chaindl] C.

Moreover, sophisticated real-valued properties of Markov chains can be expressed using Riesz
modal logic [MEMI17, [FMM20]. For instance, Riesz modal logic is powerful enough to characterise
bisimulation (see Corollary 8.3 of [FMM20]).

Riesz modal logic with fixed—points

The remainder of this section is an informal discussion to give some insights on how to extend
the Riesz modal logic with fixed—points to obtain a more expressive logic. Note, however, that
this extension has not been studied during this thesis, and thus reading this section is not required
to understand this work.

In its current state, Riesz modal logic terms can only express properties concerning a bounded
number of steps (e.g., O™1 concerns only the next n steps). Therefore, some interesting properties
can not be expressed using Riesz modal logic. For instance, the property “the Markov chain will
eventually halt” can not be expressed since the number of steps before a Markov chain halts can
not, in general, be bounded. Note that this is also the case for other classical modal logic on
Kripke frames.

To express such properties, fixed—points or (co)inductively defined operators are necessary.
For instance, we will investigate the property "the Markov chain will never halt". Let consider
a Markov chain C' = (5, 7). With some abuse of notations, we denote by [Pyr]c the function
that maps a state s to the probability that the Markov chain does not halt starting from s. The
Markov chain does not halt starting from s; if it does one step, and then does not halt either.
Thus by the law of total probability

n

[Pnr]c(s:) = Z (7(si)(s5) - [Pnrlo(s)))

j=1

or, again, with some abuse of notations,
[Pnr]c(si) = [OPnr]co(si)

Thus we would want to define the term Py as the fixed—point of the function X — 0X. By
taking inspirations from the p—calculus, we define the term Pyr as

Pyr=vX.0XU0M1

Remark 9. Note the presence of LI0M 1 in the definition of Py7. This is done to ensure that the
interpretation of Py is in [0, 1] and not R5.

We can proceed in a similar way for the property “the Markov chain will eventually halt”
mentioned above. Indeed, for a Markov chain C' = (5, 7), we can denote by [Pr]c the function
that maps a state s to the probability that the Markov chain will eventually halt starting from s.

1n fact, a generalised semantics is required for completeness, where Markov chains have state spaces endowed
with a compact Hausdorff topology. The examples above have finite state spaces, and are thus trivially compact
Hausdorff.
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C will eventually halt starting from a state s; if it halts at this step (with probability [1—01]¢(s;))
or it does one more step and then eventually halts (with probability [OPr]c(s;)). Thus by the
law of total probability

[Prlc(s:) = [(1 = 01) + OPrlo(si)

and we define the term Pr as
Pr=pX(1-01)+0XU0M1)
Informally, we can extend the terms of Riesz modal logic with the fixed—points & la u—calculus
pX.0(X) | vX.$(X)
where ¢ is defined using the grammar

o ¢:=X[0| 1] ¢Nv| U | ré¢| ¢+4| 0o | pX.0(X)| vX.0(X)

The interpretation of a term ¢ with k variables can be seen as an operator that takes k
functions and returns a function. We define

[6(X1,.... Xp)]c : (R)F — R?

inductively as

= = —

[Olc(f) =s+—0 [e(f) =s—1 [Xile(f) = fi

— — —

rele(F) =r- ([8le(F) (61 + dale(F) = [erlo(F) + [s2]o(f)

= = = — — =

[¢1 U] (f) = max{[p1]c(f), [o2]c(f)}  [é1 M d2]c(f) = min{[¢1]c(f), [¢2lc(f)}

—

[Olc(F) =" (rar(si)(s5) - [8le(F))
j=1

[uX.6(X)]c(f) =1p(g — [6]c(f,9)) [vX.0(X)]c(f) = gfplg — [6]c(f, 9))

where lfp(F) is the least fixed—point of the function F' and gfp(F') is the greatest fixed—point of
the function F. We then extend the semantics of Riesz modal logic terms with

[nX.0(X)]c = lip([¢]e)  [vX.0(X)]c = eip([¢]c)

Remark 10. To ensure that the fixed—points always exist, some considerations must be taken
when defining the grammar of ¢ (e.g., restricting the variable X to only appear in positive
occurrences). Since we are interested in probabilistic properties, we will only consider fixed—
point expressions to monotone functions from [0, 1]° to [0,1]° in the discussion below.

Thus we define

PNT = VX.OXUOHI
Pr = pX.(1-0D)40X)U0m1

and we will show that [Pyr]c is the function that maps a state s to the probability that the
Markov chain does not halt starting from s, and [Pr]c is the function that maps a state s to
the probability that the Markov chain will eventually halt starting from s.
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Lemma 21. In modal Riesz logic extended with fized—point, for all Markov chain C, [Pnr]c is
the function that maps a state s to the probability that the Markov chain does not halt starting
from s.

Proof. Let C' = (S,7) be a Markov chain. We have shown that the formula ¢"1 computes the
probability to do at least n steps. Thus

n—-+oo
maps a state s to the probability that the Markov chain does an infinite number of steps starting
from s and therefore never halts. Thus we want to show that [Pyr]c = lirf [0"1]c.
n—-+oo

First note that the limit of the sequence [0™1]¢ does exist for every Markov chain. Indeed,
we define the operator O¢ : RS — R by

Oc(f)(si) = Z T (s:)(s5) f(s5)

s;eS
Then [0"1]c = 0% (1) where 1 is the constant function equal to 1. By definition of {¢, we have

Oc(l) < 1
Oc(f) < Oc(g) whenever f<yg

Thus the sequence (O (1)), is decreasing and bounded below by the function constant equal to
0, and therefore has a limit.

We will now show that liIJIrl [0"1] ¢ is the greatest fixed—point of the operator [OX LI0M1]¢.
n—-—+0o0o
First, we show that hr—? O(1) =[0Xuo0m1]e( 1151_1 0% (1)). Indeed for all state s; € S,
n—-—+0o0 n—-—+0o0

we have

[0X LOM1e( lim_ 0%(1) = Oc( lim_0&(1))

since lim Q% (1) € [0,1]%. Also,

n—-+oo

Oc( lim Op()(s:) = X marlsi)(s;) lim OB(1)(s)

n—+o0 s;€8

= Tm Y es () (5) 02 (1)(s))
- ngrfoo O (L)(s)

= lim 0Z(1)(si)

n—+00
Therefore [OX L 0M 1] ( lirf O0a(1)) = lim OR(1).
n—-+0oQo

n—-+4oo

Then, we will show that hl—Ts-l O (1) is the greatest fixed-point. Let f be a fixed-point of
n—-+oo

[OXU0M1]c. Then f = [0X LO0M1]c(f) € [0,1]° and thus f < 1. Since f € [0,1]° then
[OX U0MN1]e(f) = Oc(f). Thus, we can show by a straightforward induction that for all n,

f=08)
Indeed, if f < O (1) for some n then f = Oc(f) < O&T(f). Since f < O%(1) for all n, we have

f< lim 0B
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Therefore lir_lI_l 0% (1) is indeed the greatest—fixed point of [OX L0 M 1]¢.
n—-+00

Thus we have

[[PNT]]C’ gfp([[OXl_lorllﬂc)

O

Lemma 22. In modal Riesz logic extended with fixed—point, for all Markov chain C, [Pr]c is
the function that maps a state s to the probability that the Markov chain will eventually halt
starting from s.

Proof. If we restrict the set of function to [0,1]%, we have shown that [Pyr]c = gfp(Oc).
Moreover 1 — gfp(¢) = Ifp(f — 1 — ¢(1 — f)) for all ¢ : [0,1]° — [0,1]° (see Proposition 1.2.25
of [NAOI][§1.2] for a proof). Thus

1 —[Pyr]c = lp([1 -0~ X)]c)
= 1p([1 - 014+ 0X]c)

= [Pr]c
We can then conclude since [Pyr]c is the function that maps a state s to the probability that
the Markov chain will never halt starting from s. O

Most of the interesting properties of Markov chains can be expressed using Riesz modal logic
and fixed—point operators. Indeed, the full logic pCTL can be encoded in Riesz modal logic
with fixed—point operators (see [Miol2| [MS13l Miol8]). One of the first steps to do so is to
simulate a Boolean logic in Riesz modal logic. To do so, we can define threshold operators T,
for x € {<,<,>,>} and p € [0,1] such that

[Tep(A)]e(s:) = :

0 otherwise
and thus [T.,(A)]c is always a Boolean function (i.e., {0, 1}-valued). Such threshold operators
can be defined using fixed—point (see [MioI8| for details).

1.6 Hypersequent calculus GA

Hypersequent calculus is a generalisation of Gentzen’s sequent calculus introduced by A.
Avron [Avr87|, and independently by G. Pottinger [Pot83]. In hypersequent calculus, instead
of having only one sequent, the proof system is used to derive a multiset of sequents. This
modification significantly increases the expressiveness of Gentzen’s calculus as it allows additional
transfers of information between the sequents.

Hypersequent calculus was introduced to provide a cut—free formalisation of many nonclassical
logics including modal, relevant, multi—valued and fuzzy logics. In particular, replacing ordinary
sequents with hypersequents made possible obtaining different CUT—free systems for S5 ([Avr87,
Pot83]).

In [MOGO3], G. Metcalfe, N. Olivetti and D. M. Gabbay introduced a hypersequent calculus
for the theory of Abelian l-groups called GA. The system GA is the basis on which we will
build the other hypersequent calculi introduced in this thesis. We will give the formal definition
of this system.
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Definition 1.6.1. A term is a formal expression A where A is an Abelian l-group term.

We use the greek letters I', A, ©, ¥ to range over possibly empty finite multisets of terms. We
often write these multisets as lists but they should always be understood as being taken modulo
reordering of their elements. As usual, we write I', A for the concatenation of I' and A.

Definition 1.6.2. A sequent is a formal expression of the form I' - A.
IfI' =0 and A = 0, the corresponding empty sequent is simply written as .

Definition 1.6.3. A hypersequent is a non—empty finite multiset of sequents, written as
Ty|...|FT,.

We use the letter G, H to range over hypersequents.

We now describe how sequents and hypersequents can be interpreted by Abelian l-group
terms. This means that GA, like all the systems introduced in this thesis, is a structural proof
system, i.e., by manipulating sequents and hypersequents it in fact deals with terms of a certain
specific form.

Definition 1.6.4 (Interpretation). We interpret sequents I' = A and hypersequents G as the
Abelian l-group terms (' - A) and (G), respectively, as follows:

| Syntax Term interpretation (_|
Sequents Ay,..., A, F By,....B, (Bi+-+Bmn)— (A1 +---+A)
Hypersequents | I'y - Aq|... [T, F A, T AU (T F AL

Hence a sequent is simply interpreted as sum (> ) and a hypersequent is interpreted as a join
of sums (| |>).
Example 14. The interpretation of the hypersequent:
r—ybz(ynz) | F((-z)Ny)

is the Abelian l-group term:

(z+ (yM2) = (@ —y) U ((—2) Ny)).

The hypersequent calculus GA, is a deductive system for deriving hypersequents whose in-
terpretation is positive, i.e., the hypersequents G such that A groups = 0 < (G)). The rules of
GA are presented in Figure

In what follows we say that an hypersequent G has a CAN-free derivation (resp., M—free,
ete.) if it has a derivation that never uses the CAN can (resp., M rule, etc.).

Definition 1.6.5 (Elimination theorem). For a rule R, the R elimination theorem states that
if a hypersequent has a derivation, then it has a R—free derivation.

Remark 11. Note that the following CUT rule

G| TLAFA, G| Dok Ay A
G| Fl;FQ}_AlvAZ

CUT

is equivalent (i.e., mutually derivability) to the CAN rule in the GA hypersequent calculus:
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Axioms:

A-ax
Structural rules:

G .
GTra Weakening (W)

G|II'1,Te F Ay, A
Gy TaF Ay Ay Split (S)
GIT1 F ATy - Ay
Logical rules:
G+ A 0
GIL,0F A ¢
GII'A,BF A
GI,A+BFA
G'FAA
GIl,—ArA *
G, A-A GII''BFA

m ID*H,X

GITF AL A
GTF A
GIT1 Ay GTak Ay
GIT1,To F Ap, A,

Contraction (C)

Mix (M)

Grea
GI-A0 *
G+ A, A B -
GI'FAA+B
GII,AF A
GTrA,—A ©
GI'+AAT+A,B

GT,AUBFA L
GID, AFADBEA _
GT,AnBra *©

CAN rule:

GTFA,AUB ¢
GT+AA GIFAB

GTFAANB n

G|T,AFAA

29

G|TFA

Figure 1.4: Inference rules of the hypersequent system GA of [MOGO05].

G| T1,AFA; G| Tak Ay A
G| T1,T0, AF AL, Ay, A
G| Ty, TaF A, A,

CAN

Figure 1.5: Derivability of the CUT rule.

AF A D-ax
G| T,AFAA FA4,-A4 &
S :

G| TA-AFA " F(A-4)
GIT,A-AFA * aira-a v
GITFA cuT

*

Figure 1.6: Derivability of the CAN rule.

Thus, instead of the traditional CUT elimination theorem, the main result of interest con-
cerning the system GA is the CAN elimination theorem.

The main results concerning the system GA are proved in [MOGO05, MOGO09], namely the
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soundness and completeness of the calculus with regard to the equational theory of Abelian
l-groups, as well as the CAN—elimination theorem. Those results can be summarised as

For all hypersequent G, A} groups F 0 < (G)
if and only if
G has a CAN-free derivation.

Notice that the system GA is used to derive inequality instead of equality. However, Lemma
[[]shows that a system for deriving inequalities can be used to derive equalities. Thus the system
GA is expressive enough to reason on the equational theory of Abelian l-groups.



Chapter 2

Hypersequent calculi

In this chapter, we build upon the hypersequent calculus GA introduced in [MOGO05, MOGQ9]
to achieve a system for modal Riesz spaces presented in Section The system GA was built
to reason on Abelian l-groups. Thus we will add rules for the scalar multiplication as well as for
the ¢ operator and the 1 constant to the system GA to build a system for modal Riesz spaces.

Before adding the new operations, we will implement a few changes to the system GA for it to
be more convenient when we will add the { operator. Indeed, the proof of the CAN elimination
for GA of [MOGO09) is not easily adapted to deal with the ¢ operator. To recall, they first show
how to remove one instance of the CAN rule. Thus, they first prove that if G | T', A+ A, A has
a CAN-{ree derivation, then so does G| T'F A. To do so, they proceed in two steps:

e they first show the atomic CAN elimination, i.e., if
G| Tz Az

is derivable, then so is
G| TFA

e and then they use the CAN—free invertibility of the logical rules, i.e., the fact that if the
conclusion of a logical rule has a CAN—free derivation, then so do the premises, to reduce
the problem to the atomic CAN elimination.

For instance, to show that if G | T,z +y - A,z +y is CAN—free derivable, then sois G| T'F A,
they first show that G | T,z,y F A, x,y is CAN—free derivable using the invertibility of the +
rule and they conclude with the atomic CAN elimination.

However, the invertibility of the ¢ rule can not be used in the second step. As we will see,

the ¢ rule
'EA1"

OI' - OA, 1"

has very strong constraints for its shape. One of those constraints is that the ¢ rule can be
used only if the hypersequent has only one sequent. The other is that the terms appearing in the
sequent must be either ¢ terms or 1. Thus, we can not use the invertibility of the ¢ rule to reduce
the complexity of the CAN term. For instance, even if z -y | T',0x F A, Oz has a CAN—{free
derivation, we can not use the invertibility of the ¢ rule to show that -y | I';z + A,z has a

CAN-free derivation since z -y | T, 0z F A, Oz is not a valid instance of the conclusion of the
¢ rule.

31



CHAPTER 2. HYPERSEQUENT CALCULI 32

To address this limitation, it is possible to deal with the case of CAN terms being ¢ terms in a
different way, by induction on the structure of the derivation (in the style of the classic inductive
proof techniques for eliminating CUT applications in sequent calculi, see, e.g., [Bus98]). In this
inductive proof, however, there is a critically difficult case when the derivation ends with an M
rule, since the M rule can break the symmetry of the CAN rule. For instance, we do not know
how to deal with the following instance of the M rule:

G| T1,0AFA; G| TaF Ay, 0A
G| T',T9,0AF A1, A0, OA

since we can not use the induction hypothesis on the two premises (because ¢ A does not appear
on the two sides of the I-).

Therefore, it would be useful to prove a M elimination theorem to get rid of this difficult case.
However, one can easily notice that the system GA does not satisfy the M elimination theorem,
since the hypersequent =,y - x,y is derivable as follows

ID-ax —— ID-ax
Thx =
yry M

T,y zy

but does not have a M—free derivation. We implement three changes to the system GA for it to
satisfy the M elimination theorem.

The first one is to go from two—sided hypersequent calculus to one-sided hypersequent cal-
culus, thus removing half of the logical rules. Since most of our proofs are done by induction
on the derivations, removing half of the logical rules effectively removes quite a few cases in the
proofs. Even though this change is not necessary for the M elimination theorem, it makes most
of the proofs shorter and more simple, so this change is quite convenient.

More importantly, we replace the ID axiom with the following ID rule

G| TFA D
G| TyakAx
which makes, e.g., the hypersequent x,y F =,y mentioned above M—free derivable.

Lastly, we allow the logical rule to act on several instances of a term in a sequent. For
instance, we will now allow the following rule

G| T ABABEA
G| T,A+B,A+BF A

where we apply the + rule to two instances of the formula A + B. This is also a crucial change
as we do not know how to prove the M elimination theorem without this flexibility in the logical
rules.

Because of the novelty and the significant usefulness of the last change, where we allow to use
a rule in parallel on several instances of a term, we call the system where we implement these
three changes on top of GA as GAl|. Then we add the rules for the new operators to the system
GA||. Adding the scalar multiplication requires changing the structure of the hypersequents we
manipulate - we no longer have regular sequents like in GA but weighted sequents, i.e. sequents
where formulas have weights. It is thus convenient to add scalar multiplication separately from
the 1 constant and the { operator. Thus we introduce two systems, the system HR where we
add the scalar multiplication the the system GA|| and the system MGA where we add both the
¢ operator and the 1 constant.
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We then merge the two systems into the system HMR that implements both the scalar
multiplication as well as the ¢ operator and the 1 constant.

GA (Sect.

ﬂEquivalcnt

GAJ| (Sect.

y +scalar multiplication

MGA (Sect. HR (Sect.

HMR (Sect.

We will build each hypersequent calculus in the same way so the following sections will have
the same structure. Thus for X € {1,2, 3,4}, Section 2.X has the following structure

e We start by recalling the basic definitions concerning the hypersequent calculus we are
considering in the introduction of Section 2.X

e In Section 2.X.1, we state some technical lemmas which are necessary for the main results.
e And then we prove the main results mentioned above concerning the system, namely

— in Section 2.X.2, we show the soundness of the system,

— in Section 2.X.3, we show the completeness,

— in Section 2.X.4, we show the CAN—free invertibility of the logical rules,
— in Section 2.X.5, we show the M elimination theorem,

— in Section 2.X.6, we show the CAN elimination theorem,

— and finally in Section 2.X.7, we show a result we call the algebraic property.

2.1 Hypersequent calculus GA||

In this section, we introduce the hypersequent calculus GAJ|. As mentioned earlier, GA|| is
equivalent to the system GA but is closer to the systems we will introduce later on and thus this
section will allow the readers to get used to the new features of our systems, such as the rules
acting on several instances of a formula. Those new features are important for proving some of
our results, for instance we do not know yet how to prove the results of Section [2.1.5]if the rules
can only act on one formula (see Remark .

We start with a sequence of syntactical definitions and notational conventions necessary to
present the rules of the system. We use the letters A, B, C to range over Abelian l-group terms
in negation normal form (NNF, see Definition built from a countable set of variables z, v,
z and negated variables 7, 7, Z.

Definition 2.1.1. A term is a formal expression A where A is an Abelian l-group term in NNF.

We use the greek letters I', A, ©, 3 to range over possibly empty finite multisets of terms. We
often write these multisets as lists but they should always be understood as being taken modulo
reordering of their elements. As usual, we write I'; A for the concatenation of I' and A. We use
the notation A™ for the multiset A, ..., A consisting of n copies of A, and the notation I'” for the
multiset I, ..., T’ consisting of the concatenation of n copies of I'.
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Definition 2.1.2. A sequent is a formal expression of the form - T'.
If I' = (), the corresponding empty sequent is simply written as .

Definition 2.1.3. A hypersequent is a non—empty finite multiset of sequents, written as F
Ty|...]F Ty

We use the letter G, H to range over hypersequents. Note that, under these notational con-
ventions, the expression - I" could either denote the sequent - T' itself or the hypersequent [ T']
containing only one sequent. The context will always determine which of these two interpreta-
tions is intended.

We introduce a notion of "simple" hypersequent which arises as the basic case in some of the
proofs since one of the inductive schemes used to reason on the system GA|| is to reduce the
complexity of the formulas appearing in the hypersequents until only atoms remain.

Definition 2.1.4. A hypersequent is said atomic if it only contains atoms, i.e., formulas of the
form x or 7.

We now describe how sequents and hypersequents can be interpreted by Abelian l-group
terms. This means that GAJ|, like all the systems introduced in this thesis, is a structural proof
system, i.e., by manipulating sequents and hypersequents it in fact deals with terms of a certain
specific form.

Definition 2.1.5 (Interpretation). We interpret sequents - I' and hypersequents G as the
Abelian l-group terms (F I') and (G)), respectively, as follows:

| Syntax Term interpretation (_|
Sequents FAL. A, A +---+ A,
Hypersequents | FT'y|...|F T, (FTypu---u(=Tp)

Hence a sequent is simply interpreted as sum (>_) and a hypersequent is interpreted as a join
of sums (| |>)).

Ezxample 15. The interpretation of the hypersequent:
Fa,(ynz) | F(@Ny)

is the l-group term:
(z+ynz)u(@ny)).

The hypersequent calculus GAJ|, as for the system GA, is a deductive system for deriving
hypersequents whose interpretation is positive, i.e., the hypersequents G' such that Ai_groups F
0 < (G). The rules of GA|| are presented in Figure and are very similar to the rules of the
system GA of [MOGO05, MOGOQ9] (see Figure where the main difference is that the rules act
on several instances of a term in a sequent. We write bga) G if the hypersequent G is derivable
in the system GA||.

The axiom INIT allows for the derivation of (F), the hypersequent containing only the empty
sequent, thus it corresponds to the positivity of the constant 0. The C rule (contraction) allows
treating hypersequents as (always non—empty) sets of sequents. The M (mix) and S (split)
rules are as in the system GA of [MOG05, MOGO09] (see Section [1.6). As mentioned earlier, we
instead adopted the rule ID, in place of the axiom ID-ax of GA. While the two are equivalent
(i.e., mutually derivable) in presence of the other rules, the formulation of ID as a rule is necessary
in the statement of the M elimination theorem later on. Finally, note that the logical rules are
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Axiom:
FINIT
Structural rules:
G|FT|FT
¢ w |FT
G|FT G|FT
G|FI, Ty G|FT, G|FTy N
G|FT |y G|FTq,Ty
G|FT D
G|FT,z"z"
Logical rules:
G|+T 0 G|+T,A™ B
G|FT,0" G|FT,(A+B)"
G\FDA"\FF,B”H G|FT,A™ G\FF,B"rl
G|FT,(AUB)"” G|FT, (AN B)"
CAN rule:
G|FT, A" A"
Grrr OAN

Figure 2.1: Inference rules of GAJ.

all presented using the syntactic sugaring A™ described above. For example, one valid instance
of the rule (4) is the following:
Flyay,
EL(y+ ), (y + o)

This effectively allows us to apply the rule to several terms in the sequent at the same time. This
feature adds some flexibility in the process of derivation construction and is necessary for some
proofs, such as the M elimination theorem.

Note 1. We often have to use the same rule multiple times when building a derivation. For
convenience, we may write the rule only once with the number of times the rule is used as
exponent, as follows:

-G
G|FT|FA

If the number of times a rule is used is not known, we use a wildcard as exponent, as in the
following example where the weakening rule is used to remove all sequents appearing in G:

T
G|FT

W2

W*

Remark 12. On the one hand, we could have introduced appropriate exchange (i.e., reordering)
rules and defined sequents and hypersequents as lists, rather than multisets. In the opposite
direction, we could have defined hypersequents as (non—empty) sets and dispose of the rules (C).
Our choice is motivated by a balance between readability and fine control over the derivation
steps in the proofs.
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Remark 13. Note that the following CUT rule

G|, A" G| FTy A"
G|FTIy,Ty

cuT

is, as in GA, equivalent to the CAN rule in the GA|| hypersequent calculus:

G|FT,A" G|FTyA" N
G| FTy,Ty, A" A"
G|FTy,Ty

CAN

Figure 2.2: Derivability of the CUT rule.

n mn

G|FT,A" A G|FT,A" A
GIFT(A+ A" GIrD(AtaAr
GIFT.T cuT
GIFT|FT
G[FT

Figure 2.3: Derivability of the CAN rule.

Our choice (following [MOG09, MOGO3]) of presenting the system GAJ| using the CAN rule,
rather than the equivalent CUT rule, is just motivated by elegance and technical convenience.

Example 16. Example of derivation of the hypersequent - ((x +7)U(y+ f)) which consists of

only one sequent.
— INIT

l_
— ID
Fy,y

Fx,y,T,y

Fxy |ty
Pyl (y+7)
Fa+9) | y+3)
Fz+9)Uy+7))
We now define an appropriate notion of complexity of a hypersequent. One natural way to
reason on hypersequents is to use the logical rules to reduce the “complexity” of the hypersequent
and to do so, we have to define the complexity of a hypersequent in such a way that it decreases

when applying the logical rules. Unfortunately, we can not simply use the number of operators
for the complexity of a hypersequent since the application of the Ll rule

G|+FI,7A|+FT,7B
G|FI,7AUB

may increase the number of operators in the hypersequent because of the duplicated I". Therefore
we use the following definition for the complexity of a hypersequent.
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Definition 2.1.6. We define the complexity of a sequent - T', noted ¢(- T'), as the sum of the
operators used in the terms of I'ji.e.,, if I' = Ay, ..., A,, ¢(F T) = 31| ¢(A;) (see Deﬁnitionm
for the definition of ¢(A4;)).

The complexity of a hypersequent G, noted ¢(G), is then defined as the pair ¢(G) = (a,b)
where

e a is the maximum complexity of a sequent in G, ie., if G =+ Ty | .. |F T,, then
a = max c(FT}), and
1€[1..n]

e b is the number of sequents in G having a complexity of a, i.e., b= #{FT; | ¢(FT;) = a}.
We say that a sequent - T" of G is mazimal if ¢(-T') = a.

The complexities of hypersequents is then ordered using the lexicographic order, meaning
that
a<ec or

,b) < (¢, d) if and only if
(a,b) < (¢,d) if an Onyl{a:candb<d

Remark 14. The premises of a logical rule acting on a mazimal sequent have a strictly lower
complexity than the conclusion of the logical rule with regard to the lexicographic order.
For instance, for the U rule
G|FI,7A|FT,7.B
G|+FT,FAUB

with ¢(G | FT,7.AUB) = (a,b) and ¢(- I',7.AUB) = a. Then ¢(+T',7".A) < a and ¢(- T',7.B) <
a and so we have two possibilities:

e cither b>1and ¢(G | FT,7.A|FT,7.B) = (a,b—1),
eorb=1and ¢(G|FT,7A|FT,7.B) = (da’,b') for some o’ and ¥ such that o’ < a.

In both cases, the complexity of the hypersequent has decreased.

Remark 15. Since the lexicographic order is well-founded, together with Remark [I4] we can
ensure that the process of applying the logical rules to maximal sequents until we reach an
atomic hypersequent always finishes.

2.1.1 Preliminary lemmas

Before embarking on the proofs of the main theorems, we prove in this section a few useful
routine lemmas that will be used often.

Our first lemma states that the following variant of the ID rule (see Figure where general
terms A are considered rather than just variables, is admissible in the proof system GA]|.

G|FT

—n

G|FT,A™ A
Lemma 23. For all terms A and natural numbers n
if>ga|G | F T then >gaG | FT, A" A"
Proof. We prove the result by induction on A.

e If A is a variable, we simply use the ID rule.
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o If A =0, we use the 0 rule.

e If A= B+ C, we use the + rule twice (for A+ B and A + B) and conclude with the
induction hypothesis.

e For the case A= BMC or A= BUC, we first use the M rule and then the LI rule on each
premise and the W rule on each premise to remove the sequents with both B and C' in
them. We can then conclude with the induction hypothesis.

G|+T,B",B" W G|+rT,C"C"
G|+T,B",B"|+T,B",C" ¥ G|rFT,c",B" |+T,C",C"
G|FT,B",(BUCO)” G|FT,C™, (BUC)" .

G|+, (BNnO)",(BUC)®
O

The next result states that derivability in the GAJ| system is preserved by substitution of
terms for variables.

Lemma 24. For all hypersequents G and terms A, if >g4 G then >ga G[A/x].

Proof. We prove the result by induction on the derivation of G. Most cases are quite straightfor-
ward, we simply use the induction hypothesis on the premises and then use the same rule. For
instance, if the derivation finishes with

G|FT,B",C"
GlrT.Broyr T
by induction hypothesis >g o G[A/x] | = T[A/x], B[A/z]", C[A/x]" so
G[A/x] | FT[A/x], B[A/x]", C[A/x]"
GlA/z] | = T[A/x], (B + C)[A/z]"

The only tricky case is when the ID rule is used on the variable z, where we conclude using
Lemma O

The next lemma states that the logical rules are invertible using the CAN rule, meaning
that if the conclusion is derivable, then the premises are also derivable. Unlike a stronger result
we will prove later in Section where we prove the CAN—free version of this lemma, the
derivations of the premises may contain CAN rules and thus this result is not sufficient to imply
the CAN elimination theorem.

Lemma 25. All logical rules are invertible.

Proof. We simply use the CAN rule to introduce the operators. We will show one example. The
M rule: we assume that G | FT', (AN B)™ is derivable. The derivation of G | F T', A™ is then:

— INIT

'_
———— Lemma 23l
FA" A

FA" A" |- A" B
A" (AU B)"
G|FT,(ANB® G|F A", (AUB)"
G|FT,A" (AN B)", (AU B)"
G|FT, A"

n

W*
M
CAN
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The derivation of G | - T, B" is similar. O

The next lemmas state that CAN—free derivability in the GAJ| system is preserved by multi-
plication by a natural number.

Lemma 26. Let n > 0 be a natural number and G a hypersequent. If >gapgcanyG | =T then
>eap{camG | FT.

Proof. We simply use the C and S rules :
G|kT™
G|FT| ...|FT
G|FT

O

Lemma 27. Let n > 0 be a natural number and G a hypersequent. If >gapcanyG | F T then
>eap{camG | FT".

Proof. We simply use the M rule n — 1 times. O

Equivalence between GA and GA||

We want to emphasise that the results we prove in this section are already known and have
been proved by Metcalfe, Gabbay and Olivetti in [M(OG05]. The Section [2.1 must be understood
as an introduction to the features of our systems (parallel rules and M elimination theorem), and
not as new results.

Indeed, we will show that the system GA and GA|| are equivalent in the sense that there
is a one to one translation of a GA derivation to a GA|| derivation, and vice—versa. Moreover,
those translations preserve the CAN rule in the sense that a CAN—free derivation is sent to a
CAN-free derivation. Thus all the results in this section (except the M elimination theorem) are
direct corollaries of those translations.

Lemma 28. Let G be a hypersequent. If >gaG then gy G.

Proof. We prove this result by induction on the derivation of >ga G. Note that, apart from the
ID axiom, every single inference rules of the system GA is also a valid instance of a rule of the
system GA||. Thus we only show how to translate the ID axiom.

If the derivation of >ga G finishes with

— [D-ax
FAA

then the derivation of the hypersequent in GA|| is
C INIT

W Lemma 23

Lemma 29. Let G be a hypersequent. If >ga G then >gaG.

Proof. We prove this result by induction on the derivation of >gaG. Note that the INIT, S,
C,W.,M rules are also valid rules of the system GA. Thus we only show how to translate the
other rules.
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o If the derivation finishes with
G|FT

G|FT, 2™ z" D
then by induction hypothesis, >gaG | F T' and thus the derivation of the hypersequent in

GA is
— ID-ax
T T
Fa™,z" .
GIFT GlFamz
G|FT,z",z"

e The +, 0 and CAN are similar, so we will only the case of the + rule. If the derivation

finishes with
G|+FT,A™ B"

G|FT,(A+B)"®

then by induction hypothesis bgaG | F Gamma, A", B™ and thus the derivation of the

hypersequent in GA is
G|+HT,A™ B"

G|FT,(A+B)"

o If the derivation finishes with

G|FT,A" |- T,B"
G|-T,(ALB)"

then by induction hypothesis >gaG | - T, A™ | - T', B®. We first show the case where
n = 2 to help the reader understand the idea of the derivation before doing the general
case. Therefore we show how to derive G | - T, (AU B)? in GA:

G|+ T,AA|FT,B,B
G|FT,AA|FT,AB|FT,B,A|FT,B,B
G|FT,(AUB)?

W2
|_|3

The general derivation is

G|HT A" |T,B"

G| |[-T,4° B )}

2" —2

i+j=n

G|FT,(AuB)"

2" —1

n

where [~ T, A%, BJ]() means that the sequent b I', A, B/ appears () times in the hyper-
sequent.

e If the derivation finishes with

G|FT,A" G|FT,B"
G|FT,(ANB)"
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then by induction hypothesis >gaG | F ', A" and pgaG | F T', B™. We first show the
case where n = 2 to help the reader understand the idea of the derivation before doing the
general case. Therefore we show how to derive G | - T, (AT B)? in GA:

G|+T,A B G|+T,B,A G|+T,B,B
G|FT,AANB GIFT,BANB _
G|+T,(ANB)?

thus we need to derive the hypersequent G | - T'; A, B which we can do with the following

derivation
G|FT,A,A G|FT,B,B

G|+ (T, A, B)?
G|FT,A,B|FT,AB
G|FT,A B

More generally, to derive G | F T', (A1 B)™ in the system GA, we need to derive G | F
I, A% BJ for all 4,j € N such that i + j = n. We can derive those hypersequents with the
following derivation:

G|+-T,A" G|+T,B"
W Lemma W Lemma
G| (F I, Al, B/)»
Gl emmall

O

Note that in the translations shown above, a CAN—free derivation is indeed sent to a CAN—
free derivation since the translation of the other rules does not add any new CAN rule. Thus
since those results have been proved for GA, we obtain automatically that

e GA| is sound and complete (Theorems 32 and 39 of [MOGO03]),

the logical rules of GA|| are CAN—{ree invertible (Proposition 36 of [MOGO03]),

the CAN elimination theorem holds for GA|| (corollary of the previous results since the
completeness is proved without the CAN rule, see the note at the end of Section 4.1 of
[MOGO05]), and

e what we will refer to as the "algebraic property" holds for GAJ| (Proposition 37 o {{MOGO05]).

However the proofs of these results in [MOGO05| rely heavily on the fact that Q is complete
for the equational theory of Abelian l-groups (in the same sense that Z is complete, see Remark
. We do not have such a universal model for the equational theory of modal Riesz spaces, and
thus we can not easily adapt the proofs of [MOGO05| for the other hypersequent calculi we will
introduce.

On the other hand, the proofs we present in this section are purely syntactic. This has two
main advantages: this gives us concrete procedure to, for instance, eliminate the CAN rule or
translate a derivation A} groups - (G)) in equational theory to a derivation of >ga G. Moreover,
it provides a solid foundation on which to build to extend our system.
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Remark 16. Note however that Metcalfe, Gabbay and Olivetti provided a syntactical proof of
the CAN elimination theorem for a class of hypersequent calculi similar to GA in [MOGO09],
proof on which we based the proof of the CAN elimination theorem provided in this thesis. Yet,
this class of hypersequent calculi does not have a rule for the ) operator, nor have a rule for the
scalar multiplication, which we add to GA.

2.1.2 Soundness

We need to prove that if there exists a GA|| derivation of a hypersequent G then (G) > 0
is derivable in equational logic (written Ajgroups = (G)) > 0). This is done in a straightforward
way by showing that each deduction rule of the system GA|| is sound. The desired result then
follows immediately by induction on the derivation of G.

Theorem 2.1.1 (Soundness of GAl|). For all hypersequent G, if >g4 G then A groups = (G) >
0.

Proof. By induction on the derivation of G.

e For the rule

C INIT

The semantics of the hypersequent consisting only of the empty sequent is (F) = 0 and
therefore (F) > 0, as desired.

e For the rule

G
airrt vV
the hypothesis is (G) > 0 so
(G[FT) = (G)u(-T)
> (&)
> 0

e For the C,ID,+,0 and CAN rules, it is immediate to observe that the interpretation of
the only premise and the interpretation of its conclusion are equal, therefore the result is
trivial.

e For the rule
G|FTI,Ty
G|FT1|FTy
the hypothesis is (G | - T';,T2) > 0 so according to Lemmal6} (G)~ M (- T'y,T2)~ = 0. Our
goal is to prove that (G | F T’y | - T'3) > 0. Again, using Lemma @ we equivalently need
to prove that

G~ N@ETy | FTe)™ =0.

The above expression is of the form A~ M B~, and since A~ = (—A) U0 > 0 always holds
for every A, it is clear that (G)~ M (- Ty | F T'3)~ > 0. It remains therefore to show that
(G)~ M (FTy | FTy)~ <0. This is done as follows (where 2.4 is a notation for A + A):
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(]GDi I (“_ Iy | F F2D7 < (]GD m2 (”_ Iy | = FQD since ql_ Iy ‘ = FQDi >0
< (G- n@(FTy)uETy)))- Lemma 1]
< (GDT T ((FTa) + (FT2)™ Lemma [5]2|
= (G)” M ((F Iy, T))™
=0

e For the rule
G|FT; G|FTy A

G|FT1,Ty

the hypothesis is
(G|FTy) >0

(G|FT) >0

so according to Lemma [6]
(G)" ()~ =0

Gy~ N(-Tg)~ =0

Following the same reasoning of the previous case (S rule) our goal is to show that (G)~N(F
I'1,T3)~ < 0. This is done as follows:

(G (F T Ta)™ = (G)™ (- Th) + (l'— a))~
< (G n((FT1) + (F Fg[) ) Lemma [5]3]
< (G)~nNETy)~ +(G)~ N(FTy)~ distributivity of M over +

e For the rule
G|FT,A" | T, B"

G|FT,(AuB)"
the hypothesis is (G | F T, A" | F T, B") > 0. So :

(G [T, (AuB)") (G)U (=T, (AuB)")
(G)U(FT,A") U (- T, B™) distributivity of Ll over +

0

Vvl

e For the rule
G|FT, A" G|FT,B"

G|FT,(AnB)"

the hypothesis is
(G|FT,A") >0
0

(G|FT,B") >
So
(G| FT,(ANnB)")

(G)U (- T, (AT B)")

(G) U ((FT,A™) (T, B™)) distributivity of M over +
(GuU(FT,A") N (G)u (=T, B") distributivity of LI over 1
0

IVl
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2.1.3 Completeness

In order to prove the completeness of the system GAJ|, i.e. that if Algroups F (G) > 0 then
>ga) G, we first prove an equivalent result (Lemma [30| below) stating that if A groups - A = B
then the hypersequents - A, B and - B, A are both derivable. The advantage of this formulation

is that it allows for a simpler proof by induction.
From Lemma [30] one indeed obtains Theorem as a corollary.

Theorem 2.1.2 (Completeness of GA||). For all hypersequent G, if Aigroups F (G) > 0 then
[>GAHG'

Proof. Recall that Aj groups - (G) > 0 is a shorthand for Aj groups = 0 = (G) M 0. Hence, from
the hypothesis Aj_groups - (G)) > 0 we can deduce, by using Lemma that bgay F (0M1(G)), 0.

From this we can show that >ga|G by invoking Lemma Indeed, if GisFTy | ... |F Ty
then (G) = (FTy)U...u (- T,) and

1. by using the invertibility of the 0 rule, = (0N ((F I'y) U... U (- T,))) is derivable,
2. by using the invertibility of the M rule, F ((- I'y) U ... U (F T',)) is derivable,
3. by using the invertibility of the U rule n — 1 times, F (- T'y) | ... | F (- T's) is derivable,

4. and finally, by using the invertibility of the + rule, - T'y | ... | F T, is derivable.

Lemma 30. If Al groups = A = B then = A, B and - B, A are derivable.

Proof. We prove this result by induction on the derivation in equational logic (see Definition
) of Al—groups FA=B.

e If the derivation finishes with

-Alfgroups FA=A refl

we can conclude with Lemma 23]

e If the derivation finishes with
Alfgroups FB=A s
Alfgroups FA=0B

ym

then the induction hypothesis allows us to conclude.

e If the derivation finishes with
Alfgroups FA=C Alfgroups FC=1B
Alfgroups FA=1B

trans
then the induction hypothesis is -

baa| - 4,C

peay - C, A

bgal - C, B

>eal b B.C
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We will show that g F A, B, the other one is similar.
FAC FC,B
+AB,CC

—— CAN
- A,B

e If the derivation finishes with
Alfgroups FA=DB

At rous - AlC/2] = BICJa] Pt

we conclude using the induction hypothesis and Lemma [24]
e If the derivation finishes with
Aigroups W A =B
Ay groups F C[A] = C[B]
we prove the result by induction on C. For instance, if C' = C; 4+ Cs , then the induction
hypothesis is

ctxt

We then have the following derivation for F (C1[A] + C2[A]), (C1[B] + C2[B]) (the other

one is similar):

F CI[ALCI[B] F CQ[A],CQ[B]
F Cl[A]7C2[A]7CI[B]7CZ[B])
F(C1[A] + C2[A]), (C1[B] + C2[B])

M
4ox

e It now remains to consider the cases when the derivation finishes with one of the axioms
of Figure [T} Since all cases are quite straightforward, we only show one.

— If the derivation finishes with

ax
-Alfgroups Faxu (yl_l Z) = (ZZ? |_|y) Lz
then
C INIT C INIT c INIT
— ID — ID — ID
Fa,T Fy,y -2,z
— 13— W? — B —W? — LB — W2
FzU(yuz)), FzU(yUz)),y FzUu(yUz)),z
F(zU(yUe), (ZNy)Nnz)
and
C INIT C INIT C INIT
p— 1D T D T D
T,x 2 W2 Y,y 2 _ w2 2,2 2 w?

F(@Uy)Uz),5 -
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2.1.4 CAN-free invertibility

In this section, we prove that all logical rules of the system GAJ|| are CAN-free invertible,
meaning that if there is CAN—free derivation of the conclusion, then there are CAN—free deriva-
tions for the premises. This result will be necessary for the CAN—elimination theorem, and thus
it is important that we do not add any CAN rule in the proofs of invertibility. For this reason,
the CAN—free invertibility result is stronger than Lemma [25] of Section [2.1.1

It is technically convenient, in order to carry out the inductive argument, to prove a slightly
stronger result, expressed as the invertibility of more general logical rules that can act on the
same term on different sequents of the hypersequent, at the same time. The generalised rules
are the following:

Logical rules:
S N
“_ Fi7O7L1L7;L:1 [l_ sz(AJr B)ni]::l
['_ Fl, A ‘ F FM Bnl]?:l “_ Fla Anz]::l “_ Fla an]::l
[F FZ"(AUB)nl]?:l [F Fiv(AmB)nl]?:l

Figure 2.4: Generalised logical rules

Indeed, if we try to prove the invertibility of the regular rules, e.g., the + rule, it is difficult
to deal with the C or U rule. For instance, if the derivation of G | FI'1, (A 4+ B)™ finishes with

G|FT,(A+B)" | FT4,(A+ B)™
G|FT,(A+B)™

we need to be able to use the induction hypothesis on both sequents at the same time. Thus the
need to prove the invertibility of the generalised rules. This situation where we want to prove a
result concerning only one sequent by induction on the derivation will appear quite a few more
times (e.g., Lemma for the M elimination or Lemma for the CAN elimination). Each time,
the situation is resolved by proving a more general result concerning the whole hypersquent.

Remark 17. Tt would have been possible to define GAl| directly using the generalised rules.
However, we feel that the notation would have then been too heavy, and so we decided against
this.

We conceptually divide the logical rules in three categories:

Type 1 The rule with only one premise but that adds one sequent to the hypersequent: the U
rule.

Type 2 The rules with only one premise and that do not change the number of sequents: the
0, + rules.

Type 3 The rule with two premises: the M rule.

Because of the similarities of the rules in each of these categories, we just prove the CAN-free
invertibility of one rule in each category by means of a sequence of lemmas.
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Lemma 31 (Type 1). If [~ T';,(AU B)"", has a CAN—free derivation then [F T';, A} |
Ty, B, has a CAN-free derivation.

Proof. By induction on the derivation of [~ T';, (AU B)™]"_,. Most cases are easy except the
cases for when the derivation ends with a M rule, a M rule or a U rule so we will only show those
cases.

e If the derivation finishes with

G|FTy,(AUB)™ G|+ Ty (AUB)™
G| |_F17F27(AUB)TL1,(A|_|B)”2

with G = [F T, (AU B)"]? 5 and G' = [ I';,;A™ | F I';, B™]" 4 then by induction
hypothesis on the CAN—free derivations of the premises we have that

pea\{cantG | F T, A" | F T, B™
and
pea\{cantG | F Ty, A" | F Ty, B™
are derivable by CAN—free derivations. We want to prove that both
pea{caniG | T, A" | F Ty, B™
and
beap{canyG | T2, A [ FTy, B™
are CAN—free derivable, as this will allow us to conclude by application of the M rule as
follows:

G|FT1,A™ | FT9,B™ G |FT1,A™ | Ty, B M G |F Ty A" |FTy,B™ G|k Ty A™ | Ty, B™
G|FT1,A™ | FT4,Ty, B™, B™ ' G |F T, A" | F Ty, Ty, B™, B"
G |FTy,Iy, A" A" | F Ty, T4, B, B

M

M

If ny = 0 or ny = 0, those two hypersequents are derivable using the C rule then the W
rule.
Otherwise, by using the W rule, Lemma [27] and the M rule, we have

baafcantG | F T, A™ | F Ty, B™ [ T2 T, A™Mn2 Brne

and
DGAH\{CAN}G/ | F Ty, A" | F Ty, B™ | F F?Q,F;Ll7z4n1n2,an2

We can then conclude using the S rule, Lemma [26] and the C rule.
e If the derivation finishes with

G|FT,(AuB)™,C* G|FTy,(AUB)™, Dk -
G| +Ty,(AuB)™, (CnD)*

with G = [F T';, (AU B)™]’, and G = [ T';,A™ | + T';, B"]?_,, then by induction
hypothesis on the CAN—free derivations of the premises we have that

baafcanyG | F Ty, A", C* | =Ty, B™, C*
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and
beaj\{canyG’ | F Ty, A", D¥ | Ty, B™, D

so by using the W rule and the M rule, we can derive
baa\(can}G’ | FT1, A", C* | Ty, B™,DF | - Ty,Ty, A™, B™,C* D"
and
baa\(can}G’ | FT1, A", DF [ =Ty, B™,C* | Ty, Ty, A™, B™,C*, D"
and then with the S rule and the C rule
baa\(can}G’ | FT1, A", C* | Ty, B™, DF
and
baap(can}G’ | FT1, A", D | =Ty, B™, C*
We can then conclude with the M rule.

e if the derivation finishes with an application on the LI rule acting on the formula ALl B, we
need to carefully analyse where the A LI B formulas appear. There are three cases:

— the formulas A U B active in the rule, but which are not under consideration in the
lemma, i.e., there are not the instances of ALIB we want to reduce, which are (ALIB)™*
below,

— the formulas A LI B which are both active in the rule, and under consideration in the
lemma, which are (AU B)™2 below, and

— the formulas A LU B which are not active in the rule but under consideration in the
lemma, which are (A Ll B)™s below.

Thus, the derivation finishes with

G| F Ty, Amitm2 (AU B)™s | Ty, B™*™m2 (AU B)™s
G| FTy, (AU B)m™tm2 (AL B)™s

U

with G = [- Ty, (AU B)™|",, G' = [F T;, A™

want to derive

F T, B™]" 5 and ny = ma + m3 and we

1=

G'| Ty, (AUB)™, A™4™s | Ty (AU B)™, B™2tms

Wenote oy 0,05 = T'1,07, 052, a5 for o; € {A, B}. Forinstance, 'y g g =I'y, A™*, B™2, B3,
Notice that I'"2 rms = ['matms

Q1,002,027 7 Q1,03,03 a1,02,a3"

The induction hypothesis is

peafcantG | FTaaa|FTaas|FlBBalFTBBB
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Then the derivation is
G |FTaaa|FTBBB|FTAAB|FTBBA
G'|FTaaalbTeep|FTaas| TR0
G |FTaaal T'paalFTee|FTlaans]|lF F}??,;’X?’

G'|FTaaal T'paalbTees|Flaas| T8 5[ FTE 4

Lemma
W

Lemma 2
G |FTaaa| TaaltTleee|FTaas|FleBB|FTB A4 (Cz )
G |FTaaa|FTpaalFTeeE|FTla4aB
- p——— Lemma 27
G'|FTaaal T'paalbTees| TR E
G'|FTaaa|lFTBaalFTlase|FleBB|F FXZ,IE3
G'|FTaaalFTpaaltTass Pl [ FTR 4 [FTNS 5
- (Lemma 26])2
G |FTlaaalFTpaalFTae|Flee|FTlaaaltr-Tass o2

G |FTasa|lFTpaalFTase|FIeBE .
G’ | [ FA7A.A | F FB,A,A | F Iy, (AUB)ml,Bm2+7n3
- [
G'[F Iy, (AL B)™ Ama¥ma [ Ty (AU B)™, Bmatms

O

Lemma 32 (Type 2). If [F T, (A+ B)™]"_, has a CAN—free derivation then [ T';, A™, B™]" |
has a CAN-free derivation.

Proof. Straightforward induction on the derivation of [F T';, (A + B)™|"_,. For instance if the

derivation finishes with

G|FT1,(A+B)™ G|FTy (A+B)™
G | + FI’FQ’(A+B)"1’(A+B)H2

with G = [F T, (A+ B)" "5 and G’ = [ T';, A" B™]?_., then by induction hypothesis on the
CAN-free derivations of the premises we have that

peaj\fcan}G | F T, A", B™

and
pea\fcan}G' | Ty, A2 B"

SO
G'|F Ty, A", B" G| Ty, A", B™

G’ |+ Ty, Ty, A™, A" B™ B

O

Lemma 33 (Type 3). If [~ T';, (AN B)™ |, has a CAN-free derivation then [~ T';, A", and
[FT;, B™]™, have a CAN—free derivation.

Proof. A straightforward induction on the derivation of [- I';, (AT B)™]" ;. We will show the
only complicated case, i.e., the M rule acting on A M B.
As previously, we need to distinguish three types of AM B formulas:

e the formulas AM B active in the rule, but which are not under consideration in the lemma,
i.e., there are not the instances of AM B we want to reduce, which are (A M B)™! below,
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e the formulas AM B which are both active in the rule and under consideration in the lemma,
which are (AN B)™2 below, and

e the formulas AM B which are not active in the rule but under consideration in the lemma,
which are (A1 B)™3 below.

Thus the derivation finishes with

G| F Ty, Amitmz2 (AN B)™s G|k Ty, B™*Tm2 (AN B)™s
G| FTy, (AN B)™tm2 (A B)™s

with G = [F T, (AN B)™], and ny = my + ms.
We will show how to derive

G/ ‘ - 1—\1’ (A M B)ml’A’HLQJr'HLg

where G’ = [ T';, A™]!,, the other case is similar.
By using the induction hypothesis, we have that

paaj\{caN} G | Ty, Amitme Ams

|>GAH\{CAN}GI | - F17Bm1+m2’Am3

We will now derive the hypersequent G’ | - T'y, B™1, A™2%™s which will allow us to conclude
using the M rule.

G/ | [ I‘\l’BTrll-i-T)’LQ’Amg
G/ ‘ - F71n1,B(m1+m2)m1’Am1m3
G’ | - Iﬂlﬂlerz’B(mlerg)ml,A(m2+m3)(m1+m2)
G/ | |_ 1"17B77L1’Am2+’m3

G/ | - Flem1+m2+m3
G/ | - FTQ’Amg(m1+m2+m3)

Lemma Lemma

M

Lemma [26]

2.1.5 M-—elimination

In this section, we will show the M elimination theorem. Recall that the M elimination
theorem states

if a hypersequent G is derivable, then it has a M—free derivation.

However, since this result will be used in the proof of the CAN elimination theorem, we have
to ensure that the M elimination theorem does not add any instance of the CAN rule. Thus we
will show the slightly different result

if a hypersequent G is CAN—free derivable, then it has a CAN—free M—free derivation.

To prove this theorem, we need to show that for each hypersequent G and sequents I' and
A, if there exist CAN—free and M—free derivations d; of G | - T" and dz of G | F A, then there
exists also a CAN—free and M—free derivation of G | F T', A.

The idea behind the proof is to combine d; and ds step-by-step. First we take the derivation
dy and we modify it into a CAN—free and M—free prederivation (i.e., an open derivation) of

G| G|FT,A
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where all the leaves in the prederivation are either terminated (by the INIT axiom) or non—

terminated and of the form:
G|FA"

for some n € N.
For instance if the derivation d; of F y U7y (with G =0 and ' = yU7) is

— aX

%Z@ID
’ S

FylFY
FyUy

then we will modify it into a prederivation of -y L7, A by using the exact same rules, thus
obtaining,

F A2
F oy, 7, A2
Fy, A7, A
FyUy, A

ID

Then we use the derivation do to construct a CAN—free and M—{ree derivation of each
G|FA"
hence completing the prederivation of
G| G|FT, A

into a full derivation. From this it is possible to obtain the desired CAN—free and M—free
derivation of G | F I", A using several times the C rule:
G| G|FT, A
G|FT,A

*

In what follows, the first step is formalised as Lemma [34] and the second step as Lemma [35]

Lemma 34. Let di be a CAN—free and M—free derivation of G | - T, let H be a hypersequent
and A be a sequent. Then there exists a CAN—free M—free prederivation of

G| H|FT,A.
where all non—terminated leaves are of the form H | = A™ for some n.
Proof. This is an instance of the slightly more general statement of Lemma [37] below where:
o [FT)i}! =Gand I, =T.
en;,=0forl1<i<kandn,=1.
O

Lemma 35. Let dy be CAN—free and M—free derivation of H | = A. Then, for every natural
number n, there exists a CAN—free and M—free derivation of

H|F A"
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Proof. This is an instance of the slightly more general statement of Lemma [38] below where:
e FAJF! = H and A, = A.
en;=1forl<i<kandng=n.
O

Before proving Lemmas [37] and we now show how to remove one instance of the M rule
and then the M-elimination theorem.

Lemma 36. If G |FT and H | b A have CAN—free M—free derivations, then so does G | H |
FT,A.

Proof. By using Lemma we have a prederivation of G | H | F T', A where all non—terminated
leaves are of the form H | = A™ for some n.

To conclude, we have to show that every non-terminated leaf is derivable, which can be done
using Lemma [35] O

Theorem 2.1.3 (M elimination). If G is CAN—free derivable, then G is CAN—free M—free
derivable.

Proof. We prove the result by induction on the derivation of G. The only interesting case if the
M rule, i.e., if the derivation finishes with
GIFT G|FA
G|FT,A

then by induction hypothesis, G | - T and G | F A have a CAN—free M—free derivation.
By using Lemma we have a CAN-free M-free derivation of G | G |+ T, A. The derivation

is then
G| G|FT, A

G|FT,A

Lastly, we prove the technical version of Lemmas [34] and [35

Lemma 37. Letd, be a CAN—free and M—free derivation of [ T';]%_, and let H be a hypersequent
and A be a sequent. Then for every sequence of natural numbers n;, there exists a CAN—free

M—free prederivation of
H| [F Ty, A™]E,

where all non-terminated leaves are of the form H | A™ for some n.

Proof. By induction on dy. We will show the case of the INIT axiom and the S rule, the other
cases are similar.

e If the derivation finishes with
T INIT

Let n be a natural number. The prederivation of H | - A™ is simply the leaf

H|FA"
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o If the derivation finishes with
[F T3y | F Ty, T
[FT3f? | F ey | F Ty

Let n; be a sequence of natural numbers. By induction hypothesis, there exists a CAN—free
M-—free prederivation of

H| [l_ F“Anq]f:—f | - Fk_l’rlwAnk,lJ,-nk

where all non-terminated leaves are of the form H | A™ for some n. We then continue this
prederivation with

H| [Ty A2 | F Doy, Ty, Ame-1Fme g
H| [FTif A2 | Ty, At | BTy, AT

O

Lemma 38. If [- Ai]le has a CAN—-free M—free derivation then for all n;, there is a CAN—free
M-~free derivation of [~ A;“}f:l.
Proof. By induction on the derivation of [+ Ai]le. We show the only nontrivial case:
e If the derivation finishes with
- A, |+ AL Ay
F AL | AL A,

By induction hypothesis there is CAN—free derivation of
AT |- A, A
If n; = 0 or ny = 0, we have the empty sequent which is derivable. Otherwise,
[F AT, | F AP, AR
- AT | F AT | AT
- Al | H AT [ F Ay

S
Lemma

O

Remark 18. Lemma is the main reason for using parallel rules in GAJ|. Indeed, it is necessary
for the logical rules to be able to act on several instances of a term in the same sequent, more
precisely for the cases of the LI and M rules.

To show this, let’s consider the case of the U rule when the rule can only act on one instance
of the formula, i.e., if the derivation finishes with

AL, |FALA|F Ay B
FAJY,|FALAUB

We want to show that [+ A?"]LZ | B ATY, (AU B)™ is derivable, which is direct by using the
induction hypothesis when the U rule can act on the ny instances of AL B but would require to
show that the hypersequent

[F A?i]gzl [F A?lll ’ Aka ’ BkB] katkp=n1
is derivable if the LI acts only on one instance of AU B at a time. However, we do not know how
to prove this without using the M rule.
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2.1.6 CAN-elimination
The CAN rule has the following form:

n

G|FT,A" A
G|FT
We prove the CAN elimination Theorem below by showing that if the hypersequent
G|FT, A", A" has a M—free CAN-free derivation then the hypersequent G | - T" also has a
M-free CAN—free derivation.

Our proof proceeds by induction on the complexity of the term A. The base case is given by
A = z (or equivalently A = T) for some variable x. The following lemma proves this base case.

CAN

Lemma 39. If there is a M—free CAN-free derivation of G | = T', 2™, T", then there exists a
M~free CAN—free derivation of G | +T.

Proof. The statement follows as a special case of Lemma [41] below, a stronger version of Lemma
that allows for a simpler proof by induction on the structure of the derivation of G |+ T', 2™, ",
where:

o [Ty =Gand Ty =T.

en;,=0forl<i<ek.

® Ny =n.

O

For complex terms A, we proceed by using the CAN—free invertibility of the logical rules (see

Section [2.1.4)) as follows.

Lemma 40. If there is a M—free CAN—free derivation of G | + I, A", A", then there exists a
M-free CAN—free derivation of G |+ T.

Proof. We proceed by induction on A.

e If A =z, we are in the base case of Lemma

e If A = 0, we can conclude with the CAN—free invertibility of the 0 rule and the M-
elimination theorem.

e If A = B+ C, since the + rule is CAN—ree invertible, G | F,B"7C”7§",€n has a
M-free CAN—free derivation. Therefore we can have a M—free CAN-free derivation of the
hypersequent G | - T" by invoking the induction hypothesis twice, since the complexity of
B and C is lower than that of B + C.

e If A= BUC, since the U rule is CAN-free invertible, G | - T', B", (BN C)" | - T,C", (B
C)" has a M-free CAN-free derivation. Then, since the M rule is CAN-free invertible,
G| kT, B", B" | - T, C™,C" has a M-free CAN-free derivation. Therefore we can have a
M-free CAN—free derivation of the hypersequent G | - I' | - I' by invoking the induction
hypothesis twice on the simpler terms B and C'.

We can then derive the hypersequent G | F T as:

G|FT|FT
G|FT
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e If A= BMC, since the U rule is CAN-free invertible, G | + ', (B C)",B" | - I, (BT
C’)",én has a M—free CAN—free derivation. Then, since the M rule is CAN—free invertible,
G|+I,B"B" |FT,C",C" has a M—free CAN—free derivation. Therefore we can have a
M-free CAN—free derivation of the hypersequent G | - I' | - T' by invoking the induction
hypothesis twice on the simpler terms B and C.

We can then derive the hypersequent G | - T as:

G|FT|FT
G|FT
O

We can now prove the CAN elimination theorem by a straightforward induction on the
derivation of the hypersequent, the CAN rule being dealt with using Lemma [{0] above.

Theorem 2.1.4 (CAN elimination). For all hypersequent G, if >g4|G then >gap{can G-

Proof. We proceed by induction on the derivation of G. We only show the case of the CAN rule
and one example for the other rules since the other cases are all similar.

e If the derivation finishes with:

G
G|FT

W

then >gaj\fcan}G and by using the W rule, we obtain a CAN-free derivation of G | - T'.

o If the derivation finishes with .

G|FT,A" A
G|FT
then bga)\fcanyG | F T, A", A" and we can conclude with Lemma

CAN

We now prove Lemma [41] the stronger version of Lemma [39]

Lemma 41. If there is a CAN-free and M—free derivation of the hypersequent

ok
F Ty, z™, ™,

then for all n, m} such that n; —m; = n}, —ml for all i € [1..k], there is a CAN—free, M—free

deriwation of
n, —m/ k
[I— Ty, x™, ™
i=1

Proof. By induction on the derivation of [F Fi,x"i,fmi]f:l. Most cases are trivial, we just
describe the most interesting one.

e If the derivation finishes with:
[+ Fi,x"i,fmi]izz | Ty, ame, Tme

[|_ Fi7 xn¢7§mi]i>2 | [ F17 xna+nb+nc’§ma+mb+mc

ID

with ny = ny + ne, my = myp + me and ng + np = Mg + Myp.
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We want to show that

n, —=m/ ne n. =mg =—=m/
>GA|\{CAN} [F | I A N 1} ) | FTqp,x"e, g™ e, g™

i>

We will now prove that n. — m. = n} + n, — (m} + m,) to be able to conclude with the
induction hypothesis.

Ne — Mg

so by induction hypothesis, we have

’

=Mg =M

’ ’ ’
DGAH\{CAN} |:}_ Fiaxniafmi} | + Flaznaaznlaz T
i>2

which is the result we want.

2.1.7 Algebraic property

We will now present a property that reduces the problem of derivability of an atomic hyper-
sequent to solving a system of linear equations, allowing us to have an algebraic characterization
of the derivability of atomic hypersequents. With some abuse of notations, this property states
that an atomic hypersequent

FTy| o |F T

is derivable if and only if there are kq, ..., k,;, € N with k; # 0 for some ¢ such that
ki + ...+ kT, =0 (21)

This result is a direct consequence of the elimination Theorems and stating that
if an atomic hypersequent has a derivation, then it has a CAN—free M—free derivation. Thus,
to build this CAN—free M—free derivation, only the S,C, W and ID rules can be used before
concluding with the INIT axiom. If we analyse the impact of those rules to the hypersequent,
then

e the C rule adds some copies the sequents,
e the W rule removes some copies of the sequents,

e the S rule connects two sequents together, such that we can only add or remove copies of
those sequents at the same time, i.e., after the rule

55 VR IS VS
FT1] . |[FTm | F Dst

then we can add or remove copies of T';,, only if we also add or remove copies of I';, 11 (and
vice versa), and

e the ID rule removes axioms that cancel each other, i.e., removes both n x and n T for some
n and x.



CHAPTER 2. HYPERSEQUENT CALCULI o7

Since only those rules can be used to derive the hypersequent, we can only multiply the
different sequents by natural numbers (the natural number being the number of copies of the
corresponding sequent) before cancelling all of the remaining ones with the ID rule. Thus, we
obtain the equation (2.1).

Theorem 2.1.5. For all atomic hypersequents G, built using the variables and negated variables
T1,T1,. .., Lk, Tk, Of the form
(= AT N ()

g N ke —mn —n! . .
where Ty = o™, . x, " T, L, Tk the following are equivalent:

1. G has a derivation.

2. there exist numbers ki, ..., kn € N, one for each sequent in G, such that:

e there exists i € [1..m] such that k; # 0, i.e., the numbers are not all 0’s, and

e for every variable and covariable (x;,Z;) pair, it holds that

m m

_ "/
Z kini,j = Z king ;
=1 =1

i.e., the scaled (by the numbers ki . ..ky) sum of the numbers of variable x; is equal
to the scaled sum of the numbers of covariable ;.

Proof. We prove (1) = (2) by induction on the derivation of G. By using Theorem and
Theorem we can assume that the derivation is CAN—free and M—free. We show only the
C case, the other cases being similar:

o If the derivation finishes with

FTy| oo | F T | F T
FDy| | F D

by induction hypothesis, there are ki, ..., kn, km+1 € N such that :

— there exists ¢ € [1..m + 1] such that k; # 0.

— for every variable and covariable (z;,T;) pair, it holds that >\ | kin; j + kmi1nm j =
> kin ; + kmying, ;-

Then ki1, ..., km—1, km + km41 satisfies the property.
The other way ((2) = (1)) is more straightforward. If there exist natural numbers k1, ..., kn, € N,
one for each sequent in G, such that:
e there exists ¢ € [1..m] such that k; # 0 and

e for every variable and covariable (x;,Z;) pair, it holds that

m m
E — E /!

kinw = kznm
=1 =1



CHAPTER 2. HYPERSEQUENT CALCULI 58

then we can use the W rule to remove the sequents corresponding to the numbers k; = 0, and
use the C rule k; — 1 times then the S rule k; — 1 times on the ith sequent to multiply it by k;.
If we assume that there is a natural number [ such that k; = 0 for all 4 > [ and k; # 0 for all
i <1, then the CAN—free derivation is:

— INIT
E .
p — ID
FT R o
SR PO NS Vi
N
FTy ] | T

O

Remark 19. Note that the M elimination theorem is actually not necessary to prove the
result above. However, it makes the proof much simpler.

2.2 Hypersequent calculus HR

In this section we add rules for the scalar multiplication to the system GA|| to build the
system HR. Whereas the system GA| was used to derive positive Abelian I-group terms, the
system HR can be used to derive positive Riesz terms. The main difference between GAJ| and
HR lies in the presence of scalars in hypersequents, namely in the weighted terms defined below,
and the additional T rule of the system HR.

We start by adapting the definitions and conventions used for the system GA|| in the context
of Riesz spaces and HR.

Definition 2.2.1. A weighted term is a formal expression r.A where r € Ry and A is a term
in NNF.

Recall that the scalars appearing in these terms in NNF are all strictly positive and are ranged
over by the letters r,s,t € Ryg. From now on, the term scalar should always be understood as
strictly positive scalar.

Given a weighted term 7. A and a scalar s we denote with s.(r.A) the weighted term (sr).A.
Thus we have defined (strictly positive) scalar multiplication on weighted terms.

We adopt the following notation:

e Given a sequence 7= (rq,...7,) of scalars and a term A, we denote with 7.4 the multiset
[r1.4,...,7,.A]. When 7 is empty, the multiset 7.4 is also empty.

e Given a multiset I' = [r1. A1, ...,7,.A,] and a scalar s > 0, we denote with s.I' the multiset
[s.r1.A1, ..., 8.0 Ay

e Given a sequence § = (s1,...s,) of scalars and a multiset I', we denote with 5.I" the multiset
s1.1, ..., sp I

e Given two sequences ¥ = (r1,...7) and § = (s1,...8y,) of scalars, we denote 7; the
concatenation of the two sequences, i.e. the sequence (r1,...7p,81,.-.Sm)-

e Given a sequence § = (s1,...8,) of scalars and a scalar r, we denote (r3) the sequence

(rsi,...7T8p).
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e Given two sequences 7 = (r1,...7,) and § = (S1,...8;,) of scalars, we denote 75 the
sequence r15;...;7Tp8.
e Given a sequence § = (sy,...sy,) of scalars, we denote Y § the sum of all scalars in 3, i.e.

n
the scalar ) s;.
i=1

Note that the notation A™ = A,..., A used in the system GAJ|| can be seen as a specific
instance of the notation 7. A where every element of 7 is equal to 1. We can adapt most of the
definitions and results of the system GA|| to the system HR by simply replacing A™ with 7.A
and ' with 7#.I', as can be seen in the rules of Figure [2.5

Definition 2.2.2. A sequent is a formal expression of the form F I,
If ' = (), the corresponding empty sequent is simply written as |-.

Definition 2.2.3. A hypersequent is a non—empty finite multiset of sequents, written as
Tq...|FT,.

We use the same notion of "simple" hypersequent as in the system GAl|, once again it can
be seen as the basic case when reasoning by induction on hypersequents.

Definition 2.2.4. A hypersequent is said atomic if it only contains atoms, i.e., formulas of the
form x or 7.

We now describe how sequents and hypersequents can be interpreted by Riesz terms.

Definition 2.2.5 (Interpretation). We interpret weighted terms (r.A), sequents - I" and hyper-
sequents G as the Riesz terms (r.A4), (- ') and (G), respectively, as follows:

| Syntax Term interpretation ()
Weighted terms | r.A rA
Sequents FriA ., Ay (r1-Aq) + -+ (rn-Ay)
Hypersequents | FT'4|...|F T, FTypu---u(-Ty)

Hence a weighted term is simply interpreted as the term scalar—multiplied by the weight. A
sequent is interpreted as sum () and a hypersequent is interpreted as a join of sums (| |>).

Ezxample 17. The interpretation of the hypersequent:
Fla,2.(yMz) | F2.(32MNy)

is the Riesz term:
(lz +2(yMNz)) U (2(3TMy)).

The hypersequent calculus HR is a deductive system for deriving hypersequents whose in-
terpretation is positive, i.e., the hypersequents G such that Agjes, F 0 < (G). The rules of HR
are presented in Figure and are very similar to the rules of the system GA|| (see Figure
where the main difference is the use of weighted terms in sequents. We write bgrG if the
hypersequent G is derivable in the system HR.

The T rule is novel, and can be seen as a real-valued variant of C (contraction) rule in that the
weight of a sequent in the hypersequent can be multiplied by an arbitrary positive real number —
while the C rule was mostly used to multiply a sequent by a natural number. It is worth knowing
that the T rule is not necessary to prove the completeness of the system HR, but is necessary for
the CAN elimination theorem, and appears naturally in the proofs of the CAN—free invertibility
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Axiom:
FINIT
Structural rules:
G|FT|FT
¢ _w |FT
G|FT G|FT
G|FTy,Ty G|FT1 G|FTy
G|FTy | Ty G|FT,T,
G|FrT G|+FT
i — T ID,S =Y s
G[FT G|FT,7z,57 T = s

Logical rules:

GIFT  GIFD.RATB G| THT,(s7).4
G|FL,70 ~ G|FL.7(A+B) G| I FI,i(sA)

G|FT.7A[FT.7B  G|FT.7A G|FT,7B
G| FT,7(AUB) G|FT,7.(ANB)

CAN rule:

G|FT,5A, 1A
|GT CAN, > ri =3"si

Figure 2.5: Inference rules of HR.

of the logical rules in Section [2:2.4] Finally, note that the logical rules are all presented using
the syntactic sugaring 7. A described above. As in the system GAl|, this effectively allows us to
apply the rule to several terms in the sequent at the same time. We stress again that we can
obtain most of the rules of the system HR simply by replacing A™ with 7.4 in the rules of the
system GA||. Note that the following ID rule

GIFT D
G|FI, 7z, fz

that we would obtain by replacing ™ and " with 7.z and 7.T would not allow to prove the
completeness of the system HR, and more precisely to derive the axiom (ry + 1)z = rix + rox
and thus we require the slightly more complex ID rule presented above. The CAN rule was then
chosen to keep the symmetry with the ID rule.

Remark 20. Note that the following CUT rule

G|FT1,7A G|FTy 84
G|FTy,T,

CUT, Y 7=S§

is equivalent to the CAN rule in the HR hypersequent calculus. Deriving the CAN rule from
the CUT rule is done the same way as in GAl| but the other way is trickier and actually requires
to use three times the CAN rule (instead of one in GA||):
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G|FT1,7A G|FTy 84

G|FT.,Ts7A5A
AN, S 7=Y5
GFT.,Ts CAN,>.7=2.%

Figure 2.6: Derivability of the CUT rule.

;INIT ;INIT
m Lem*ma m Lemina
G|FI,7A3A G||—§AFZW GIFD,FASA GlFsdrd v

CcuT cuT
G|+FT,7A A G|FT,7A A
G|FT,7.(A+ A) * G|FT,7.(A+ A)

GIFT.T cuT

GIFT|FT

G[FT

Figure 2.7: Derivability of the CAN rule.

Ezample 18. Example of derivation of the hypersequent - 1.((2z + 2) U (y + T)) which consists
of only one sequent.

— INIT

l_
F2y,2y ID

F2.x,2.y,2T,2y
F2x,27|F2y,27%
F2xz27y|F 1y 1%

F2.x,2y |- 1.(y+7)
22,127 | F L.(y +7)
F1.22,1.27 | F L(y +7)

F1l.2z4+279) | F1.(y+7)
F1.((2z+29) U (y + 7))

ID

T (multiplication by 2)

+
X
X

Definition 2.2.6. We define the complexity of a sequent - I', noted ¢(F T'), as the sum of the
operators used in the terms of T'ji.e., if T' = r1. Ay, ..., 7. Ap, (F I) =>"", ¢(4;) (see Definition
for the definition of ¢(4;)).

The complexity of a hypersequent G, noted ¢(G), is then defined as the pair ¢(G) = (a,b)
where

e ¢ is the maximum complexity of a sequent in G, ie., if G =+ T; | .. |F T,, then
a= max c(FT;), and
i€[l..n]

e b is the number of sequents in G having a complexity of a, i.e., b = #{FT; | ¢c(F ;) = a}.

We say that a sequent - T" of G is maximal if ¢(-T") = a.
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2.2.1 Preliminary lemmas

As in Section we start by proving a few technical lemmas.
Our first lemma states that the following variant of the ID rule (see Figure [2.5) where general
terms A are considered rather than just variables, is admissible in the proof system HR.

G|FT . -
m ID,>7=>5
Lemma 42. For all terms A and vectors 7 and §
ifogrG | F T and Y. 7= 5 then>grG | F T,7.A,5.A
Proof. We prove the result by induction on A.
e If A is a variable, we simply use the ID rule.

o If A =0, we use the 0 rule.

e If A = B+ C, we use the + rule twice (for A + B and A + B) and conclude with the
induction hypothesis.

e For the case A= BN C or A= BUC, we first use the M rule and then the LI rule on each
premise and the W rule on each premise to remove the sequents with both B and C in
them. We can then conclude with the induction hypothesis.

G|FT,7B,5B w G|FTI,7C,5C w
G|FD.7BSB|FI.7B.SC | G|FT.7CSB|FL.7CEC |
G|FT,7B,5(BUC) G|FI7CEBUT)

G|FT,7(BNC),5BUC)
O

The next result states that derivability in the HR system is preserved by substitution of
terms for variables.

Lemma 43. For all hypersequents G and terms A, if >grG then >grG[A/x].

Proof. We prove the result by induction on the derivation of G. Most cases are quite straightfor-
ward, we simply use the induction hypothesis on the premises and then use the same rule. For
instance, if the derivation finishes with

G|FT,7B,7C
G|FTL,7(B+C)

by induction hypothesis burG[A/z] | F T'[A/x], 7. B[A/x], 7.C[A/x] so

G[A/z] | F T[A/z],7.B[A/z],7.C[A/]
G[A/z] | F T[A/x],7.(B + C)[A/z]

The only tricky case is when the ID rule is used on the variable z, where we conclude using
Lemma 0
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The next lemma states that the logical rules are invertible using the CAN rule, meaning
that if the conclusion is derivable, then the premises are also derivable. Unlike a stronger result
we will prove later in Section [2:2.4] where we prove the CAN—free version of this lemma, the
derivations of the premises may contain CAN rules and thus this result is not sufficient to imply
the CAN elimination theorem.

Lemma 44. All logical rules are invertible.

Proof. We simply use the CAN rule to introduce the operators. We will show the two most
interesting cases, the other cases are trivial.

e The M rule: we assume that G | - T',7.(AM B) is derivable. The derivation of G | F T, 7. A

is then:
FH\iniemma
- A A
CFATALT ,@ZV
F#AF.(AUB) .
G|FT,7(ANB) G|I—F.A,F.(ZI_|§)§/IV
G|FT,7A 7 (ANB),7.(AUB)
G|FT,FA CAN

The derivation of G | T, 7.B is similar.

e The U rule: we assume that G | F T, #.(AU B) is derivable. The derivation of G | - T',7.A |
FT,7.B is then:

'_
— L
- A, 7. A emmavéﬁ*l I
G|FT,7(AUB) G|FFAFA|FT,7B G|FFAFB|FL B
G[FL.7(AUB) [ FTL,7.B G|FFAFMANB)[FT.FB
GIFI.FARAUB)EANE) [FLFB |
GIFL,7FA|FTL,7B
where II is the following derivation:
= INIT
- 7.B,7.B Lem?a@ - F INITL i
F7A FB, 7B, 7A ;mma F 7B, 7B Cmmsv
FFAFB | 7B, A - rAFB|F BB
G|FT,7(AUB) w ~rFAFB|FFBF(ANB)
G|F7AFB|FI,7(AUB) G|FrAFB|FFBF@AND) o
G|F7A7B|FTI,7B,7(AUB),7 (AN B)
=k CAN
G|F7A7B|FTI,7B
O

Remark 21. The proof of invertibility does not introduce any new T rule, so if the conclusion of
a logical rule has a T—free derivation then the premises also have T—free derivations.
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The next lemmas state that CAN—free derivability in the HR system is preserved by scalar
multiplication.

Lemma 45. Let '€ R be a non-empty vector and G a hypersequent. If >gr\(canyG | F 7T
then DHR\{CAN}G | FT.

Proof. We simply use the C,T and S rules :

G|FFT )
GIFmT] | ml >
GIFT| . |FT

GlFT

O
Lemma 46. Let 7" € R.o be a vector and G a hypersequent. If >ur\fcamyG | = T then
DHR\{CAN}G ‘ FrT.

Proof. We reason by induction on the size of 7.
If the size of 7is 0: Since F 7.I' =, we simply use the W rule until we can use the INIT rule:

= INIT

alr

If the size of ¥ is 1: we can use the T rule:
1

GlFmr T

Otherwise: Let (r1,...,7n11) = 7. We can invoke the inductive hypothesis and conclude as
follows:

G|FT GlF (rn) T
G|Fr.I,.,r,.T G|FrpT N
Glkr., . ., rDrp.D

T

2.2.2 Soundness

We need to prove that if there exists a HR derivation of a hypersequent G then (G) > 0 is
derivable in equational logic (written Agies; F (G) > 0). This is done in a straightforward way
by showing that each deduction rule of the system HR is sound. Notice that the soundness of
the rules already present in GAJ| is proved in the exact same way since the scalar multiplication
is mostly irrelevant in those rules.

Theorem 2.2.1 (Soundness of HR). For all hypersequent G, if >bgrG then Agies, - (G) > 0.

Proof. By induction on the derivation of G.

e For the rule

= INIT

The semantics of the hypersequent consisting only of the empty sequent is (F) = 0 and
therefore (F) > 0, as desired.
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e For the rule

G
G|FT

W

the hypothesis is (G) > 0 so

(G[FT) = (G)u(-T)
(GD
0

(AVARYS

e For the C,ID,+,0, x and CAN rules, it is immediate to observe that the interpretation of
the only premise and the interpretation of its conclusion are equal, therefore the result is
trivial.

e For the rule
G|FTI,Ty

G|FTp|FTy
the hypothesis is (G | F I'1,I'2) > 0 so according to Lemma [L1] (G)~ (- I'y,T2)~ = 0.

Our goal is to prove that (G | - Ty | F I'g) > 0. Again, using Lemma we equivalently
need to prove that

(G)~ M (FTy|F o)~ =0.

The above expression is of the form A~ M B~ and since A~ = (—A) U0 > 0 always holds
for every A, it is clear that (G)~ M (- T'y | F T's)~ > 0. It remains therefore to show that
(G)~ M (FTy | FTy)~ <0. This is done as follows:

(]GDi I (]F Iy | H FgDi < (]GD mn2 (]F Iy | H FQD since GF Iy ‘ F FQDi >0
= (G~ n@(FT)U(FT))~ Lemma 1]
< (G) M ((FT1) +(FT2))~ Lemma [10]2]
= (G)™ M ((F T, T2))~
— 0

e For the rule
G|FIh G|FT,

G|FT1,Ty

the hypothesis is
(G|FTy) >0

(G|FT) >0

so according to Lemma |11}
(G)" M (FT)” =0

(G)™ M (FT2)” =0

Following the same reasoning of the previous case (S rule) our goal is to show that (G) M (+
I'y,To)~ < 0. This is done as follows:

(G A (FTLTah™ = (G)™ T ((=Ta) + (- T2))~
< (G-I~ + (- Fz[) ) Lemma [10]3]
< (G)~nETq)~ +(G)- N(-Ty)~ distributivity of M over +
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e For the rule
G|kFrD

GIFT
the hypothesis is (G | - 7.I') > 0 so using Lemma [I1] we have
(G~ nr(FT))” =(G)" N (FrI))~ =0

By the same reasoning as for the S rule’s case, our goal is to show that (G)~ M (- I')~ < 0.
To do so, we need to distinguish between two cases: whether or not r > 1.

If r > 1, then
Gy nET)- < (G Nr(-T)~
= 0

Otherwise, Lemma4] states that (G) "M (F I')~ <0if and only if r.((G)~ N (FT')~) <0,
which is proven as follows:

r(G-nEr)7) = (r(Gh7)n . (=T)7)
< ((_])GD’W(T-GFFD’)

In both cases (G)~ M (- TI)~ <0.

e For the rule
G|FT,7A|FT, 7B

G|FT,7.(AUB)
the hypothesis is (G | FT',#A |+ T,7.B) > 0. So :

(G |FT,7(AUB)) (G) U (- T,
G)u (=T,

0

(AuB))

7.
FA)U(FT,7B) distributivity of L over 4+

VI

e For the rule
G|FT, A G|+T,7.B

G|FT,7.(ANB)

the hypothesis is
G| I,7mAET) >0
0

(G| I',7B+T) >

So
(G|FT,7(ANB)) = (G)U(FT,7(ANDB))
= (G)U((FT,#A)n(T,7.B)) distributivity of M over +
= (GPUFT,7A)N(G)U(FT,7.B)) distributivity of L over M
> 0
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2.2.3 Completeness

In order to prove the completeness of the system HR, i.e. that if Agjes, F (G) > 0 then
>R G, we first prove an equivalent result (Lemma below) stating that if ARjes, - A = B then

the hypersequents - r.A, r.B and - r.B,r.A are both derivable for all r > 0.
From Lemma [47] one indeed obtains Theorem as a corollary.

Theorem 2.2.2 (Completeness of HR). For all hypersequent G, if Agiesz F (G) > 0 then
DHRG-

Proof. Recall that ARgjesz = (G) > 0 is a shorthand for Agjes, F 0 = (G) M 0. Hence, from
the hypothesis Agjes; F (G) > 0 we can deduce, by using Lemma [47| stated below, that bgr F
1.(0M(G)), 1.0.

From this we can show that bgrG by invoking Lemma Indeed, if Gis+FTy | ... |F T,
then (G) = (F ) U...u (FTy,) and

1. by using the invertibility of the 0 rule, - 1.(0 1 (- I'1) U ... U (F I'y))) is derivable,
2. by using the invertibility of the M rule, - 1.((F T'1) U ... U (F T'y)) is derivable,

3. by using the invertibility of the U rule n — 1 times, - 1.(- T'y) | ... | F 1.(- ') is derivable,
4. and finally, by using the invertibility of the + rule and X rule, - T'; | ... | F T, is derivable.
O

Remark 22. We could simply have used the following weaker formulation for Lemma [A7] stated
below:

If ARjess F A = B then - 1.A4,1.B and I 1.B, 1.4 are provable

However, to prove this version of the lemma, we would have had to use the T rule, and thus we
would not be able to show that the T rule is admissible in HR.

Lemma 47. If Apies; - A = B then - r.A,r.B and - r.B,r.A are derivable for all r > 0.

Proof. We prove this result by induction on the derivation, in equational logic (see Defini-

tion ' of -ARiesz FA=B.

e If the derivation finishes with

ARicsz FA=A refl

we can conclude with Lemma

e If the derivation finishes with
ARiesz FB=A

e = T sym
ARiesz FA=DB
then the induction hypothesis allows us to conclude.

e If the derivation finishes with

-ARiesz FA=C -ARiesz FC=DB
ARiesz FA=D

trans

then the induction hypothesis is -
DHR M T.A, r.C
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spr F r.C,r.A
>gr Fr'.C,7". B
>ur - B, 1 .C
for all r,7' > 0. We will show that >ygr - 7.4, 7.B for all r, the other one is similar.
Fr.A,r.C Fr.Cr.B
Fr.Ar.B,r.Cor.C
Fr.Ar.B

CAN

e If the derivation finishes with

ARiesz FA=D
ARiesz F A[C/z] = B[C/z]

subst

we conclude using the induction hypothesis and Lemma

o If the derivation finishes with

ARiesz FA=B
ARiesz F C[A] = C[B]

ctxt

we prove the result by induction on C. For instance, if C = sC’ with s > 0, then the
induction hypothesis is bgr F r.C'[4],7.C'[B] and bugr F r.C’'[B], r.C’'[4] for all r > 0 so

e It now remains to consider the cases when the derivation finishes with one of the axioms
of Figure [[.2] We only show the nontrivial cases.

— If the derivation finishes with

ax
ARiesz F (r1 +12)x = ra 4+ rax

then
= INIT
F(r1 +ro)re, rirT, ror.T
For.((r +r2)x), r.mT, rrd
Fr.((r1 + r2)x), r.(riT + 727)
and

= INIT

ID

Forira, rorx, (r1 + ro)r.@

Fororix, rarex, r.((r1 + 72)T)
For.(raz+ rox), r.((r1 + r2))
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— If the derivation finishes with

ARiesz F (s(x My)) Msy = s(xMy) ax

then
— INIT
'_
—— 1D
Frs.y,rs.y
Frsy,rsT|Frsy,rsy
= INIT L o Frs.y,rs.(TUTY) y
Fr(s(zNy)),rs(TUY) crma Fr.sy,r.s(TUY)
Fr.((s(zMy)) Nsy),r.s(zUy)
and
C INIT
——— Lemma [2]
For.(s(zMy)),r.(s(TU7)) oW
Fr(s(zmy)),r.((s(xUy)) U (sy)) O

Remark 23. By inspecting the proof of Lemma[47]it is possible to verify that the T rule is never
used in the construction of >grG. This, together with the similar Remark [2I] regarding Lemma
[44] implies that the T rule is never used in the proof of the completeness Theorem [2.2.2] From
this we get the following corollary.

Corollary 2. The T rule is admissible in the system HR.

It turns out, however, that there is no hope of eliminating both the T rule and the CAN rule
from the HR system.

Lemma 48. Let ry and o be two irrational numbers that are incommensurable (so there is no
q € Q such that gr1 = ra). Then the atomic hypersequent G

Fria|FreT
does not have a CAN—free and T—free derivation.

Proof. This is a corollary of the next Lemma[9] The idea is that in the HR system without the
T rule and the CAN rule, the only way to derive G is by applying the structural rules S, C, W,
M and the ID rule. Each of these rules can be seen as adding up the sequents in G or multiplying
them up by a positive natural number, very much like the Algebraic Property of system
GA||. Since m and ry are incommensurable, it is not possible to construct a derivation. O

Lemma 49. For all atomic hypersequents G, built using the variables and negated variables
T1,T1,..., Tk, Tk, Of the form

FTy | ... | FTy,
where I'; = 75 1.21, ..., T k. Tk, 5,121, ..., 5i.k-Ti ks, the following are equivalent:
1. G has a CAN—free and T—free derivation.
2. there exist natural numbers ny,...,n, € N, one for each sequent in G, such that:

o there exists i € [1..m] such that n; # 0, i.e., the numbers are not all 0’s, and
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o for every variable and covariable (x;,T;) pair, it holds that

D_mQ_ i) =Y mi(} i)
i=1 i=1
i.e., the scaled (by the numbers ny ...n,) sum of the coefficients in front of the

variable x; is equal to the scaled sum of the coefficients in front of the covariable ;.

Proof. We prove (1) = (2) by induction on the derivation of G. We show only the M case, the
other cases being trivial:
o If the derivation finishes with
FTy| . kD FT1 ] |F T,
FT1|...|F Do, T

by induction hypothesis, there are nq,...,n,, € N and nf,...,n,, € N such that :

— there exists i € [1..m] such that n; # 0.

— for every variable and covariable (x;, T;) pair, it holds that >, n;. > 7 ; = >, ni. > 8 5.

— there exists ¢ € [1..m] such that n} # 0.

— for ev«iry variable and covarjable (x,T;) pair, it holds that Z;’jol Ny T AL, r_;m’j =

Dito M2 Fig i 38 m

If n, = 0 then ng, ..., ny,—1, 0 satisfies the property.
Otherwise if n/, = 0 then n},...,n},_;,0 satisfies the property.
Otherwise, n,,.njy + nl,.n1, Npm.nh + Nl Ny oo, Ny Nl + N0 N1, N0l satisfies the
property.

The other way ((2) = (1)) is more straightforward. If there exist natural numbers nq, ..., n, € N,
one for each sequent in G, such that:

e there exists ¢ € [1..m] such that n; # 0 and

e for every variable and covariable (x;,Z;) pair, it holds that

m m

Yo g =Y () Ey)

i=1 i=1

then we can use the W rule to remove the sequents corresponding to the numbers n; = 0, and
use the C rule n; — 1 times then the S rule n; — 1 times on the ith sequent to multiply it by n;.
If we assume that there is a natural number [ such that n; = 0 for all ¢ > [ and n; # 0 for all
i <, then the CAN—free T—free derivation is:

;INIT .
T T
BT
[ T R o (*J—S
T T Y
where I'" stands for I',... T O

——

n
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2.2.4 CAN-free invertibility

In this section, we prove the 0, +, x, U and M rules are CAN-free invertible, i.e., that if the
conclusion of one of those logical rules has a CAN-free derivation, then so do the premises. As for
the system GA||, it allows us to reduce the complexity of the formulas in an hypersequent in the
proof of the CAN elimination theorem, and thus it is important that we do not add any CAN rule
in the proofs of invertibility. For this reason, the CAN—free invertibility result is stronger than
Lemma [44] of Section Note that those results are the ones requiring the T rule. Indeed, if
we were able to prove the CAN-free invertibility of all logical rules without using the T rule, all
other results can also be proved without using the T rule.

Like in the previous Section we will prove the CAN-free invertibility of more general
rules as those rules are more convenient for the induction process.

Logical rules:
FTi, [+ Ty, 7. A, 7B, N [F Ty, (s7).All_,
[~ T3, 7.0, [FTam(A+ B, - T4, 7i-(sA)i2y

X

[P Fi’ Fi'A ‘ F Fi7 7:’1B]:]:1 [F Fiﬁ'Fi'A]?:l [F Fiv ﬁB}?:l
(=T, 7. (AUB)[i_, (=T, 7. (AN B)[i_,

Figure 2.8: Generalised logical rules

Notice again that the rules 0, +, L, 1 of Figure are exactly the ones of Figure [2.4 with the
translation A < 7. A (with the addition of the x rule). The proofs of the following lemmas are
then very similar to the ones in Section 2:1.4) modulo this translation.

We conceptually divide the logical rules in three categories:

Type 1 The rule with only one premise but that adds one sequent to the hypersequent: the LI
rule.

Type 2 The rules with only one premise and that do not change the number of sequents: the
0, 4+ rules.

Type 3 The rule with two premises: the M rule.

Because of the similarities of the rules in each of these categories, we just prove the CAN—free
invertibility of one rule in each category by means of a sequence of lemmas.

Lemma 50 (Type 1). If [+ T';,7.(AU B)]™, has a CAN-free derivation then [ T';,7.A | F
Iy, 7B}, has a CAN-free derivation.

Proof. By induction on the derivation of [ T';, 7;.(AUB)|"_ ;. We show the two cases that require
the T rule.

e If the derivation finishes with

G| |—F17771.(AUB) G| |—F27FQ.(AUB)
G|FT1,Te,7A.(AUB),7.(AUB)
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with G = [ I, 7%.(AU B)|’ 5 and G' = [F T';,7.A | F Ty, 7.B]"_5 then by induction
hypothesis on the CAN—free derivations of the premises we have that

DHR\{CAN}G/ | = Fl,Fl.A | = Fl,Fl.B

and
DHR\{CAN}G/ | = FQ,FQ.A | [ FQ,FQ.B

are derivable by CAN—free derivations. We want to prove that both
DHR\{CAN}G/ | [ Fl, FlA | [ FQ, FQB

and
DHR\{CAN}G/ | [ F277?2.A | [ Fl,Fl.B

are CAN—free derivable, as this will allow us to conclude by application of the M rule as
follows:

G|FTy,7.A|FTs,7.B G|FT1,f.A|F Ty 1%.B u ¢ | F Ty, #.A| FTy,7".B G| FTy,.AlFTs, 7.8 "
G| FTy,i.A| Ty, Dy, i1.B,15.B ' G| FTa,73.A| 11,0y, 7.B,75.B '
G| FTy,Ts, 7. A5 A|FTy,Ts,7.B,73.8

M

If /1 = 0 or 75 = (), those two hypersequents are derivable using the C rule then the W

Otherwise, by using the W rule, Lemma [46] and the M rule, we have
PHR\{CAN}G | F T, 7L A | Ty, 7B | 7.Iy, 7.y, (7173) A, (P172) B
and
PHR\{CAN}G' | F T2, 7. A | F T, 71.B | 7.y, 7Ty, (7172) A, (P172) B
We can then conclude using the S rule, Lemma 5] and the C rule.

e if the derivation finishes with an application on the LI rule acting on the formula ALl B, we
need to carefully analyse where the A LI B formulas appear. There are three cases:

— the formulas A U B active in the rule, but which are not under consideration in the
lemma, i.e., there are not the instances of ALIB we want to reduce, which are a.(AL B)
below,

— the formulas A LI Q which are both active in the rule, and under consideration in the
lemma, which are b.(A U B) below, and

— the formulas A LI B which are not active in the rule but under consideration in the
lemma, which are ¢.(A U B) below.

Thus, the derivation finishes with

G| +Ty,3@b.A,¢(AUB) | FTy,@b.B,¢(AU B) ,
G|+ Ty,ab(AUB),Z(AUB)
with G = [ Ty, 7.(AU B)|"y, G’ = [+ Ty, 7. A | F Ty, 7.B]", and 77 = b; & and we want

to derive . B
G |FTy,a.(AUB),b;¢A|FT,a.(AUB),b;éB
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Wenote 'y, 0,05 = '1,d.010,b.00, C.x3 for o; € {A, B}. Forinstance, 'a, g g =1'1,d.4,b.B,¢.B.
Notice that b.I'a, as,00> C-Lay 05,05 = 05CL a0y 00,05

The induction hypothesis is
PHR\{CAN}G | FTaaa|FTaap|FTBBA|lFTB BB

Then the derivation is
G'|FTaaalFTeBBlFlaas|FTBBAa
G |FTaaalFTeeB|Flaas|F b; cI'p,B,a
G'|FTaaa| T'paaltTeee|FTlaas]|b g;aFB,B,A

G'|FTannal TpaalFTepp|Flaas|Fblpps|Félpaa

Lemma [46]

Lemma [45])2
G |FTaaal|l I'paaltFTeee|Flaas|FleeE|FIB A4 g )
G |FTaaa|FTpaaltFTeee|FTlaas
/ - Lemma [46]
G |FTaaal|l IT'paalbTgep|Fbclaan
G |FTaaa|FTaalFTase|FlBEB|F b;ET A B
G'|FTaanaltTpaalbTass|FTeeps|Fblaaaltélans ,
; (Lemma [5))
G |FTaaa|FTpaalFTase|FleeB|FTlaaalFTaBE N
G |FTaaal|lFTpaalFTass|FleBE
G’ | FFA,ILLA ‘ FFB,A7A ‘ FFl,d’.(AuB),E;aB
G |FT1,3.(AUB),b;éA | FTy,d.(AUB),b;éB
O

Lemma 51 (Type 2). If [F Ty, 7.(A+B)|?_; has a CAN—free derivation then [ T';,7;. A, 7B,
has a CAN-free derivation.
Proof. Straightforward induction on the derivation of [- I';,7;.(A + B)]"_,. For instance if the
derivation finishes with
G|FT,.(A+B) G|FTs,.(A+ B)
G|FT1,Te,7.(A+ B),7.(A+ B)

with G = [F Ty, 7i.(A + B)]l-5 and G’ = [~ I';, 7. A, 7. B]?"_5, then by induction hypothesis on
the CAN-free derivations of the premises we have that

DHR\{CAN}G/ ‘ - Fl, 7?1.14, FlB
and
>HR\{CAN}G' | F T2, 7. A,7.B

SO
G' | Ty, 7.A,7.B G| FTa,i.A,7%.B

G' [ FTy,Ta,i1.A,7.A,7.B, 7.B

M

O

Lemma 52 (Type 3). If [F T';,7.(ANB)|™%, has a CAN—free derivation then [ T';, 7. A]"_ | and
[F T, 7:.B]7, have a CAN—free derivation.
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Proof. A straightforward induction on the derivation of [- I';,7;.(A M B)|™_,. We will show the
only case requiring the T rule, i.e., the M rule acting on AN B.
As previously, we need to distinguish three types of A1 B formulas:

e the formulas AM B active in the rule, but which are not under consideration in the lemma,
i.e., there are not the instances of A M B we want to reduce, which are d.(A M B) below,

e the formulas AM B which are both active in the rule and under consideration in the lemma,
which are b.(A M B) below, and

e the formulas AM B which are not active in the rule but under consideration in the lemma,
which are ¢.(A M B) below.

Thus the derivation finishes with

G|FTy,@bAGANB) G|FTy,db.B,é(AMNB)

M
= M
G|FT1,a;0.(ANB),c.(ANB)

with G = [+ Ty, 7.(AN B)|™_, and 77 = b; &
We will show how to derive

G |FT1,@.(ANB), b A

where G’ = [+ T';, 75.A],, the other case is similar.
By using the induction hypothesis, we have that

baR\ (oA G | F 11, d@;0.4,8A
>ar\(cany G | F T, @;5.8,¢.A

We will now derive the hypersequent G’ | + I'1, d.B, _‘;é'.A which will allow us to conclude
using the M rule.

G| FT1,ab.B,¢A G| FTy,a@b;cA
- Lemma (6] ———— Lemma [46]
G’ |+ ary,(ab)a.B,ac.A G' | FbIy,b(a@: b o). A \
G' |+ @bTy,(a@;b)d.B, (b;¢)(a;b).A
| 1, (@;0) H( c)(a; b) [

G'|FT4,d.B,b;¢A

2.2.5 M-elimination

In this section, we will show the M elimination theorem. Recall that the M elimination

theorem states
if a hypersequent G is derivable, then it has a M—free derivation.

However, since this result will be used in the proof of the CAN elimination theorem, we have
to ensure that the M elimination theorem does not add any instance of the CAN rule. Thus we
will show the slightly different result

if a hypersequent G is CAN—free derivable, then it has a CAN—free M—free derivation.
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To do so, we will show that for each hypersequent G and sequents I' and A, if there exist
CAN-free and M-free derivations d; of G | F T and ds of G | F A, then there exists also a
CAN-free and M—free derivation of G | - T', A.

Recall that the idea of the proof is to combine d; and ds step-by-step. First we take the deriva-
tion d; and we modify it into a CAN—free and M—free prederivation (i.e., an open derivation)
of

G| G|FT,A

where all the leaves in the prederivation are either terminated (by the INIT axiom) or non—
terminated and of the form:
G|F7A

for some vector 7 of scalars. Then we use the derivation dy to construct a CAN—free and M—free
derivation of each
G|FTA

hence completing the prederivation of
G| G|FT, A

into a full derivation. From this it is possible to obtain the desired CAN-free and M-free
derivation of G | F T', A using several times the C rule:

G| G|FT,A
G|FT,A

In what follows, the first step is formalised as Lemma [53] and the second step as Lemma [54]

Lemma 53. Let d; be a CAN—free and M—free derivation of G | =T and let H be a hypersequent
and A be a sequent. Then there exists a CAN—free M—free prederivation of

G| H|FT,A.
where all non—terminated leaves are of the form H | F 7.A for some vector 7.
Proof. This is an instance of the slightly more general statement of Lemma [56] below where:
o FT,)''=Gand T, =T.
o 7, =0forl<i<nand7, =1.
O

Lemma 54. Let dy be CAN—free and M—free derivation of H | = A. Then, for every vector 7,
there exists a CAN—free and M—free derivation of

H|F7.A
Proof. This is an instance of the slightly more general statement of Lemma [57] below where:
o [- Ai]?:_f =G and A, = A.

e,=1forl1<i<nandr7r, ="
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Before proving Lemmas andb7} we show how to remove one instance of the M rule and
then the M-elimination theorem.

Lemma 55. If G |+ T and H | b A have CAN—free M—free derivations, then so does G | H |
FT,A.

Proof. By using Lemmal[53] we have a prederivation of G | H |+ T', A where all non-terminated
leaves are of the form H | + 7. A for some vector 7.
To conclude, we have to show that every non-terminated leaf is derivable, which can be done

using Lemma, O

Theorem 2.2.3 (M elimination). If G is CAN-free derivable, then G is CAN-free M-free deriv-
able.

Proof. We prove the result by induction on the derivation of G. The only interesting case if the
M rule, i.e., if the derivation finishes with

G|FT G|FA
G|FT,A

then by induction hypothesis, G | - T" and G | F A have a CAN-free M-free derivation.
By using Lemma we have a CAN-free M-free derivation of G | G | - T'; A. The derivation
is then

G| G|FT,A
G|FT,A

Lastly, we prove the technical version of Lemmas [53] and [54]

Lemma 56. Let d; be a CAN—free and M—free derivation of [ T';]?_, and let H be a hypersequent
and A be a sequent. Then for every sequence of vectors r;, there exists a CAN—free M—free
prederivation of

H| [FTy, Al

where all non-terminated leaves are of the form H | 7.A for some vector 7.

Proof. By induction on d;. We will show the case of the INIT axiom and the S rule, the other
cases are similar.

e If the derivation finishes with

= INIT

Let n be a natural number. The prederivation of H | - #.A is simply the leaf
H|Fm.A
e If the derivation finishes with

[FT3i2 | F Teer, T
[FTF2 | F Dy | F Ty

Let n; be a sequence of natural numbers. By induction hypothesis, there exists a CAN—free
M-—free prederivation of

H| [FT4, 7 A2 [ Doy, T, (Pt 7).A
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where all non-terminated leaves are of the form H | A™ for some n. We then continue this
prederivation with

H| [F Fi,ﬁ-A]i‘:f | F %1, Tk, (P13 7%).A
H| FTy A2 | F Ty, @1 A | F Ty, 7 A

O

Lemma 57. If [ A;]!"_, has a CAN-free M—free derivation then for all 7;, there is a CAN-free
M-~free derivation of [ 7. 2],

Proof. By induction on the derivation of [- A;]!_,. We show the only nontrivial case:

e If the derivation finishes with

A | AL A,
FA s [ FALEA

By induction hypothesis there is CAN—free derivation of

[+ f;.Ai]Lg | F (rir2).Aq, (1173).Ag

—

If Y1 = 0 or 73 = (), we have the empty sequent which is derivable. Otherwise,
=7 Adlig | F (7172).Aq, (7172). A
Fr Ao | F(rrs). Ay | F (1773).A
D_ T;.Ai}?:i% ‘ l_ T‘E.Al | [ TE.AQ

Lemma (45

O

Remark 24. The careful readers may notice that the T rule is used in this proof, which contradicts
with our statement in the introduction of Section 2.2.4l where we claim that the T rule would
not be necessary in this section. However, if we carefully inspect the proof of the lemmas, we
notice that if both derivations of G | F T and G | = A are T—free M—free, then all scalars in the
vectors 7; are equal to 1 and thus the resulting derivation of G | F T', A is also T—free M—free.

Thus if the CAN—free invertibility could be proven without the T rule, then the T rule would
indeed not be necessary for the CAN elimination theorem.

2.2.6 CAN-elimination
The CAN rule has the following form:

G|FTI,7A A

Gl T CAN, > 7=>"5

We prove the CAN-elimination theorem by showing that if the hypersequent G | - T, 7.4, 5. A
has a M—free CAN—free derivation then the hypersequent G | F I also has a M—free CAN—free
derivation.

Our proof proceeds by induction on the complexity of the term A. The base case is given by
A = z (or equivalently A = T) for some variable x. The following lemma proves this base case.
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Lemma 58. If there is a M—free CAN—free derivation of G | b I',7.x, 8T, where > 7 = >.§
then there exists a M—free CAN-free derivation of G | FT.

Proof. The statement follows as a special case of Lemmal[60| below, a stronger version of Lemma
that allows for a simpler proof by induction on the structure of the derivation of G | F I, 7.z, §.T,
where:

o Iy =Gand T, =T.

O
For complex terms A, we proceed by using the CAN—free invertibility lemmas of Section [2:2.4]

Lemma 59. If there is a M-free CAN-free derivation of G | - I',7.A,5.A where Y7 = Y5,
then there exists a M—free CAN—free derivation of G | FT.

Proof. We proceed by induction on A.
e If A=z, we are in the base case of Lemma [58|

e If A = 0, we can conclude with the CAN—free invertibility of the 0 rule and the M-
elimination theorem.

e If A = B+ C, since the + rule is CAN-free invertible, G | F T, 7.B,7.C, 5.B,5.C has a
M—free CAN—free derivation. Therefore we can have a M—free CAN—free derivation of the
hypersequent G | - T' by invoking the induction hypothesis twice, since the complexity of
B and C is lower than that of B 4+ C.

e If A = +'B, since the x rule is CAN—free invertible, G | + T, (r'7).B, (r'5).B has a M—
free CAN—free derivation. Therefore we can have a M—free CAN—free derivation of the
hypersequent G | F I by invoking the inductive hypothesis on the simpler term B.

e If A= BULC, since the L rule is CAN—free invertible, G | - T, 7. B, 5.(BNC) |+ T, 7.C, 5.(BIN
C) has a M—free CAN-free derivation. Then, since the M rule is CAN—free invertible,
G|+T,7B,5B | FTI,7.C,5.C has a M—free CAN—free derivation. Therefore we can have
a M—free CAN—{ree derivation of the hypersequent G | F T' | - T' by invoking the induction
hypothesis twice on the simpler terms B and C.

We can then derive the hypersequent G | - T as:

G|FT|FT
G|FT

e If A= BrC, since the U rule is CAN—free invertible, G | - T',7.(BMC),5.B | - T,7.(B T
C), 5.C has a M—free CAN-free derivation. Then, since the 1 rule is CAN-free invertible,
G|+T,7.B,5B | FTI,7.C,5C has a M-free CAN-free derivation. Therefore we can have
a M—free CAN—free derivation of the hypersequent G | T | F ' by invoking the induction
hypothesis twice on the simpler terms B and C.

We can then derive the hypersequent G | T as:
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G|FT|FT
G|FT
O

We can now prove the CAN elimination theorem by a straightforward induction on the
derivation of the hypersequent, the CAN rule being dealt with using Lemma [59| above.

Theorem 2.2.4 (CAN elimination). For all hypersequent G, if >urG then bgg\{can G-

Proof. We proceed by induction on the derivation of G. We only show the case of the CAN rule
and one example for the other rules since the other cases are all similar.

e If the derivation finishes with:

G
GIFT

W

then ber\(can} G and by using the W rule, we obtain a CAN-free derivation of G | I- T".
e If the derivation finishes with

G|FTI,7A A

AN. Y 7=Y7
G|FT CAN,2.7=2.8

then bygr\[canyG | F T, 7.4, 5.A and we can conclude with Lemma

We now prove Lemma [60], the stronger version of Lemma

Lemma 60. If there is a CAN—free and M—free derivation of the hypersequent
=T, 7.2, §.7

then for all rz and sz, with 1 < i <mn, such that > 7 —>. 8 = ZTZ - ZSZ: there is a CAN-free,

M~free derivation of
n

Ay -
[I— Ti,rix,s;.@| )
1=

Proof. By induction on the derivation of [~ T, 7.z, 5;.7];_,. Most cases are trivial, we just
describe the most interesting one.

e If the derivation finishes with:

1

~

.z

= ———=— ID,> (a;b) = > (a’; v
(-1, 7.2, 817,59 | F T, (@5 0;0)., (a5 5 ¢).T 28 =20

;¢ ).

[l_ Fl77:7txas_7t§]lz2 | F F1,5.x,c

with 7 = I;; ¢ and §1 = b_;; ¢. We want to show that

-
/

SHR\{CAN) [I— T, 7.z, s;.ﬂm | 1, (@ 7)., (@;5)).T
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We will now prove that S1¢—5"¢ = S2r1 + S a@— (3. 81 + 3. d) to be able to conclude
with the induction hypothesis.

D=2

(Zﬂ _ZE)—(Zgl_ZE’)
= O mn=-> s+ vV->"0
= O =Y dN+O a->a)
Zﬁ1+za_(zs_;l+za7)

so by induction hypothesis, we have

— —
7 -

DHR\{CAN} [I— Ly, 7.z, s;jL>2 | Ty, (@;r).x, (c;’; $1).T

which is the result we want.

2.2.7 Algebraic property

The algebraic property of the system GA|| (see Section can be adapted to the system
HR. Recall that the algebraic property mostly states that to derive an atomic hypersequent,
one could only use the structural rules (S,M,C,W and ID rules) and thus could only multiply
the sequents by natural numbers before using the ID rule. However, in the system HR, there
is one more structural rule, namely the T rule. Thus the algebraic property now states that we
can only multiply the sequents by real numbers before using the ID rule.

Remark 25. The main difference between Lemma [49] and the algebraic property below is indeed
the presence of the T rule. Lemma[f9)requires the derivation to be T—free and thus the sequents
can only be multiplied by natural numbers and not real numbers.

Theorem 2.2.5. For all atomic hypersequents G, built using the variables and negated variables
T1,T1,...,LTk, Tk, Of the form
FTy| ... | F Ty

where I'; = 75 1.21, ..., T3 k. Tk, 5i,1.21, .., 84,k-Tk, the following are equivalent:
1. G has a derivation.
2. there exist numbers ti,...,t,, € R>q, one for each sequent in G, such that:

e there exists i € [1..m] such that t; # 0, i.e., the numbers are not all 0’s, and

e for every variable and covariable (x;,T;) pair, it holds that

m m

Dot ) =Y ) 5y)

=1 =1

i.e., the scaled (by the numbers ty .. .t,, ) sum of the coefficients in front of the variable
x; is equal to the scaled sum of the coefficients in front of the covariable T;.
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Proof. We prove (1) = (2) by induction on the derivation of G. By using Theorem we can
assume that the derivation of G is CAN—free. We will only deal with the case of T rule since
every other case is similar to the proof of Theorem 2.1.5 If the derivation finishes with

FF1| |F7’Fm
FTy | ... |F T

then by induction hypothesis there are t1, ..., ¢, € R such that :
e there exists ¢ € [1..m] such that ¢; # 0.
e for every variable and covariable (z;,T;) pair, it holds that 2?51 tio ) T jttm. ) TTm,j =
St S E At S B
80 t1,...,tm_1, Tty satisfies the property.

The other way ((2) = (1)) is also very similar to Theorem only using the T rule instead
of the C and S rules. If there exist numbers ¢4, ...,t,, € R, one for each sequent in G, such that:

e there exists ¢ € [1..m] such that ¢; # 0 and

e for every variable and covariable (x;,Z;) pair, it holds that

m m

Dot Ty =Y t(d ] Fg)

i=1 i=1

then we can use the W rule to remove the sequents corresponding to the numbers ¢; = 0, and use
the T rule on the ith sequent to multiply it by ¢;. If we assume that there is a natural number [
such that ¢; = 0 for all 4 > [ and t; # 0 for all ¢ <, then the CAN—free derivation is:

FINIT .

Fit.q, ..t 0 N

L] P D
FT, | ... [F D
FTy | ... T

2.3 Hypersequent calculus MGA

In this section we add the ¢ operator to the system GA|| as well as the constant 1, thus
obtaining the system MGA used to derive positive modal Abelian l-group terms.

We start by adapting the definitions and conventions used for the system GAJ| to the system
MGA.

Definition 2.3.1. A term is a formal expression A where A is modal Abelian 1-group terms in
NNF.

We use the notation A™ for the multiset A, ..., A consisting of n copies of A, and the notation
I'™ for the multiset I, ..., I" consisting of the concatenation of n copies of T".
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Definition 2.3.2. A sequent is a formal expression of the form - T'.
If I' = (), the corresponding empty sequent is simply written as .

Definition 2.3.3. A hypersequent is a non—empty finite multiset of sequents, written as +
Ty|...]F Ty

We use the letter G, H to range over hypersequents.
We now give two notions of "simple" hypersequents, atomic hypersequents already introduced
in Section [2.I] and basic hypersequents.

Definition 2.3.4. A hypersequent is said atomic if it only contains atoms, i.e., formulas of the
form x or 7.

Definition 2.3.5. A hypersequent is said basic if it only contains atoms (formulas of the form
x or T), ¢ formulas (formulas of the form ¢A), 1 formulas and 1 formulas.

The notion of atomic hypersequent is no longer sufficient in the presence of the { operator,
as we will see that is not as easy to reduce the complexity of a ¢ formula as it is for the other
formulas. As a result, some of the inductive proofs will now have the following pattern: reduce
the complexity of all non-{ formulas until we reach basic hypersequents, remove all the atoms
then remove one ¢ application and start over until we reach a hypersequent with only 1 and 1
formulas.

We now describe how sequents and hypersequents can be interpreted by modal Abelian 1-
group terms.

Definition 2.3.6 (Interpretation). We interpret sequents - I" and hypersequents G as the modal
Abelian l-group terms (F I') and (G)), respectively, as follows:

| Syntax Term interpretation (_|
Sequents A, A, (A1) + -+ (An)
Hypersequents | - T|...|F T, FTpu---u(-Ty)

Hence a sequent is interpreted as sum (}_) and a hypersequent is interpreted as a join of
sums (| |>).

Example 19. The interpretation of the hypersequent:
Fa,(ynz) [ H(@Ny)

is the Riesz term:
(z+ ynz)U(@ny)).

The hypersequent calculus MGA is a deductive system for deriving hypersequents whose
interpretation is positive, i.e., the hypersequents G such that Aﬁgroups F 0 < (G). The rules of
MGA consist of the rules of the system GAJ|(see Figure with the additional rules of Figure
2.9 below.

The 1 rule is quite similar to the ID rule but it reflects the axiom 0 < 1 of modal Abelian
l-groups, and thus the side condition expresses an inequality, rather than an equality. The ¢
rule, as we will show in the soundness and completeness theorems below (Theorem and
Theorem , is remarkably capturing in one single rule all three axioms regarding the (0)
modality

Oz —y) =0(x) =0y) 0<0(xu0) 1<0(1)
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Modal rules:
- n
G|FT ~m FI,1

G|+rI,1n 1 7 For, 1m 4

Figure 2.9: Inference rules of MGA.

Remark 26. Note how the ¢ rule imposes strong constraints on the shape of its (single) premise
and conclusion. First, both the conclusion and the premise are required to be hypersequents
consisting of exactly one sequent. Furthermore, in the conclusion, all terms, except those of
the form 1 need to be of the form ¢ A for some term A. These constraints determine the main
difficulties when trying to adapt the proofs of Section [2.1] for the system MGA, but they are
necessary. Indeed, for example, the following two alternative relaxed rules, while more natural
looking, are in fact not sound:

G|k, 17 T, A
AR e Q2
G|+ OoT,1 FT,0A
Indeed, the hypersequent + O(Z M 7),0(z) U O(y) would be derivable (see below) while
Aﬁgmups F O(—2z M —y) + (O(z) UO(y)) > 0 or, equivalently, Afigmups Fo(zUy) < O(z)UO(y)
(see Example [10)).
£ INIT
Foy F INIT
F N Fz.g.ay Foy P W
Fz,z FgalkTy Fy7x“7y7yﬂ
Fz,z|FZNy,y I—y,xﬂ—fl_ly,ym

Fzng,z|FZN7,y

FEnge | FOEny). oW

FoENy). 0@ | FoENg). 0w
Fo@NY), o) Uo(y)
FINIT
Fy,y
FZ,5,2,y FINIIS
FINIIS FZ,9,2,0() 22 Ty
FT,x o Fz,7,0(x),0(y) S Fg,0()
F7.0() F5.0@) [F7,0() ° F5.0() [F5.00)
F7,0(2) | FZNy,0y) F7.0@) [FTN7.06)

Fzny, O0(x) | FTNy,0y)
@) 0(x) U0
FO@Ng), 0(z) Uo(y)

Moreover, if we replace the ¢ rule with the rule:

il

For 03

the system is not complete as the axiom {1 < 1 is no longer derivable.
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The notion of complexity of a hypersequent introduced for the system GA|| needs to be
adapted to the particularities of the { operator and the constant 1. The complexity of a hyper-
sequent is used to ensure that we can only apply a finite number of logical rules before reaching
an atomic hypersequent. To do so, we show that applying a logical rule acting on a maximal
sequent in the hypersequent decreases the complexity of the hypersequent.

However, if the ¢ operator is included in the computation of the complexity of the sequents,
it may not be possible to use a logical rule on a maximal sequent even if the hypersequent is not
atomic nor basic. Take for instance the hypersequent

Flzny|F 1.0z,1.0y

The hypersequent is not atomic nor basic, but no logical rule can be applied on the maximal
sequent - 1.0z, 1.0y, and using the M rule will not decrease the complexity of the hypersequent.

Therefore, the { operator and the constant 1 must be kept out of the computation of the
complexity of a term, as shown in Definition to ensure that the process of applying logical
rules until we reach a basic hypersequent always terminates. Finally, to make the application
of a { rule also decrease the complexity of the hypersequent, the modal depth is added to the
complexity.

Definition 2.3.7 (Modal depth of a hypersequent). We define the modal depth of a sequent,
noted d°(F T'), has the maximal modal depth of a term in T, i.e., if I' = A;,..., 4,, d°(F T) =

max d®(A;).
i€[l..n]
The modal depth of a hypersequent G, noted d°(G), is then the maximal modal depth of the
sequent in G, ie., if G =FT]| ..| T, then d°(G) = rr[llax} do(FT;).
i€[l..n

Definition 2.3.8 (Complexity). We define the complexity of a sequent - T', noted ¢(+ T'), as
the sum of the operators which are not under a { operator or the constant 1 used in the terms
of T' (see Definition , fe, if = Ay, .., Ap, c(FT) =37 O (4).

The complexity of a hypersequent G, noted ¢(G), is then defined as the triplet ¢(G) = (a, b, ¢)
where

e g is the modal depth of the hypersequent G, and

e b is the maximum complexity of a sequent in G, ie., if G =F Ty | .. |F Ty, then
b= n[lax] c(FT;), and
1€[l..n

e ¢ is the number of sequents in G having a complexity of b, i.e., c = #{FT; | ¢(-T;) = b}.
We say that a sequent - T" of G is maximal if ¢(-T") = b.

Remark 27. As in Remark[T4] the premises of one of the +, x, L, M and 0 logical rules acting on
a maximal sequent have a strictly lower complexity than the conclusion of the logical rule with
regard to the lexicographic order.

The ¢ rule has a very peculiar place in the system MGA.: informally, a MGA derivation
can be seen as a sequence of GA|| derivations separated by a ¢ rule as illustrated in the Figure
2.10 below.

Some results on the system MGA can then be proven by induction on the number of ¢ rules
appearing in a branch of the derivations, which we call the modal depth of the derivation: the
basic case is very similar to a GA|| derivation — we just add the 1 rule and the proofs for the
system GA|| can be easily adapted to deal with this additional rule.
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Figure 2.10: A MGA derivation can be seen as a sequence of GA|| derivations.

Definition 2.3.9 (Modal depth of a derivation). The modal depth of a derivation is the maximal
number of ¢ rules used in a branch of the derivation.

Remark 28. Note that the modal depth of a derivation is not necessarily the same as the modal
depth of the end hypersequent. Indeed, the derivation could introduce terms with {) operators
by using the CAN rule, and thus can make the modal depth of the derivation greater than the
modal depth of the end hypersequent.

2.3.1 Preliminary lemmas

As in Section 2.1} we start by proving a few technical lemmas that are used in this section.
Our first lemma states that the following variant of the ID rule (see Figure [2.1]) where general
terms A are considered rather than just variables, is admissible in the proof system MGA.

G|FT
G|+TI,Am A"

Formally, we prove the admissibility of a slightly more general rule which can act on several
sequents of the hypersequent at the same time.

Lemma 61. For all terms A
if bpmealt Do)k, then sargalr Ty, A" A E
Proof. We prove the result by double induction on A and the derivation of byvga [ Tilk ;.
e If A is a variable, we simply use the ID rule m-times.
e If A =0, we use the 0 rule k-times.

e If A= B+ C, we use the + rule 2k-times (for A+ B and A + B) and conclude with the
induction hypothesis.

e For the case A = BMC or A = BUC, we first use the M rule 2™ — 1 times — one time
on the conclusion, then again on the two premises, then on the four premises and so forth
until we used the M-rule for all sequents — and then the LI rule n times on each premise and
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the W rule n times on each premise to remove the sequents with both B and C' in them.
We can then conclude with the induction hypothesis.

(- Ti]i
[F Fiv B ’ Bn7]§:0 | [F Fi? Cnlv Cn?]zﬂ:chrl

“_ F'thZvE IW:O | [}_ Fiani’C %H?:O ‘ [}_ Fivcni’g 7}?:1‘74—1 ‘ [}_ Fivcnivém}?:k-ﬂ
[FTy, B, (BuC)™ ]k, | [-T:,C™,(BU YU psn

IH?

W’n
L

[-Ti, (BN C)™, (BUC)™],

Note that the premises obtained after applying the M-rule can have a different shape than
the displayed premise in the derivation above, where B is chosen for the first k£ sequents and
C for the remaining ones. Indeed, the general shape of the premise can be any combination
of B and C appearing in the sequents.

e For the case A = OB, we can not use the ¢ rule because of the constraints on the hyper-
sequent in the rule. Instead we will now work on the derivation of by alt Fi]le until we
reach a ¢ rule to conclude. We will only show the case of the ¢ rule and one other rule,
the remaining of the rules are similar.

— if the derivation of bypgal[- T'i]%_, finishes with

[FTE 5 | F Ty, Ty
[FTik o [ FTy |-y

then by induction hypothesis on the premise
omaalt Ti, 0B™, 0By | Ty, Ty, 0B™ ¥ OB ™
and thus

ni+ng

[-Ty,0B™, 0B % 5 | FT1,T2,0B™ %" OB S
[F Ty, 0B™, 0B k4 | F Ty, 0B™, 0B " |+ Ty,0B", 0B

— if the derivation of bapga[F I‘i]le finishes with

FIy,17

For 1 ©

then by induction hypothesis on B

—ni

bmea F 1, B™, B, 1"

thus
—

FTy,B™, B, 1" o
- Oy, OB™, B, 1"
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We can see in this lemma that it is difficult to reduce the complexity of a ¢ formula. For
any other operations, we simply can use the corresponding logical rule (or the invertibility of the
corresponding logical rule) but because of the constraints on the ¢ rule, we can not do the same
to reduce the ¢ formula and thus we need to work by induction on the derivation. As often when
proving a result by induction on the derivation, we prove a more general result.

The next result states that derivability in the MG A system is preserved by substitution of
terms for variables.

Lemma 62. For all hypersequents G and terms A, if >prgaG then bpraaGlA/x].

Proof. We prove the result by induction on the derivation of G. Most cases are quite straightfor-
ward, we simply use the induction hypothesis on the premises and then use the same rule. For
instance, if the derivation finishes with

G|FrBhen
G|FL,(B+C)"

by induction hypothesis bmga G[A/x] | F T'[A/z], B[A/x]™, C[A/z]"™ so

G[A/a] | FT[A/a], B[A/2]", C[A/a]"
G[A/x] | F T[A/x], (B + C)[A/]"

The only tricky case is when the ID rule is used on the variable z, where we conclude using
Lemma O

The next lemma states that the {0, +, U, M}-logical rules are invertible using the CAN rule,
meaning that if the conclusion is derivable, then the premises are also derivable. Unlike a stronger
result we will prove later in Section 2:3.4] where we prove the CAN—free version of this lemma,
the derivations of the premises may contain CAN rules and thus this result is not sufficient to
imply the CAN elimination theorem.

Lemma 63. The {0,+,U, M} logical rules are invertible.

Proof. We simply use the CAN rule to introduce the operators. We will show the two most
interesting cases, the other cases are trivial.

e The M rule: we assume that G | F T, (A1 B)™ is derivable. The derivation of G | + T, A™

is then:

= INIT
———— Lemma [6]]

FA™ A
FA" A" |- A" B
A" (AU B)"
G|FT,(AnB)® G|k A" (AUB)"®
G|FT,A" (AnB)", (AuB)"
G|FT, A"
The derivation of G | - T, B" is similar.

n

'W*
M
CAN
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e The U rule: we assume that G | - T, (AU B)" is derivable. The derivation of G | - T', A™ |
T, B™ is then:

= INIT
———— Lemma [61]
- A" A - Il
G|+T,(AUB)" G|+FA" A" |-T,B" G\FATE”H%LB"H
G|FT,(AUB)" |FT,B" G|F A", (ANB)" |-T,B"
G|FT,A" (AUB)",(ANB)" |+T,B"
CAN
G|FT,A" |-T,B"
where II is the following derivation:
£ INIT
S PN e
n A",F",B",Zn emma n Bn’Eﬂ emma
kA" B" |+ B, A" A" B" |+ B"B"
G|FT,(AuB)" - A" B" |+ B", (AN B)"
G|+A"B"|FT,(AUB)" G|+ A" B" |+ B, (ANB)"

e —— M
G|+ A" B" |+T,B",(AUB)",(ANB)"
CAN

G|+A"B"|+T,B"

O

Remark 29. Note that the ¢ rule is also invertible, but because of the constraints of the ¢ rule,
we can not use it to reduce the complexity of a ¢ formula. Thus we do not use its invertibility
to prove the CAN elimination theorem.

The next lemmas state that CAN—free derivability in the MGA system is preserved by scalar
multiplication.

Lemma 64. Let n > 0 be a natural number and G a hypersequent. If >prga\goamG | =TT
then DMGA\{CAN}G ‘ FT.

Proof. We simply use the C and S rules :

G-I

Sn—l

GIFT[ .|[FD >
G|FT

O

Lemma 65. Let n > 0 be a natural number and G a hypersequent. If bprga\ycanyG | =T then
DMGA\{CAN}G | F T

Proof. We simply use the M rule n — 1 times. O
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2.3.2 Soundness

We need to prove that if there exists a MGA derivation of a hypersequent G then (G) > 0 is
derivable in equational logic (written A groups [ (G) = 0). This is done in a straightforward way
by showing that each deduction rule of the system MGA is sound. Notice that the soundness
of the rules already present in MIGA is proved in the exact same way so we will only show the

soundness of the new rules.

Theorem 2.3.1 (Soundness of MGA). For all hypersequent G, if >bprgaG then Aﬁgroups =
(G) > 0.

Proof. By induction on the derivation of G. We only show the { and 1 rules since the other are
similar to Theorem 2111

e For the rule
FT,17

For. ¢

the hypothesis is (F T', 1) > 0 so

(-or,1") > (- OT, 01" since 01 <1
= O((FT,1")) by linearity of ¢
> 0 by the hypothesis and the monotonicity of ¢.

e For the rule

G|FT
———m LN >m
G|FI,1m 1
the hypothesis is (G | F T') > 0 so
(G|FT,1"1T") > (G|FT)sincen>mand0<1
> 0
O
2.3.3 Completeness
In order to prove the completeness of the system MGA, i.e. that if .AS groups F (G) > 0 then

>yvaA G, we first prove an equivalent result (Lemma below) stating that if Afz groups FA=2EB

then the hypersequents - A, B and - B, A are both derivable.
From Lemma [66] one indeed obtains Theorem [2:3.2] as a corollary.

Theorem 2.3.2 (Completeness of MGA). For all hypersequent G, if Aﬁgmups F (G) > 0 then
>vcaG.

roof. Recall that Ay > 0 is a shorthand for Ay = M0. Hence, from
Proof. Recall that AP+ (G) >0 is a shorthand for A 0= (G)M0. H f

the hypothesis Aﬁgroups F (G) > 0 we can deduce, by using Lemma that bpaa F 01 (G), 0.
From this we can show that >ypga G by invoking Lemma Indeed, if GisFT1 | ... |F T,
then (G) = (FTy)U...u (- T,) and

1. by using the invertibility of the 0 rule, - (0N ((F T1) U... U (F T',))) is derivable,
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2. by using the invertibility of the M rule, F ((- I'y) U ... U (F T',)) is derivable,

3. by using the invertibility of the U rule n — 1 times, F (- T'y) | ... | F (- T's) is derivable,
4. and finally, by using the invertibility of the + rule, =T’y | ... | F T, is derivable.
O
Lemma 66. If Aﬁgroups FA=Bthent A, B and - B, A are derivable.

.1.2)) of Aﬁgmups F A = B. Most cases are the same as in Lemma we will only show some

e interesting axioms.

Proof. We prove this result by induction on the derivation in equational logic (see Definition
#
ol t

e If the derivation finishes with

ax
AP oups 01111 =01
then
CINIT = INIT
RIS RS i
FOLOT T R 1,01 ¢
Fo1m1, 01
and
- INIT
F11
F oL, 01
FoO1,T |+ 01,01
Fo1,1u01

e If the derivation finishes with
X

a.
AP FOMoOUz) =0

l-groups

then
— INIT

'_
_ro!?
S L
LO FOUx 0
FO Fo(OUx)
FomoOua)

FomoOuz),0

W

N

and _
+
kO
FolFo@onz "~
EIYCIRES
FO0,0U0(0MNT)

INIT
0
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2.3.4 CAN-free invertibility

In this section, we prove that the {0, +, U, M}-logical rules are CAN-free invertible, i.e., that
if the conclusion of a logical rule has a CAN-free derivation, then so do the premises. As for the
system GA||, it allows us to reduce the complexity of the formulas in an hypersequent in the
proof of the CAN elimination theorem, and thus it is important that we do not add any CAN
rule in the proofs of invertibility. For this reason, the CAN—free invertibility result is stronger
than Lemma [63] of Section 2.3.11

Like in the previous Section [2.1.4] we will prove the CAN-free invertibility of more general
rules as those rules are more convenient for the induction process.

Logical rules:
“_ Fi}?:l “_ FivAmani}?:l
[FT3,0mL, — [FTa (A+ B,

+

(-, A% | F Ty, BY) [P Ty AW [Ty, B
[-Ti, (AU B)™ ], [- T, (AN B)™]i,

Figure 2.11: Generalised logical rules

The proof steps dealing with the rules already present in GA|| are the same as in Sectionm
In what follows we just show the details of the proof steps associated with the new cases associated
with the O—rule and 1-rule of MGA..

We conceptually divide the logical rules in three categories:

Type 1 The rule with only one premise but that adds one sequent to the hypersequent: the L
rule.

Type 2 The rules with only one premise and that do not change the number of sequents: the
0, + rules.

Type 3 The rule with two premises: the M rule.

Because of the similarities of the rules in each of these categories, we just prove the CAN—free
invertibility of one rule in each category by means of a sequence of lemmas.

Lemma 67 (Type 1). If [~ Ty, (AU B)"]% | has a CAN-free derivation then [~ T;, A™
Li, B"% | has a CAN—free derivation.

',

Proof. By induction on the derivation of [ I';, (AL B)"]¥_,. We only show the cases of the ¢
rule and the 1 rule.

o If the derivation finishes with
Ty, 17

oI, 17
then k = 1 and ny = 0. Thus we want to derive - OI';, 1" | F OT'1, 1™. The derivation is

O

F Ty, 1n
For, 1 ©
F Oy, 1™ | F Oy, 17

C
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o If the derivation finishes with

[F Ty, (AU Bk, | Ty, (AU B)™
[FTi, (AUB)™]k, | - Ty, (AU B)™, 17 1™

,m>m

then by induction hypothesis

>maal- Ty, A% | =Ty, B, | Ty, A™ | F Ty, B™

and thus the derivation is
[FT;,A™ |+ Fi,B”i]f:Q | FTy, A™ | Ty, B™
[FT;, A™ | F I‘i,B”’?]f:Q | Ty, A™ 1™ 1™ | =Ty, B™
[FT;, A™ | F Fi,B"i]f=2 | F Ty, A™ 1™ 1™ | E Ty, B™ 17 1™

>m

y 2

1,n>m

O

Lemma 68 (Type 2). If [F T, (A+ B)™%_, has a CAN-free derivation then [~ T;, A% B™k_|
has a CAN-free derivation.

Proof. By induction on the derivation of [ I';, (A + B)™]%_,. We only show the cases of the ¢
rule and the 1 rule.

e If the derivation finishes with
Iy, 1m

F oIy, 1"
then k =1 and ny = 0. Thus F OI'y, 1", A", B™ = F QI'1, 1™ which is derivable.

O

e If the derivation finishes with
- T3, (A+ B)™]i_y | F Ty, (A+ B)™
FT;, (A+ B)”i];?:Q | FTy, (A+ B)™ 1™ 1™

1L,n>m

then by induction hypothesis
pmaal i, A% Bk, | Ty, A™, B™
and thus the derivation is

[F Ty, A™, Bri)k_, | Ty, A™, B™
[F Ty, A™, Bri]E_, | Ty, A™, B™ 17, 1™

1,n>m

O

Lemma 69 (Type 3). If - I';, (AN B)™]"_, has a CAN—free derivation then [+ T';, A" and
[F Ty, B"]™ , have a CAN—free derivation.

Proof. By induction on the derivation of [ T';, (A1 B)"]%_,. We only show the cases of the ¢
rule and the 1 rule, and that [~ I';, A"]%_, is derivable.

e If the derivation finishes with
FTq,1m

F Oy, 17
then £k =1 and n;y = 0. Thus - ¢I'y, 1™, A™ = + OI'1, 1™ which is derivable.
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o If the derivation finishes with
[Ty, (AN B)”i]f:2 | Ty, (AN B)™

,m>m
FT;, (AN Bk, | F Ty, (AnB)™, 17 1™
then by induction hypothesis
pmaal Ty, AME, | Ty, A™
and thus the derivation is
Fy, Am)k | F Ty, A™
[ ) ]1_2 | 1y L,n>m

[F T, Ak, | F Dy, A 1 1™

2.3.5 M-elimination

In this section, we will show the M elimination theorem. Recall that the M elimination
theorem states

if a hypersequent G is derivable, then it has a M—free derivation.

However, since this result will be used in the proof of the CAN elimination theorem, we have
to ensure that the M elimination theorem does not add any instance of the CAN rule. Thus we
will show the slightly different result

if a hypersequent G is CAN—free derivable, then it has a CAN—free M—free derivation.

Following the same pattern of Section we need to show that for each hypersequent G
and sequents I and A, if there exist CAN—{ree and M—free derivations d; of G | + I" and ds of
G | F A, then there also exists a CAN—free and M—free derivation of G | - T, A.

The general idea presented in Section is to combine the derivations d; and ds in a
sequential way, first constructing a prederivation dj of G| G |+ T', A (using d;) whose leaves are
either axioms or hypersequents of the form G | F A”, and then by completing this prederivation
into a derivation (using dg). Finally, G | G | F I, A can be easily turned into a derivation of
G | FT,A as desired.

However, this technique cannot be directly applied in the context of the system MGA due to
the constraints imposed on the shape of the hypersequent by the ¢ rule. Indeed an application
of the ¢ rule in d; acting on some hypersequent of the form

For,1m
cannot turned into an application of the { rule on
G| FA™ O, 1™

because this hypersequent cannot be the conclusion of a ¢ rule as it does not satisfy the con-
straints. To deal with the ¢ rule, we will expand the construction of Section 2.1.5] by induction
on the modal depth of the derivation d;.

Indeed, when constructing the prederivation dj inductively from d;, we stop at the appli-
cations of the ¢Q-rule. Hence, the inductive procedure takes the derivation d; and produces a
CAN-free and M—free prederivation dj of

G| G|FT,A

where all the leaves in the prederivation are either:
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1. terminated, or
2. non—terminated and having the shape
G|FA"

which can then be completed using the derivation dy in the exact same way explained in
Section [2.1.5] or

3. non—terminated and having the shape:
G| o, A" 1™

for some sequent I and natural numbers n and m. For each of these leaves there is a
corresponding derivation of

T 1™ (2.2)

To obtain derivations of the leaves of d} of the third type, and thus complete the derivation, we
proceed as follows. First, we use the derivation ds to construct a CAN—free and M—free derivation
d2,n

G| A"
for each natural number n in the leaves. We then modify each derivation ds , into a prederivation
dy of

G|FOT, A" 1™
using the exact same inductive procedure (which stops when reaching applications of ¢ terms)
introduced above for producing d} from d;. Note that in this case, the leaves of the third kind
in df are of the form:
F (0T, 1), oA, 1™

and have associated derivations of )

AL 1™ (2.3)
Therefore, we can legitimately apply the ¢ rule (Lemma below ensures that the proviso of
the rule is respected) and reduce these leaves to leaves of the form

F(, 1y A T

which, importantly, have a lower modal depth compared to the conclusion G | F T of the
derivation d; we started with above.

In order the produce a derivation for the leaves - (I”, lm)"/, A, lml, and thus conclude the
completion of d} into a full derivation, it is sufficient to re—apply the whole process using the
derivations of Equation 2:2] and Equation [2:3] above. This process is well founded and eventually
terminates because the modal depth is decreasing. We summarise the different steps in the

Figure 2.12] below.
For instance, removing the M rule in the following derivation
T INIT T INIT
— ID — ID
Fz,T Fy,y o

F Oz, O S F 0y, 0y

Fox | FOT Foy | F Oy

FOoxUOT F oy U Oy
F Oz U 0T, Oy U Oy
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Ty F AL
Fory © Foa; ©
dl d2
Gi|FT Gy - A
FApL T
Gz ‘F Orl,Am - OA?I,OF?;
dy dy
G |Gy |FT,A Gy | Ty, Am

Figure 2.12: Sequentially composing d; and dy in the M elimination proof.

gives the following M free derivation

— INIT

- . .
— ID| d; is over, we finish ds
-y 7

- (02)?, (07)?, (0y)?, (09)
F Oz, 0T, (Oy)? | - Oz, 0T, (0F)?
F Oz, 0z, (Oy U 07)?
F Oz, Oy U Oy | = 07, Oy U Q7
FOox U Oz, Oy U Oy

ID| we start again with dy

Q| da reached a ¢ rule so the ¢ rule is now valid

S

U| we reached a ¢ rule so we switch to ds

U| start with d;

We now proceed with the technical statements.

Lemma 70. Let dy be a CAN—free and M—free derivation of G |+ T and let H be a hypersequent
and A be a sequent. Then there exists a prederivation of

G| H|FT,A.

where all non—terminated leaves are either of the form H | = A™ or of the form H | F 0T, A™ 1™
for some sequent T and natural numbers n and m such that b T',1™ has a derivation d| with a
strictly lower modal depth than d;.

Proof. This is an instance of the slightly more general statement of Lemma [73] below where:
o [FTyF ! =Gand Ty =T.
en;=0forl<i<kandng=1. O

Remark 30. Following Remark if the derivation of G | - I" does not use any ¢ rule then all
unfinished leaves are of the form H | F A™.
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Lemma 71. Let dy be CAN—free and M—free derivation of H | b A. Then, for any natural

number n,

there exists a CAN—free and M—free derivation of

H|FA"

with a modal depth lower or equal to ds.

Proof. This is an instance of the slightly more general statement of Lemma [74] below where:

o [F AT = H and Ay, = A.

en;=1forl <i<nandng=n. O

We now show how to remove one instance of the M rule and then the M-elimination theorem.

Lemma 72. If G | FT and H | b A have CAN-free M—free derivations, then so does G | H |

FT,A.

Proof. We show the lemma by induction on the modal depth of the derivation d of G | F T.

If the modal depth of d is 0, then we proceed as in Theorem [2.1.3] i.e., we use Lemma [70] to
have a prederivation of G| H |+ A,T where all leaves are of the form H | F A", and we finish
the prederivation by using Lemma

Otherwise d uses some ¢ rule. We do the following:

e we use Lemma [70| to have a prederivation of G | H | F I'; A where all non—terminated
leaves are either of the form H | = A” or of the form H | - I, A™ 1™ for some sequent I
and natural numbers n and m such that - I, 1™ has a derivation d} with a strictly lower
modal depth than d;.

e We show that all leaves of the form H | - A™ are derivable using Lemma 71}

e We conclude by showing that all leaves of the form H | - QT A™ 1™ are derivable. Let’s
show how to derive them.

We show that H | - A™ are derivable using Lemma

Then we build a prederivation of H | F OI'V, A™ 1™ using Lemma [70| where all non-
terminated leaves are either of the form F (OI”,1”)" or of the form I (OT, 1) OA’, 1™
such that = A/, 1™ has a CAN-free M-free derivation.

The leaves of the form F (OT", 1m)"l can be terminated using the ¢ rule and Lemma

For the leaves of the form F (OT”, 17”)”/7 OA’, 1™, we will show that b (17, 1’”)”/7 A1
has a CAN-free M-free derivation and we can conclude using the { rule. Recall that
FI7,1™ has a CAN-free M-free derivation with strictly lower modal depth than d;.
We use Lemma [71| to have a derivation of - (TV, 1’”)”' with strictly lower depth than
d.

We can then use the induction hypothesis since the derivation of F (I, 1™)" has a
strictly lower depth than d;, thus building a derivation of - (IV,1™)™ JA’,1™) to
conclude the proof.

O

Theorem 2.3.3 (M elimination). If G is CAN-free derivable, then G is CAN-free M-free deriv-

able.
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Proof. We prove the result by induction on G. The only interesting case if the M rule, i.e., if the
derivation finishes with

GIFT G|FA
G|FT,A
then by induction hypothesis G | F T and G | - A have CAN-free M-free derivation.

By using Lemma we have a CAN-free M-free derivation of G | G |+ T, A. The derivation
is then

G| G|FT,A
G|FT,A

We now prove the technical version of Lemmas [70] and

Lemma 73. Let d, be a CAN—free and M—free derivation of [ T';]%_, and let H be a hypersequent
and A be a sequent. Then for every sequence of natural numbers n;, there exists a prederivation
of

H| [FT, A™]E,
where all non—terminated leaves are either of the form H | = A™ or of the form H |+ QI A™ 1™
for some sequent T and natural numbers n and m such that b TV, 1™ has a derivation d} with a
strictly lower modal depth than d.

Proof. We prove the result by induction on d;. We will only show the ¢ and the 1 rules, since
all other cases are done in the same way as in Lemma [37]

e if d; finishes with:
[FDis [Ty
[F Tk, | F Iy, 17, T
then by induction hypothesis, there is a prederivation of G' | [~ T;, A%k, | - 'y, A™
where all non-terminated leaves are either of the form H | F A™ or of the form H | -

OIV, A™ 1™ for some sequent IV and natural numbers n and m such that - IV, 1™ has a
derivation d} with a strictly lower modal depth than d;. We continue the prederivation

1,n'" >m

with G| [FTiA FT, A
. nin ni
| [ s ]7,:2 | 1) , . Ln/ > m’
G| [F Ty, A™)E, | F Ty, A 1 T
e If d; finishes with:

SIS

O, 1™
then the prederivation is simply the leaf H | - Oy, A™, 1™, O

Remark 31. Notice that if the derivation [ I';]*_; does not use any ¢ rule, then all leaves of the
prederivation of H | [F T';, A™]¥_, are of the form H | A™.

Lemma 74. If dy is a CAN—free M—free derivation of [ Ai]?zl then for all n;, there is a
CAN-free M—free derivation of [+ A;“]le with a modal depth lower or equal than ds.

Proof. We will only show the ¢ and 1 rules, the other cases being similar to Lemma [3§ — and so
do not introduce any new ¢ rule.



CHAPTER 2. HYPERSEQUENT CALCULI 98

e if dy finishes with:
[F A, |- A

Ak, | AL T

then by induction hypothesis, there is a CAN—free M—free derivation of [ Ak, | - A}
with a modal depth lower or equal than dy. We continue the derivation with

1,n>m

[ AP, | - AT
AP, | - A 1 T

1,nin > nim

which does not increase the modal depth of the derivation.

e If dy finishes with:
A1

FoaLT O

by induction hypothesis, there is a derivation of = A", 1" with a modal depth strictly
less than ds. We continue the derivation with

- AT, 1

which gives a derivation with a modal depth less or equal than ds. [

2.3.6 CAN-elimination
Recall that the CAN rule has the following form:

G|FT, A" A"
G|FT

As in Section we prove Theorem by showing that if the hypersequent G | +
I, A", A" has a M—free CAN—free derivation, then so does the hypersequent G | - T.

The CAN elimination theorem follows the same pattern as in the system GAl|: we reduce the
complexity of the formula introduced by the CAN rule until we reach an atom (or a 1 formula).
However, because of the constraint of { rule, we can not invoke its invertibility to reduce the
complexity of the a ¢ formula since the hypersequent G | - T', 7.0 A, 5.0 A is, in general, not the
conclusion of an application of the ¢ rule.

To circumvent this issue, we prove the slightly more general Lemma [77] by double induction
on both the term A and the derivation of G | - T, A" A"

We first prove the two basic cases where A = x (or equivalently A = Z) in Lemma [75 and
A =1 (or equivalently A = 1) in Lemma and the general case in Lemma

CAN

Lemma 75. If there is a M—free CAN—free derivation of G | £ T',2™,T" then there exists a
M-~free CAN-free derivation of G | FT.

Proof. The statement follows as a special case of Lemmal[78 below, a stronger version of Lemmal[75]
that allows for a simpler proof by induction on the structure of the derivation of G | F T', 2™, ",
where:

o [FTy)f ' =Gand T, =T.

en;=m;=n,=m;=0forl<i<Ek.
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e np =my =n and nj, =mj =0. O

Lemma 76. If there is a M-free CAN—free derivation of G | - T, 1", 1" then there exists a M—free
CAN—free derivation of G | F T.

Proof. The statement follows as a special case of Lemmal[79 below, a stronger version of Lemma[76]
=

that allows for a simpler proof by induction on the structure of the derivation of G | FT', 1", 1",
where:

o [FTF ' =Gand T =T.

en;,=m;=n,=m,=0forl1 <i<k.

e ni =my =nand nj =mj, =0. O
We are now ready to prove the general case.

Lemma 77. For all terms A and numbers k > 0 and for all sequents T'; and natural numbers
ni,

if [ Ty, A% A% has a M—free CAN—free derivation, then so does [~ T;]k_;.

Proof. For the basic cases A =2, A =72, A =1 and A = 1, we use Lemmas and For
complex terms A which are not ¢ terms, we proceed by invoking the CAN—free invertibility of
the logical rules proven in Section [2.3.4] as follows:

e If A =0, we can conclude with the CAN—free invertibility of the rule 0.

e If A = B+C, since the + rule is CAN—free invertible, [I— r;,B™, C’”i,gm,ém} has a CAN—
free, M—free derivation. Therefore we can have a CAN—free derivation of the hypersequent
[~ T;]%_, by invoking the induction hypothesis twice, since the complexity of B and C is
lower than that of B + C.

e If A= BUC, since the LI rule is CAN—free invertible,
[FT;,B™, (BNC)™] | [FT;,C",(BNC)™]
has a CAN—free, M—free derivation. Then since the M is CAN—free invertible,
-1, B B | [Fracm ]

has a CAN—free, M—free derivation. Therefore we can obtain a CAN—free derivation of the
hypersequent [~ T';]¥_, by invoking the induction hypothesis twice on the simpler terms B
and C.

e If A= BNC, we proceed in a similar way as for the case A = BLIC.
e Finally, if A = {B, we distinguish two cases:

1. the derivation ends with an application of the ¢ rule which simplifies A = OB to B.
In this case we can simply conclude by invoking the induction hypothesis on B and
the ¢ rule.
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2. The derivation ends with some other rule (recall that no CAN rules and no M rules
appear in the derivation). In this case we decrease the complexity of the derivation,
keeping ¢ B as the CAN term, and then invoke the induction hypothesis on the deriva-
tion having reduced complexity. This proof step is rather long to prove, as it requires
analysing all possible cases. We just illustrate the two cases when the derivation ends
with a logical rule (+) and a structural rule (C) to illustrate the general method.

— if the derivation finishes with
[-T;,0B™,0B" %, | FT1,0B™,0B"",C", D" T
[-T3,0B™,0B "]k, | FI1,0B™,0B"",(C + D)"

by induction hypothesis, there is a CAN—free M—free derivation of
[ Dilis, [ =Ty, C7, D"
We continue the derivation with

[F Fi]?:z | FIy,C™ D™
[F Ty | F T4, (C+ D)"

— if the derivation finishes with
[T OB™ 08" iy | F T3, 0B™ 0B™ |1 T3, 08" 08"
[-Ty,0B™,0B""]%, | FT1,0B™ 0B

by induction hypothesis, there is a CAN—free M—free derivation of
FTF, [ FTy | FTy

We continue the derivation with

FTyk, | FTy | F Ty
FTE, |F Ty O

Remark 32. Note it is important for the derivation to be M-free in the proof of Lemma[77 above.
Indeed, when dealing with the case A = {0 B, the M rule would be critically difficult to deal with,
as this rule breaks the symmetry between the ¢ B and ¢B of the CAN rule. For instance, we do
not know how to deal with the following instance of the M rule:

G‘FFl,OB,OB,OE G||_F27<>§
G ‘ I_1_‘131_‘23<>-B7<>-Bu<>§70§7
G|FT1,Ty

CAN

since we cannot use the induction hypothesis on the two premises. Thus, even though the M
elimination theorem is not used to prove the CAN elimination theorem in the system without
the ¢ operator like the system GA||, it becomes crucial in its presence.

We now have all necessary tools to prove the CAN elimination theorem.
Theorem 2.3.4 (CAN elimination). For all hypersequents G, if >pgaG then bayga\{canyG-

Proof. We want to prove that if G has a derivation, then G has a CAN—free derivation. We prove
this result by induction on the derivation of G:
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e If the derivation finishes with an application of a rule that is not the CAN-rule, then by
induction, the premises have CAN—free derivations and we can conclude by using the exact
same rule to obtain a CAN—free derivation of G.

e If the derivation finishes with 7n
G|FT,A™ A
G|FT
then by induction G | [, A", A" has a CAN-free derivation. By invoking the M-

elimination Theorem G | F I,A", A" has a CAN-free M-free derivation and we
can conclude by using Lemma [77} O

CAN

Finally, we prove Lemmal[78land Lemmal[79] the stronger versions of Lemmal[75|and Lemmal[70]}
Lemma 78. If there is a CAN-free and M—-free derivation of the hypersequent

[l_ I, xni’fmi]le

then for all nf,m} such that n; —m; = n; —m/} for all i € [1..k], there is a CAN-free, M-free
deriwation of
[I— T, 2, 7
i=1
Proof. The proof is done by induction on the derivation and is similar to the proof of Lemma
O

Lemma 79. If there is a CAN—free and M—free derivation of the hypersequent

[T 1 T
then for all ni,m} such that n, —m; < ni —m/! for all i € [1..k], there is a CAN—free, M—free
deriwation of

1k

[F a1 T

i=1

Most cases are trivial, we just

ik
Proof. By induction on the derivation of [I— r;, 1”i,1m1]i:1.

describe the most interesting one.
e If the derivation finishes with:

D_ Fi7 1niaTmi]iZ2 | + Fla 1nc7T7nc

[ 13,17, T, | B Ty, et Tetmmetone

with ny = ny + ne, my = my + me and ng + np = My + M.
We want to show that

PMGA\{CAN} |:'_ Fia ln:aiml:| i~ | + Flu lnau ln;aimaaiml

We will now prove that n. — m. < nj +ng — (m} +m,) to be able to conclude with the
induction hypothesis.

Te — My (n1 —np) — (Mg —my)
(n1—ma) + (mp — np)

< (nll - m/l) + (na — ma)

= (ny +na) — (M) +ma)
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so by induction hypothesis, we have

’
—m

DMGA\{CAN} F F’ia ln:a 1 7:| i>2 | + Fla lnaa ln;aimaairnl

which is the result we want.

2.3.7 Algebraic property

We will now adapt the algebraic property of the system GAJ| (see Section to the system
MGA. However, instead of characterising the derivability of atomic hypersequents, we will give
an algebraic characterisation for basic hypersequents, i.e., hypersequents with only atoms, 1, 1
and ¢ terms.

The main difference with the algebraic property of the system GA|| is that instead of reducing
the question of derivability to just real numbers, we also reduce it to the derivability of a simpler
hypersequent, where we remove the outer applications of the ¢ operator.

Theorem 2.3.5. For all basic hypersequents G, built using the variables and negated variables
T1,%1,-.-,Tk, Tk, Of the form
|_ Fla <>A17 1617Td1 | R | l_ Fm, <>A’rn7 1Cm,Tdm

a; aik —b. P . .
where I'; = x7"", ..., z}, BTl L TRk, the following are equivalent:

1. G has a derivation.
2. there exist numbers ty,...,t,, € N, one for each sequent in G, such that:

o there exists i € [1..m] such that t; # 0, i.e., the numbers are not all 0’s, and
o for every variable and covariable (x;,Z;) pair, it holds that
m m
St ai) => 6 bij)
i=1 i=1
i.e., the scaled (by the numbers ty ...tn,) sum of the number of the variable x; is equal
to the scaled sum of the number of the covariable T;.
o Y (X ) >3 (X dy), i.e., there are more 1 than 1, and
e the hypersequent
AL Al
where n = >0 (3" ¢) — Yot ti(3di) has a derivation, i.e., the hypersequent

obtained after cancelling every atoms and using the { rule is derivable.

Proof. We prove (1) = (2) by induction on the derivation of G. By using Theorem we can
assume that the derivation of G is CAN—free. We will only deal with the case of ¢ rule since
every other case is similar to the proof of Theorem [2.1.5] If the derivation finishes with

F Ay 1™

Foa, 1 ©

then t; = 1 satisfies the property.

The other way ((2) = (1)) is also very similar to Theorem only finishing with the ¢
rule. If there exist numbers t¢1, ..., t,, € N, one for each sequent in G, such that:
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there exists ¢ € [1..m] such that ¢; # 0, i.e., the numbers are not all 0’s, and

e for every variable and covariable (x;, ;) pair, it holds that

m m

Dot aig)=> t(d biy)

i=1 i=1

Yt a) =Y ti(>di), and

the hypersequent

FAR Al
where n = Y7 (3 i) — >, t:(3- d;) has a derivation

then we can use the W rule to remove the sequents corresponding to the numbers ¢; = 0, and
use the C and S rule on the ith sequent to multiply it by ¢;. If we assume that there is a natural
number [ such that ¢; = 0 for all 4 > [ and ¢; # 0 for all ¢ <[, then the CAN—free derivation is:
F AL Al T
QA L OAT 1T
t —tidy t —tidy 1
FOAT, 10er T L 0A) 1he T

F T, OAL 1he T Tl Al 1he T ID**
F T8, oA, 1hen T | T oAl e T -
FT,0AL 10T | L F T, 00, 19,10
FT1, 0ALL 1, T | L | F T, OA,, 100, T

where n = S0 ti(3¢) — S (3 d;) and since = AY',... A" 1" is derivable, we can
complete the derivation. O

Remark 33. Notice that if the hypersequent is atomic, the algebraic property of MGA is exactly
the same as for GAJ|.

2.4 Hypersequent calculus HMR

In this section, we will merge both the system HR, dealing with scalar and Riesz terms, and
the system MGA, regarding the ¢ operator and the 1 constant. Since the two modifications are
quite orthogonal, merging the two systems goes without any additional difficulty. Most of the
difficulties were already seen and resolved in the two previous sections.

As in the previous sections, we start by recalling the definitions and conventions used in the
system HMR.

Definition 2.4.1. A weighted term is a formal expression r.A where r € Ryg and A is a term
in NNF.

Recall that the scalars appearing in these terms in NNF are all strictly positive and are ranged
over by the letters r,s,t € Ryg. From now on, the term scalar should always be understood as
strictly positive scalar.

We remind the readers of the following notations used in the system HR:
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e Given a sequence 7= (r1,...r,) of scalars and a term A, we denote with 7.A the multiset
[r1.4,...,r,.Al. When 7 is empty, the multiset 7.A is also empty.

e Given a multiset I' = [r1. Ay, ...,7,.A,] and a scalar s > 0, we denote with s.I" the multiset
[s.r1.41,. .., 870 Ay).

e Given a sequence § = (s1,...s,) of scalars and a multiset I', we denote with 3.I" the multiset
s1.1, ... sy I

e Given two sequences ¥ = (rq1,...7,) and § = (s1,...8,,) of scalars, we denote 7;§ the
concatenation of the two sequences, i.e. the sequence (r1,...7p,81,...5m).

e Given a sequence § = (si,...s,) of scalars and a scalar r, we denote (r3) the sequence
(rs1,...rsp).

e Given two sequences 7 = (r1,...7r,) and § = (S1,...8;,) of scalars, we denote 7§ the
sequence r15;...;Tp8.
e Given a sequence § = (s1,...5s,) of scalars, we denote Y § the sum of all scalars in §, i.e.
n
the scalar > s;.
i=1

Definition 2.4.2. A sequent is a formal expression of the form F T,
If ' = (), the corresponding empty sequent is simply written as .

Definition 2.4.3. A hypersequent is a non—empty finite multiset of sequents, written as
Tyf...|FT,.

We use the letter G, H to range over hypersequents.
As in the system MGA, we will use two notions of "simple" hypersequents since atomic
hypersequents are not sufficient in the presence of the ¢ operator.

Definition 2.4.4. A hypersequent is said atomic if it only contains atoms, i.e., formulas of the
form x or 7.

Definition 2.4.5. A hypersequent is said basic if it only contains atoms (formulas of the form
x or T), ¢ formulas (formulas of the form (¢ A), 1 formulas and 1 formulas.

We now describe how sequents and hypersequents can be interpreted by modal Riesz terms.

Definition 2.4.6 (Interpretation). We interpret sequents - I" and hypersequents G as the modal
Riesz terms (F I') and (G)), respectively, as follows:

| Syntax Term interpretation (_|
Weighted terms | r.A rA
Sequents FriAy, .. e A, (r.A [) o+ (rn.An)
Hypersequents | FTq|...|F T, FT)uU---u(-Tx)

Hence a sequent is interpreted as sum ()_) and a hypersequent is interpreted as a join of
sums (| |>).

The hypersequent calculus HMR is a deductive system for deriving hypersequents whose
interpretation is positive, i.e., the hypersequents G such that A%iesz F 0 < (G). The rules of
HMR consist of the rules of the system HR (see Figure with the additional rules of Figure
2.13 below.
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Modal rules:
FT,71,5

GIFT 5T
G|FTI,7L51 DLEDY For el UXTEX

Figure 2.13: Inference rules of HMR

Notice that the 1 rule is very similar to the system MGA modulo the usual translation
A" < 7. A. However, the ¢ is a little more complicated, there are no longer only 1 but also 1.
While the system with the following ¢ rule

F L7l

FOT, 71 iz

is both sound and complete, it does not satisfy the CAN-elimination theorem. Indeed, the
hypersequent F 1.01,2.1, 1.1 has the following derivation

= INIT

EERE

~ INIT F1.01,1.1 04

21,21 F1.01,(1,1).1,1.1

F1.01,2.1,1.1,(1,1).1,21
F1.01,2.1,1.1

CAN,1+41=2

but would not have a CAN-free derivation with the rule above. The idea is that the structural
rules can only be used to multiply the sequent by a real number, and so the only useful rule we
can use is the 1 rule, whose premise can only be - 1.01 which is not derivable.

Definition 2.4.7 (Modal depth of a hypersequent). We define the modal depth of a sequent,
noted d®(F T), has the maximal modal depth of a term in T, ie., if I' = 7. A;,...,7.Ap,

d°(FT) = Arr[llax] d®(A;).
ell..n
The modal depth of a hypersequent G, noted d°(G), is then the maximal modal depth of the
sequent in G, ie., if G=FT1| ..|FT,, then d°(G) = 'nr[llax} do(FTy).
iell..n

Definition 2.4.8 (Complexity). We define the complexity of a sequent F T', noted ¢(F T'), as
the sum of the operators which are not under a { operator or the constant 1 used in the terms
of T (see Definition , Le, if ' =711 A1, Ap, c(FT) =30 (4.

The complexity of a hypersequent G, noted ¢(G), is then defined as the triplet ¢(G) = (a, b, ¢)
where

e ¢ is the modal depth of the hypersequent G, and

e b is the maximum complexity of a sequent in G, ie., if G =+ Ty | .. |F Ty, then
b= II[laX] c(FTy), and
i€[l..n

e ¢ is the number of sequents in G having a complexity of b, i.e., c = #{FT'; | ¢(-T;) = b}.

Definition 2.4.9 (Modal depth). The modal depth of a derivation is the maximal number of ¢
rules used in a branch of the derivation.
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2.4.1 Preliminary lemmas

We proved the usual technical lemmas used in this section. The results and proofs are very
similar to the one for the system MGA where we replace the occurrences of A™ and I'"* with
7.A and 7.T.

Our first lemma states that the following variant of the ID rule (see Figure where general
terms A are considered rather than just variables, is admissible in the proof system HMR.

G|FT

— D, F=Y%
G|FI,7A A 2T=2

Lemma 80. For all A,73,$; such that > 7 = > §;, it holds that:

Zf >HMR ['— I‘i]?:l then >HMR [}— Fi, T‘_;‘.A, SQE 1"

Proof. Let d be a derivation of bymr [ I';]]_,. We prove the result by double induction on (4, d).
If A is not a { term, we prove the result as in Lemma [42| — which decreases the complexity of
the term each time. Otherwise A = O B. We prove the result by induction on the derivation d.
We will only show three cases: the other cases are similar to the + case.

o If d finishes with

= INIT

then by induction hypothesis on B, bpymr F 71.5, 1.8 so

Fri.B,s1.B
=71.0(B), 51.0(B)

O

e If d finishes with
[FTiliy | FT,5.C,5.D

FTJ, [FTLa(C+D)

then by induction hypothesis on the subderivation

DHMR“_ Pi, T_;O(B), S_;O(E)KL:Q | = F17 gC, gD,’I"_iO(B), SEO(E)

SO - B
[- T4, 75.0(B), 5.0(B)]iy | F T1,5.C,5.D,71.0(B), 51.0(B) .
[l_ PZ,’I"_;O( ) S_’ (E)L 2 | F Flv (C+D)a 1<>(B),S_i<>(§)
e If d finishes with B
FOTy, 71,51
then by induction hypothesis on B
spamr F 1,718, 81.8,7.1,5.1
S0 B B
}_Fl,’l“l B,S}.B,F.l,gl <>
FO(Ty),71.0(B), $1.0(B), 71,51 ]

The next lemma states that if G is provable then the hypersequent obtained by substituting
an atom for a term in G is also provable.
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Lemma 81. If>gnmrG then for all terms A, >gmrGlA/x).
Proof. Similar to the proof of Lemma O

The next lemma states that the {0,+, x, U, M}-logical rules are invertible using the CAN
rule, meaning that if the conclusion is derivable, then the premises are also derivable. Unlike
a stronger result we will prove later in Section [2.4.4] where we prove the CAN—free version of
this lemma, the derivations of the premises may contain CAN rules and thus this result is not
sufficient to imply the CAN elimination theorem.

Lemma 82. All the logical rules {0, 4+, x,U, M} are invertible.
Proof. Similar to Lemma [44] O

Remark 34. The proof of Lemma [82] does not introduce any new T rule, so if the conclusion of
one of the logical rules {0, +, X, LJ,M} has a T—free derivation, then the premises also have T—{ree
derivations.

Remark 35. As in the system MGA, note that the ¢ rule is also invertible, but because of the

constraints of the ¢ rule, we can not use it when we would need it, and thus we leave this result
to Chapter

The next lemmas state that CAN—free derivability in the HMR system is preserved by scalar
multiplication.

Lemma 83. Let 7 € R be a non-empty vector and G a hypersequent. If>pyr\fcamyG | F 7T
then DHMR\{CAN}G | FT.

Proof. Similar to Lemma [45] O

Lemma 84. Let 7 € Ry be a vector and G a hypersequent. If bppr\(camyG | = T then
DHMR\{CAN}G | F7T.

Proof. Similar to Lemma [46] O

2.4.2 Soundness

We need to prove that if there exists a HMR derivation of a hypersequent G then (G) > 0
is derivable in equational logic (written A%, F (G) > 0). This is done in a straightforward way
by showing that each deduction rule of the system HMR is sound. Notice that the soundness
of the rules already present in HR is proved in the exact same way so we will only show the

soundness of the new rules.

Theorem 2.4.1 (Soundness of HMR). For all hypersequent G, if > amrG then A%, - (G) >
0.

Proof. By induction on the derivation of G. We only show the ¢ and 1 rules since the other are
similar to Theorem 22.11

e For the rule
FT, 1™

o1 ©
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the hypothesis is (- I',7.1,5.1) > 0 so

(- or,7.1,51)

(- Or, (Y 7= 5).1) by distributivity
(-or, (O - Zg’).m ) since 01 < 1

(T, ( Z 7 — Z )) by linearity of ¢
<>((]}— I',7.1,5.1)) by distributivity
0 by the hypothesis and the monotonicity of ¢.

v

v

e For the rule
G|+T

G|FT,71,51
the hypothesis is (G | F T) > 0 so

LY 7> 5

(G| FT,71,51) > (G|FT)since Y #>» Fand0<1
> 0
O
2.4.3 Completeness
In order to prove the completeness of the system HMR, i.e. that if A%, F (]G[) > 0 then

>aMRG, we first prove an equivalent result (Lemma |85 below) stating that if ARiesz FA=B
then the hypersequents - r.A,r.B and F r.B,r.A are both derivable for all » > 0.
From Lemma [85] one indeed obtains Theorem [2:4.2] as a corollary.

Theorem 2.4.2 (Completeness of HMR). For all hypersequent G, if A%
DHMRG-

F (G) > 0 then

Riesz

Proof. Recall that AS, ., F (G) > 0 is a shorthand for A8, F 0 = (G) M0. Hence, from the

hypothesis ARleSZ (G) > 0 we can deduce, by using Lemma |85| that byvr F 1.0 M (G)), 1.0.
From this we can show that bpynrG by invoking Lemma Indeed, if GiskFTy | ... |F T,
then (G) = (FTy)U...U (FT,) and

1. by using the invertibility of the 0 rule, F 1.(0 M ((F T'y) U... U (F T',)))) is derivable,

2. by using the invertibility of the M rule, - 1.((F T'1) U ... U (F T'y)) is derivable,

3. by using the invertibility of the U rule n — 1 times, F 1.(- T'y) | ... | F 1.(- T'y) is derivable,

4. and finally, by using the invertibility of the + and x rules, FT'y | ... | - T, is derivable.
O

Lemma 85. IfA F A= B then for allt >0, - r.A,7.B and - r.B,r.A are derivable.

Riesz

Proof. Since the other cases are proven in the exact same way as in Theorem [2.2.2] we will only
derive the new axioms.
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e For the axiom 0 < 1.
c INIT E INIT
_ >
I—r.OO Forl ;’T_O

Fr(0n1)
Fr.(0M1),r.0

and — INIT
= 0
Fr0
Fro|brl
Fr.(0Ul)

Fr.0,r.(0U1)

e For the axiom ¢(1) < 1.
= INI}’ = INI'f
Frl,rl o Frl,rl o
Fr.O(1),r.0(1) Fr1,r.0(1) a
Fr.(0)m1),r.0(1)

and

= INIT

Forl,rl
Fr.o(1),r.0(1) 0 W
Fr.o(1),r0() | Fr.0(),r1 |
Fr.o(1),r.(0(1)Ul)

e For the axiom O(riz + roy) = riQ(x) + r20(y).

= INIT

Forirx, rory, rirT, ror.y

D2
2

Fororix, ey, rr T, ror.y

For.(rix 4 roy), rir T, ror.y
Fr.Q(rie 4 roy), rir.0(T), ror.0(7)

Fr.Q(ria 4+ ray), rriQ(@), r.ra0(7) x

Fr.O(rix + roy), r.(r1O(T) + ro0(7))

and

= INIT

Forirx, rory, rirT, ror.y

ID?
2

Forirx, rory, 1T, r.rey

Forira, rory, r.(mT + roy)
FrirQ(@), ror.O(y), r-0(mT + 12y)

Frrid@), raraQ(y), r.0(rmT + roy) x

Fr.(ri0(x) +m20(y)), .0(rT + roy)

109



CHAPTER 2. HYPERSEQUENT CALCULI 110

e For the axiom 0 < Q(0U ).

= H\(I)IT
Fr0
Fr0|Fre ZV
E H\(T)IT Fr.(0U ) o
Fr0 Fr.o(0Ux) 5
Fr(onoux)) 0

Fr(onoOua)),r0

and _
™ INIT

0
F7r.0
FroFroong)
Fr.(0uO0nz))
Fr.0,r.(0UO0NT)) O

Remark 36. By inspecting the proof of Lemma [85] it is possible to verify that the T rule is
never used in the construction of byyrG. This, together with the similar Remark [34] regarding
Lemma implies that the T rule is never used in the proof of the completeness Theorem [2.4.2
From this we get the following corollary.

Corollary 3. The T rule is admissible in the system HMR.

However, as in the system HR, there is no hope of eliminating both the T rule and the CAN
rule from the HMR system.

Lemma 86. Let 1 and ro be two irrational numbers that are incommensurable (so there is no
q € Q such that gry = ro). Then the atomic hypersequent G

Frixc|FreT
does not have a CAN-free and T—free derivation.

Proof. By analysing a potential CAN—free T—{ree derivation of - ry.x | F ro.Z, we can show that
only the S, M, C, W, ID and INIT rules can be used (the logical rules do nothing since there are
only atoms in the hypersequent).

Therefore, if F 1.z | F ro.T has a CAN—free T—free derivation in the system HMR, it also
has one in the system HR which contradicts Lemma [48] O

2.4.4 CAN-free invertibility

In this section, we prove the 0,4+, x, Ll and M rules are CAN-free invertible, i.e., that if the
conclusion of one of those logical rules has a CAN-free derivation, then so do the premises. As for
the previous systems, it allows us to reduce the complexity of the formulas in an hypersequent in
the proof of the CAN elimination theorem, and thus it is important that we do not add any CAN
rule in the proofs of invertibility. For this reason, the CAN—free invertibility result is stronger
than Lemma [82] of Section 2411

As usual, we prove the CAN—free invertibility of more general rules. The general rules are
the same as the ones in the system HR:
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Logical rules:

- Taliy [- Ty, 7. A, 7Bl [- Ty, (s73)-Al;.
(

i=1

n — n + — . n X
[F F“FZO]Izl [F F“Tl(A-‘rB)L:l [F Fi,’f’i BA)Lzl

[F Ty, 7 Al F Ty, 7Bl - Ty 7. Al [F T, 7B, A
[~ Ti, 7. (AU B)Ji, [~ Ty, 7i.(AN B)L,

Figure 2.14: Generalised logical rules

We will prove that those rules are CAN—free invertible by induction on the derivation of the
conclusion. The proof steps dealing with the rules already present in HR are the same as in
Section [2:2.4] In what follows we just show the details of the proof steps associated with the new
cases associated with the {-rule and 1-rule of HMR.

We conceptually divide the logical rules in three categories:

Type 1 The rule with only one premise but that adds one sequent to the hypersequent: the L
rule.

Type 2 The rules with only one premise and that do not change the number of sequents: the
0, 4+ rules.

Type 3 The rule with two premises: the M rule.

Because of the similarities of the rules in each of these categories, we just prove the CAN—free
invertibility of one rule in each category by means of a sequence of lemmas.

Lemma 87 (Type 1). If [ T;,7.(AU B)|™, has a CAN—free derivation then [~ T;,7.A | b
Ty, 7:.B]", has a CAN—free derivation.

Proof. By induction on the derivation.

e If the derivation finishes with
FTy,m.(AUB)|y | F Ty, 7.(AUB)
Ty, 7. (AU B)™y | F Ty, 7.(AUB), 71,51

then by induction hypothesis on the CAN—free derivation of the premise we have that
DHMR\{CAN}[F F“’F;A | - F“’FlB]:l:Q | - Fl,Fl.A | - Fl,Fl.B

SO
G'|FTy,7L.A| T, 7.B

— =1
G'|F Ty, 7. A 71,51 | FTy,7.B,71,51
with G’ = [ Ty, 7%.A | - Ty, #%.B]™,

*

e If the derivation finishes with an application of the { rule, the shape of the conclusion is
F oIy, 71,51
with ] = () so the hypersequent
FOry,m.A4,71,81 | = Oy, r1.B,7.1,51 =F OI'1, 71,81 | - Oy, 7.1,5.1
is CAN—free derivable using the C rule. O
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Lemma 88 (Type 2). If [F T, 7 (A+ B)|, has a CAN—free derivation then [~ T';, 7 A, 7B,
has a CAN—-free derivation.
Proof. By induction on the derivation.

e If the derivation finishes with

[F Ty, 7 (A+ B)ry | F Ty, 7.(A+ B

- - ) — 1
[l_ F“T‘l(A—f—B)]?:Q | l_ Fl,Tl.(A—‘rB),?".l,S.l

then by induction hypothesis on the CAN—free derivation of the premise we have that
>uMR\{caN} [F Ti, 7. A, 7. Bli_y | F T, 71.A,71.B

S0
T, 7.A 7Bty | F Ty, 7.A,7.B

=1
FT;,7.A 7% By | F Ty, 7.A,7.B,7.1,81

e If the derivation finishes with an application of the { rule, the shape of the conclusion is
Fory, 71,51
with 77 = 0 so the hypersequent - OI'y,71.A,7.B,7.1,5.1 = F OI'1, 7.1, 5.1 is derivable. [

Lemma 89 (Type 3). If+-T;,7.(ANB)|~, has a CAN—free derivation then [F T';,7;. A]? and
[F T, 7.B]7, have CAN—free derivations.

Proof. By induction on the derivation. We will only show that bynmgy fcany [ I's, 7. A]f;, the
other case is similar.

o If the derivation finishes with
T, 7m.(ANB)", | FTy,M.(ANB

)
=1
D— FZ,’FZ(AHB)HLZQ | l_ Fl,Fl.(AHB)7T.1,§.1

then by induction hypothesis on the CAN—free derivation of the premise we have that
>HMR\{cAN} [ Ti, 7 Alfy | Ty, 7. A
SO
FT;, 7 Al | F Ty, 7.A
b Ty, 7 Ay | F T, 7.A 71, 8T

1

e If the derivation finishes with an application of the { rule, the shape of the conclusion is
Fory, 71,51

with 77 = 0 so the hypersequent - OI'1,77.A4,7.1,5.1 = F OI';,#.1,5.1 is derivable. O
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2.4.5 M-—elimination

In this section, we will show the M elimination theorem. Recall that the M elimination
theorem states

if a hypersequent G is derivable, then it has a M—free derivation.

However, since this result will be used in the proof of the CAN elimination theorem, we have
to ensure that the M elimination theorem does not add any instance of the CAN rule. Thus we
will show the slightly different result

if a hypersequent G is CAN—free derivable, then it has a CAN—free M—free derivation.

Following the same pattern of Section [2.3.5] we need to show that for each hypersequent G
and sequents I' and A, if there exist CAN—free and M—free derivations d; of G | - T and da of
G | F A, then there also exists a CAN—free and M—free derivation of G | - T, A.

The general idea is similar to the one presented for the system MGA.. The results and proofs
can be easily adapted to the system HMR with the usual translation A™ <> 7. A. We recall the
different steps of the proof (see Section for more details).

e we first construct a prederivation dj of G| G | F T, A (using d;) whose unfinished leaves
are hypersequents of the form G | - 7.A, 017, 5.1,¢.1,

e then we construct a derivation dy 7 of G | - 7. A using da,

e and a prederivation dj of G | F 7.A, OT",5.1,£.1 (using da ) whose unfinished leaves are
hypersequents of the form F .(0I7,5.1,.1), OA/, 5.1, 1,

e and finally we use the ¢ rule and we conclude by induction on modal depth of the deriva-
tions.

We now proceed with the technical statements.

Lemma 90. Let di be a CAN—free and M—free derivation of G | = T' using the { rule and let H
be a hypersequent and A be a sequent. Then there exists a prederivation of

G| H|FT,A.

where all non—terminated leaves are either of the form H | & 7.A or of the form H | F
O, 7.\, §.1,t.1 for some sequent T and vectors 7, §,t such that

e > 5> Z{ and
o F17,51,11 has a derivation d) with a strictly lower modal depth than d; .
Proof. This is an instance of the slightly more general statement of Lemma [03] below where:
o [Ty ' =Gand I, =T.
o7, =0forl<i<nand7,=1. O

Remark 37. Following Remark if the derivation of G | - T" uses no ¢ rule, then all unfinished
leaves are of the form H | F 7.A.
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Lemma 91. Let dy be CAN—free and M—free derivation of H | = A. Then, for every vector 7,
there exists a CAN—free and M—free derivation of

H|+F7A

with a modal depth lower or equal than ds.

Proof. This is an instance of the slightly more general statement of Lemma [04] below where:

o FA]M'=Hand A, =A.

e,=1forl1<i<nandr, =7 O

We now show how to remove one instance of the M rule and then the M-elimination theorem.

Lemma 92. If G| +T and H | b A have CAN—free M—free derivations, then so does G| H |

FT,A.

Proof. We show the lemma by induction on the modal depth of the derivation d of G | T

If the modal depth of d is 0, then we proceed as in Theorem [2.2.3] i.e., we use Lemma [00] to
have a prederivation of G| H | = A, T where all leaves are of the form H | F 7.A, and we finish
the prederivation by using Lemma [91]

Otherwise d uses some ¢ rule. We do the following;:

e we use Lemma [90| to have a prederivation of G | H | F I'; A where all non—terminated
leaves are either of the form H | + #.A or of the form H | - OI',7.A,35.1,¢.1 for some
sequent I and vectors 7, §, ¢ such that

ES

*

S25> 3 1 and

F1I’,5.1,t.1 has a derivation d) with a strictly lower modal depth than d;.

e We show that all leaves of the form H | #.A are derivable using Lemma

e We conclude by showing that all leaves of the form H | - 0TV, 7. A, §.1,t.1 are derivable.
Let’s show how to derive them.

We show that H | - #.A are derivable using Lemma
Then we build a prederivation of H | + OIV,7.A,5.1,.1 using Lemma where
all non-terminated leaves are either of the form + 7/.(0I”,5.1,#.1) or of the form
bl (OT7,5.1,£1), 0A, .1, .1 such that

x Y5 > St and

« F A’ §.1,#.1 has a derivation.
The leaves of the form + 77.(OI",5.1,£1) can be terminated using the ¢ rule and
Lemma
For the leaves of the form + +.(OI”,5.1,1), 0A’,s'.1,#.1, we will show that +
7:".(F’, 51,61), A, s'.1,#.1 has a CAN-free M-free derivation and we can conclude us-
ing the ¢ rule. Recall that - I",5.1,¢.1 has a CAN-free M-free derivation with strictly
lower modal depth than d;. We use Lemma to have a derivation of  r/.(I', 5.1,1.1)
with strictly lower depth than d;.
We can then use the induction hypothesis since the derivation of - 7 (I',5.1,£1) has a
strictly lower depth than dy, thus building a derivation of - +/.(I", 5.1, £.1), A/, s".1,#.1
to conclude the proof.
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O

Theorem 2.4.3 (M elimination). If G is CAN-free derivable, then G is CAN-free M-free deriv-
able.

Proof. We prove the result by induction on GG. The only interesting case if the M rule, i.e., if the

derivation finishes with
G|FD G|FA

G|FT,A
then by induction hypothesis G | F " and G | = A have CAN-free M-free derivation.

By using Lemma [02] we have a CAN-free M-free derivation of G | G | T', A. The derivation
is then

G| G|FT,A
G|FT,A

We now prove the technical version of Lemmas [90] and [91]

Lemma 93. Let d; be a CAN-free and M—free derivation of [ I';]?_, and let H be a hypersequent
and A be a sequent. Then for every sequence of vectors 7;, there exists a prederivation of

H| [FTy, AL,

where all non—terminated leaves are either of the form H | & F.A or of the form H | F
OI,7.A,5.1,t.1 for some sequent I and vectors 7, 5,t such that

e Y5>t and
o F1,51,{1 has a derivation dy with a strictly lower modal depth than d;.

Proof. We prove the result by induction on d;. We will only show the ¢ and the 1 rules, since
all other cases are done in the same way as in Lemma

e if d; finishes with:

[FDif, | F 1y Ly 5s 7
[FTy | F Ty, 51,61 =

then by induction hypothesis, there is a prederivation of H | [+ I';, 7. A]7 o | F Ty, 71.A
where all non—terminated leaves are either of the form H | F 7. A or of the form H | F
oI, 7.A, 5.1,t.1 for some sequent IV and vectors 7, 5, ¢ such that

~ Y5> tand
— FI7,51,£1 has a derivation d} with a strictly lower modal depth than d;.
We continue the prederivation with
H| [FT;, 7 Ay | F T, 7A
H| [FTy, 7 A, | F Ty, 7.0, 581,61

LY §>3t

e If d; finishes with:
FIy,81,61 .
——— 0, ) . §>>t
F oy, s81,t1 0.2 2

then the prederivation is simply the leaf H | - OT'y,7.A, 5.1, 1.1 which satisfies both
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~ Y &>S tand

— T, 81,41 is derivable using strictly less ¢ rule than in d;. O

Remark 38. Since the leaves of the form H | - OI",#.A, 5.1,.1 appear only in the case of the ¢
rule, if the derivation of [ I';]7_; does not use any ¢ rule, all leaves are of the form H | F 7.A.

Lemma 94. If dy is a CAN-free M~free derivation of [ A;]}_, then for all 73, there is a CAN-
free M—free derivation of [~ 75.A;]1_, with a modal depth lower or equal to d.

Proof. We will only show the ¢ and 1 rules, the other cases being similar to Lemma 57| — and so
do not introduce any new ¢ rule.

e if dy finishes with:

=A%y | F Ay Ly Es T
— 1, 85>
- AP, | - AL S ET

then by induction hypothesis, there is a CAN-free M—free derivation of [ 7#.A;]", | F
71.A1 with a modal depth lower or equal than ds. We continue the derivation with

-7 ARy | F LA
[F 7 Ay | F LA, (715).1, (7 1).

T LY m5> S mt

which does not increase the modal depth of the derivation.

e If ds finishes with:

FALSLLET .
- o= 5 gz t
FOA, 51t 0.2 2

by induction hypothesis, there is a derivation of F #.Ay, (7 5).1, (7£).1 with a modal depth
strictly less than dy. We continue the derivation with

F LA (75)., (7). T
F L OA, (715).1, (7).

0,3 75> 27717?
which gives a derivation with a modal depth less or equal than ds. O

2.4.6 CAN-elimination
Recall that the CAN rule has the following form:

G|FTI,7A A

GIrT CAN,Y 7=>"3

As in the previous sections, we prove Theorem by showing that if the hypersequent
G| FT,7.A, 5 A has a M—free CAN—free derivation, then so does the hypersequent G | - T

The proof follows the same pattern as in the system MGA: we first prove the result when
A = z (or equivalently A =7) and A = 1, and by double induction on both the formula A and
the derivation for complex formulas.

Lemma 95. If there is a M—free CAN—free derivation of G | & T, 7.z, 5T, where > ¥ = >_§,
then there exists a M—free CAN—free derivation of G | FT.
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Proof. The statement follows as a special case of Lemmal[08| below, a stronger version of Lemma
that allows for a simpler proof by induction on the structure of the derivation of G | F T', 7.z, 3.,
where:

o7, =T7,8,=8and r/, = s’:® O

Lemma 96. If there is a M-free CAN—free derivation of G | = T',7.1,3.1, where .7 =5 then
there exists a M—free CAN—free derivation of G | F T.

Proof. The statement follows as a special case of Lemma[99 below, a stronger version of Lemma[06]
that allows for a simpler proof by induction on the structure of the derivation of G | - T', 7.1, 8.1,
where:

o [FT)"'=GandT, =T.

- -
eri=r=5=s=0forl1<i<n.
or’,’L:ﬁs_;L:E'andr’*s’*(/) O

We are now ready to prove the general case.

Lemma 97. For all terms A and numbers n > 0 and for all sequents T'; and vectors 75, S; such
that > 7 = > 8;, for 1 <i<mn,

if [F Ty, 7. A, 5. A]"_, has a M—free CAN—free derivation, then so does [~ T';]7

Proof. For the basic cases A =z, A =7, A =1 and A = 1, we use Lemmas [95| and For
complex terms A which are not ¢ terms, we proceed by invoking the CAN-free invertibility
proven in Section [2.:4.4] as follows:

e If A =0, we can conclude with the CAN—free invertibility of the rule 0.

o If A = B+ C, since the + rule is CAN—free invertible, D— I;,7;.8,7;.C, $;.B, 3_5.6] has
a CAN-free, M—free derivation. Therefore we can have a CAN-free derivation of the
hypersequent [- I';]?_; by invoking the induction hypothesis twice, since the complexity of
B and C is lower than that of B + C.

e If A =1'B, since the x rule is CAN—free invertible, [}— Ly, (r'r;.).B, (r's;. T has a CAN-
free, M—free derivation. Therefore we can have a CAN—free derivation of the hypersequent
[F T';]7_, by invoking the induction hypothesis on the simpler term B.

e If A= BUC, since the LI rule is CAN—free invertible,
[l— I;,7:.B,5.(B é)] | [I— I;,7.C,5.(BT 6)]
has a CAN—free, M—free derivation. Then since the M is CAN—free invertible,
[I— I‘i,r_;.B,s_;.E] | [I— Fi7ﬂ.C,§;.m

has a CAN—free, M—free derivation. Therefore we can obtain a CAN—free derivation of the
hypersequent [ I';]”, by invoking the induction hypothesis twice on the simpler terms B
and C.
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o If A= BTN C, we proceed in a similar way as for the case A= BUC.
e Finally, if A = OB, we distinguish two cases:
1. the derivation ends with an application of the ¢ rule which simplifies A = (B to B.

In this case we can simply conclude by invoking the induction hypothesis on B.

2. The derivation ends with some other rule (recall that no CAN rules and no M rules
appear in the derivation). In this case we decrease the complexity of the derivation,
keeping OB as the CAN term, and then invoke the induction hypothesis on the deriva-
tion having reduced complexity. This proof step is rather long to prove, as it requires
analysing all possible cases. We just illustrate the two cases when the derivation ends
with a logical rule (+) and a structural rule (C) to illustrate the general method.

— if the derivation finishes with
[F Dy, 7.0B, 5.0B)"y | F T1,71.0B, 5.0B,r.C,r".D
[F Dy, 7.0B,5.0B)", | F 1, 7.0B,5.0B,r.(C + D)

by induction hypothesis, there is a CAN-free M—free derivation of
[F TPy | F Ty, r.C,r".D
We continue the derivation with
[F i)y |+ Ty,7.C,r".D

=y
!

“_ Fi]?:Q ‘ = Fl,T (C+D>

— if the derivation finishes with

[T, 7.0B,5.0B]"y | F[1,7.0B,51.0B | - T'1,7.0B,51.0B
[+ T, 7.0B,8.0B]", | FT1,71.0B,5.0B

by induction hypothesis, there is a CAN—free M—free derivation of
[FLiliss [F Ty [ F T
We continue the derivation with

FT)r, | FDTy | FTY
FTr, | FTy O

We now have all necessary tools to prove the CAN—elimination theorem.
Theorem 2.4.4 (CAN elimination). For all hypersequents G, if >amrG then bapp\{cany G-

Proof. We want to prove that if G has a derivation, then G has a CAN—free derivation. We prove
this result by induction on the derivation of G:

e If the derivation finishes with an application of a rule that is not the CAN-rule, then by
induction, the premises have CAN—free derivations and we can conclude by using the exact
same rule to obtain a CAN—free derivation of G. For
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o If the derivation finishes with

G|FTI,5A,7A o
W CAN,ZT—ZS

then by induction G 5.A,7.A has a CAN-free derivation. By invoking the M-
elimination Theorem G | T, 5 A, 7.A has a CAN—free M—free derivation and we can
conclude by using Lemma o7 O

Finally, we prove Lemmal[98|and Lemmal[99] the stronger versions of Lemmal[95|and Lemma[96]

Lemma 98. If there is a CAN-free, M—free derivation of [~ Ty, 7.z, $;. 7|, then for all r and

Z‘- such that for all i, 7% —>.8; = 27’1 — Zs i, there is a CAN-free, M—free derivation of
[I— I‘Z,rzx st x} L

Proof. The proof is done by induction on the derivation and is similar to the proof of Lemma 60}
O
Lemma 99. If there is a CAN—free, M—free derivation of [l— r;,ri.1,s;. 1] then for all 7" and

Z. such that for all i,57 — S & < S2r'; — S° &5, there is a CAN-free, M —free derivation of

[I— F“rz 1,5 1}
i=1

Proof. By induction on derivation. We show only the non-trivial case.

o If the derivation finishes with:

[FF“TZI S;. ]>2 | Ty, 21, a1

— 1 a+ b> a + b
[I—I‘“nlsZ ]>2\I—I‘1,(abé)1( i) 1 2> 2 2

with 71 = 5; cand s1 = b’ 7. We want to show that

— - —

DPHMR {l— F17T;1,SZI:| ~o | H 1—‘1,(7“_/;;6:) 1 (_/; /) 1

We will now prove that S>¢—51¢ < 31 + 3 a@— (3. 81 + 3. d) to be able to conclude
with the induction hypothesis.

Yooy a

Somn=>Y - an->1
= O mn=-> s+ vV->"0b
< O =Y dn+Oa->d
= > orh+Y a- s+ d)

so by induction hypothesis

PHMR {I— ri,F;.L;;.ﬂm | F Ty, (@)1, (5} d).1

which is the result we want. O
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2.4.7 Algebraic property

The algebraic property of the system HMR can be obtained by merging both the algebraic
properties of the systems HR and MGA.. Indeed, because of the presence of the { operator, the
algebraic property is about basic hypersequent instead of atomic hypersequent, as in the system
MGA. Moreover, because of the T rule, the sequents can be multiplied by real numbers instead
of only natural numbers, as in the system HR.. Thus the algebraic property of the system HMR
is very similar to the one of the system MGA, but with real numbers.

Theorem 2.4.5. For all basic hypersequents G, built using the variables and negated variables
T1,%1,- .-, Tk, Tk, Of the form

T, OAL P, 80T | Doy O, 7 1, 87, 1
where I'; = 75 1.1, ..., Ty k- Lk, 53,1.%1, ..., 55 k- Tk, the following are equivalent:
1. G has a derivation.
2. there exist numbers ti,...,t, € R>q, one for each sequent in G, such that:
o there exists i € [1..m] such that t; # 0, i.e., the numbers are not all 0’s, and

o for every variable and covariable (x;,T;) pair, it holds that

m m

(> ) =D (D Fiy)

i=1 i=1

i.e., the scaled (by the numbers ty ...t ) sum of the coefficients in front of the variable
x; is equal to the scaled sum of the coefficients in front of the covariable ;.

o>t Yo < St S +7;, i.e, there are more 1 than 1 and,

e the hypersequent consisting of only one sequent
F AL e b Do, (0171) 1 oy (7 ) 1, (818571).T, ooy (8 ) T
has a derivation, where the notation 0.I' means 0.

Proof. We prove (1) = (2) by induction on the derivation of G. By using Theorem we can
assume that the derivation of G is CAN—free. We will only deal with the case of ¢{ rule since
every other case is similar to the proof of Theorem [2:2.5] If the derivation finishes with

then t; = 1 satisfies the property.

The other way ((2) = (1)) is also very similar to Theorem only finishing with the ¢
rule. If there exist numbers t1,...,t,, > 0, one for each sequent in (G, such that:

e there exists ¢ € [1..m] such that ¢; # 0, i.e., the numbers are not all 0’s, and

e for every variable and covariable (x;,Z;) pair, it holds that

m

DoY) 2 DY)

i=1
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o« >, tl(zﬁz) =it 3_71’)7 and
e the hypersequent
F AL e b Doy (01771) 1 ey (b7 ) 1, ($1571).T, sy (F 7). T
has a derivation,

then we can use the W rule to remove the sequents corresponding to the numbers ¢; = 0, and
use the C and S rule on the ith sequent to multiply it by ¢;. If we assume that there is a natural
number [ such that ¢; = 0 for all ¢ > [ and ¢; # 0 for all ¢ <[, then the CAN—free derivation is:

)

F At A () () (f1870) T, (Bs).T o
F i OAL, .t 0N (Br71). 1, o (87) 1, (f151) T, oo (8157).T
bty Tyt OA Y, (B1771).1, (tys71).1, ... .0y 1. OAZ,(tlrl)  (tys).T .
Fty.Dy, .0, (E171).1, (81571) T | . ||—tl Lyt 0N, () 1, (). 1 -
Dy, OAL P, s T L [ F DO, 71, 87T .
Dy, OAL 1,80 T | oo | Doy OA G, 711,811

and since F t1.Aq, .. 6.0y, (b1771).1, ., (877)).1, (t15'1).1, ..., (t;5;).T is derivable, we can complete
the derivation. [

Remark 39. Notice that if the hypersequent is atomic, the algebraic property of HMR is exactly
the same as for HR.



Chapter 3

Applications

In this chapter, we use the machinery of the hypersequent calculus developed previously
to study (modal) Riesz spaces. Most specifically, we will prove results concerning free modal
Riesz spaces over a set of generators X, noted ngesz (X). We will also explore the connections
between the different equational theories mentioned in this thesis. More formally, we will show

the following results:

1. ¢ injectivity: for all set X and A, B € F¢ (X),if OA = OB then A = B,

Riesz

2. Weak unit: for all set X, 1 € F8, _(X) is a weak unit,

Riesz

3. Conservativity regarding scalar multiplication: for all Abelian l-group terms A, B,
Al—groups FA=Bif and only if ARiesz A= B’

4. Conservativity regarding the ¢ operator: for all Riesz space terms A, B, ARrjesz F
A = B if and only if A%iesz FA=B

5. Decidability: the equational theory of modal Riesz spaces is decidable, i.e., there is an
algorithm to check whether or not A%iesz F A = B for all modal Riesz space terms A, B,
and

6. Archimedean: for all set X, FQ. (X) is Archimedean.

Riesz

Note that, to the best of our knowledge, apart from the third result which is already known
as folklore in the theory of Riesz spaces, all the results are completely new.

The first two properties are examples of properties easy to prove using the hypersequent
calculus HMR, but to the best of our knowledge, not easy without HMR. Note also that the
constant 1 was shown to be a strong unit in the free modal Riesz spaces over the empty set of
generators (see [FMM20]), but this result does not hold in the presence of generators since if x
is a generator, then x £ nl for all n.

The two next properties are the conservativity results known regarding the different algebras
considered in this thesis. Note that a similar proof of the conservativity regarding the { operator
could be used to prove that the theory of modal Abelian l-groups if a conservative extension of
the theory of Abelian l-groups, but it is an open problem whether or not the theory of modal
Riesz spaces is a conservative extension of the theory of modal Abelian 1-groups (see Remark
below).

The last two results are quite more complicated, and actually require the machinery of
parametrized hypersequent calculus that will be introduced later on. Recall that the Archimedean
property of free modal Riesz spaces was a problem left open in [FMM20].

122
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This chapter will be divided in three sections: the first one concerning the properties of the
new operations in modal Riesz spaces, i.e., the injectivity of the { operator and the fact that 1 is
a weak unit. The second section will show the conservativity results, and finally the last section
will deal with the parametrized hypersequent calculus and the last two properties.

3.1 Injectivity and unit

3.1.1 Injectivity of the { operator

We start by proving the injectivity of the ¢ operator. By using Corollary [, we have to show
that if A%iesz FOA = OB then Agiesz F A = B. Note that even though we prove the result for
free modal Riesz spaces, a similar proof can be used for free modal Abelian l-groups.

It is sufficient to show the following result: for all A,

A, FO<0A= AS,  FO<A (3.1)

Riesz

Indeed using Lemma [I6] and the linearity of the { operator, we have

AO

Riesz

FOA=0B e A5 +0<O(A— B)and AS

Riesz Riesz

FO<O(B—A)

and
A FA=Be A% FO0<A-Band A% _FO0<B-A

Riesz Riesz Riesz

and we can conclude using the implication (3.1) to show the injectivity statement (1).
Now using the soundness and completeness of the system HMR, the implication (3.1) is
equivalent to the following result

>PHMR F 1<>A = byMR F 1.A

which is a direct corollary of the invertibility of the ¢ rule proved in the following Lemma [100

Lemma 100. If [ OT';, 7.1, 5;.1]%, has a derivation, then [FT';,7;.1,58;.1]", has a derivation.

Proof. By using the CAN elimination Theorem we can assume that the derivation of

[F Oy, 7.1, 8;.1]7; is CAN free. We can then proceed by induction on the CAN—free derivation

of [l_ <>Fi77?i-17 gll]:lzl

e if the derivation finishes the INIT axiom, then n =1, I'; = () and 7; = 57 = 0 so the result
is trivial.

e We will only show one of the structural rules, the others are similar. If the derivation
finishes with

= oLy, 7.1, 8.1,
= 0T, 7.1, 5. 174

i=1

W

then by induction hypothesis

DHMR[l_ FwFlla gll]?:l

and thus

Ty, 7.1,8.1)7,

(- Ty, 7.1, 5. 1))
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o If the derivation finishes with

}_1—‘1,7”1 1 81

—(} 51<N 7
F oI, .1, 51.1 2SS0

then - I'y, 7.1, 51.1 is derivable which is the result we want.

e If the derivation finishes with

[FOor;, 71,81, | F 0Ty, 7.1, 8.1 LY <Y
— 1,3 <M F
FOT, 71,81, | 0Ty, 7.1,5,.1,7.1, 8.1

then by induction hypothesis

DHMR[l_ Pi,ﬁ.l, §zﬂ?:2 | H ].—‘1,’171.1,§1.T

and thus _
}_anrzlsz = l_F,T ].S 1 . .
[ 1, [ FT, 7. 1y seys
[I—I‘i,ri.l,szjl 2||‘F1,7"118117"1 ].
O
We can now prove the injectivity of the { operator.
Theorem 3.1.1 (¢ injectivity). For all term A and B, if .ARI%Z FOA = OB then ARlebZ HFA=

B.

Proof. Since ARICSZ F OA = OB then by using Lemma we have
ARI%Z FO<O(A-B)
‘A%lesz =0 < <>(B - A)

and thus by the completeness Theorem [2.4.2) of the system HMR and the invertibility of the 0
rule, -

>PHMR F 1<>(B +Z)
We can now use Lemma to obtain

>HMR F ].(A —+ E)

>HMR F 1(B +Z)
and by the soundness Theorem 2.4.1] of the system HMR,

ARIebZ =0 < A+§

_AO

Riesz

FO<B+4+A

and we can conclude by using Lemma [I6] again to obtain

ARIESA HA=B
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3.1.2 Weak unit

We will show that 1 is a weak unit in free modal Riesz spaces. Using Corollary [I] of Section
, it is sufficient to show that for all A such that A%iesz FO<A,if Agiesz FAM1=0 then
A8, FA=0.

To do so we will prove the slightly different result stating that if A%icsz FO<—(AM1) then
A%iesz F 0 < —A. This implies that 1 is a weak unit since if A%iesz F AM1 =0, then by using
Lemma we have Aﬁiesz FO0O< —-(AM1) and thus Agiesz F 0 < —A. We can then conclude
using the same lemma that A%iesz F A =0 since .Al%esz FO0<A.

Using the soundness and completeness of the system HMR, we can rephrase the previous
property as follows

>HMR F 1.LAN1 = >PHMR F 1.A

or, using the invertibility of the LI rule,
DPHMR F1.A | F11= >HMR F 1.A (32)

We will first prove a more general version of the implication (3.2), which is better suited for
a proof by induction.

Lemma 101. For all hypersequent G, if >parG | F 1.1 then baamrG.

Proof. We prove this result by induction on the complexity of the hypersequent G. We distinguish
three cases:

e If GG is basic of the form
o

FTLOAL 11,80 T | o | F Doy 0D, 1, 8 1

since bpMmrG | F 1.1, there t1, ..., Ly, i1 satisfying the conditions of the algebraic prop-
erty for the hypersequent G | - 1.1. One of the condition is

SHMR F 1121, oyt Ao, (81771).1, ooy (bt )1, (8151) .1, oy (b o) 1, ygr T
and according to Lemma below with
-—m=1,
— Ty =t o b A, (1771) 1, oy (b )1, (81571) 1, oo, (87 ) 1, and
= 71 =tmy1,
we can show that
PEHMR F 1AL oo b Dy (0171). 1 oy (B )1, (81571).T, ooy (B8 n). T

and thus ¢y, ..., t,, satisfy the algebraic property for the hypersequent G, and we can con-
clude that G is derivable.

e Otherwise we can use the invertibility of the logical rules to decrease the complexity of the
hypersequent G and conclude with the induction hypothesis. For instance, if G has the
form

H|FT,7AUB

where F I", 7. A U B is maximal in G. Then by using the invertibility of the U rule, we can
show that
DHMRH | [ F,FA | H FJ_"B | 1.1
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and by induction hypothesison H | - T, 7.A | - T',7.B,
>uaMRH | F F,FA | F F,FB
We can finish the derivation by using the U rule:

H|+T,7A|+FT,7B
H|FT,7AUB

O

Notice that because of the constraints of the ¢ rule that impose to have only one sequent

before using the ¢ rule, we can not simply continue the induction process when the hypersequent
G is basic and we require the additional Lemma below.

Lemma 102. [f DHMRD_ Fi; 7:;1]:11 then [>HMR[|_ Fl]ﬁl
Proof. We prove the result by induction on the derivation of [~ T';,7.1]",. We will only show
the case of the 1 rule, the other ones are straightforward.

If the derivation finishes with

[Ty, 7 0, | F1y,71,61,61,81

where 7 = b; & then by induction hypothesis
DHMR“_ Fz]gg | = Fl
and thus
[FTa, [ F 1y
[F Tty | Ty, 71,61

LY a<yr

We can now prove that 1 is a weak unit in free modal Riesz spaces.

Theorem 3.1.2 (Weak unit). For all A, if AS.  +0<(AUT) then A%

Riesz Riesz

FOo<A.

Proof. If AS. 0 < (AUT) then by using the completeness Theorem of the system HMR

Riesz
and the invertibility of the 0 rule, B
>umr F 1.AU 1

and then by invertibility of the U rule
papmvr F 1A | F 1.1
We can now use Lemma [T01] to show that
>uMe - 1.A

and we can conclude using the soundness Theorem of the system HMR. O
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3.2 Conservativity

3.2.1 Conservativity over the ¢ operator

In this section, we will show that modal Riesz spaces are a conservative extension of Riesz
spaces, i.e., that for all Riesz terms A, B, Agjesz & A = B if and only if Agiesz HA=B.
Note that the implication
ARiess FA=B=> A% FA=B

Riesz

is trivial since a derivation of ARjes, = A = B is also a valid derivation of A%iesz F A = B. Thus,
we will focus on the other direction.
A natural option to prove that
Ao, F A=B = Agies, - A= B
would be to work by induction on the derivation A%iesz F A = B. However, such derivation
could use the transitivity rule
A, FA=C A8, FC=B

Riesz Riesz

A FA=B

Riesz

trans

where C can include some ¢, and thus would not be a Riesz term but a modal Riesz term,
preventing us from using the induction hypothesis.

To go around this issue, we will use the hypersequent calculus HMR since it satisfies the
CAN elimination theorem, effectively removing the transitivity rule. Using the soundness and
completeness of the system HMR, the conservativity result is equivalent to

DHMRG = I>HRG

where G only contains Riesz terms.
Lemma 103. Let G be a hypersequent containing only Riesz terms. If >bgprG then >grG.

Proof. By invoking the CAN elimination Theorem [2.4.4] we can assume that the derivation of
G is CAN—free. The result is then proven by a straightforward induction on the CAN-free
derivation of G. O

Theorem 3.2.1 (Conservativity regarding the ¢ operator). For all Riesz terms A, B, ARjess F
A= B if and only if A3, A= B.

Proof. As mentioned above, the direction Agjes, F A = B = Agiesz F A = B is trivial.

For the other direction, let’s assume that A%. + A = B then by using Lemma we have

Riesz

A8 F0<A-B

Riesz

¢
‘ARieSZ

and thus by the completeness Theorem [2.4.2 of the system HMR and the invertibility of the 0
rule,

FO<B-A

DPHMR - ].(A'FE)
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We can now use Lemma [103] to obtain
DHR H 1(A + E)

DHR H l(B + Z)
and by the soundness Theorem [2.2.1] of the system HR

ARiesz }_OSA‘FE

ARiesz }_OSB'FZ

and we can conclude by using Lemma [7| to obtain
ARiesz FA=D
which concludes the proof. O

Remark 40. The same process can be used to prove that modal Abelian l-groups are a conser-

. . . . o o .
vative extension of Abelian 1-groups, i.e., that for all l-group terms 4, B, A, A= B if
and only if Al_groups W A =B

3.2.2 Conservativity over scalar multiplication

We will now show that Riesz spaces are a conservative extension of Abelian l-groups, i.e.,
that for all Abelian l-group terms A, B, Ai_groups = A = B if and only if Agjes, - A = B. Note
that this result is well-known in the theory of Riesz spaces, but we provide a purely syntactic
proof and an effective way of translating a derivation in one equational theory to the other.

We will proceed in a similar way as in Section [3.2.1] i.e., we will reduce the theorem to the
hypersequent calculi HR and GA||. However, because of the weights in the hypersequent, a
hypersequent G in HR is not a valid hypersequent in GAJ|. Thus, for all HR hypersequent G,
we define the G Al| hypersequent G by removing the weights, e.g., if G = - 1.z | - 1.z, 1.7 then
Gt=Fuz|ta7

Lemma 104. Let G be a hypersequent containing only Abelian [-group terms and where all
weights are equal to 1. If bgrG then DGAHGT.

Proof. By invoking the CAN elimination Theorem [2.2.4] we can assume that the derivation of
G is CAN—free.
Moreover, by using the invertibility of the logical rules of Section 2:2.4] we can assume that
G is atomic of the form
FTy| .| F T

where T'; = b (Lap)™, ..., (Lag)™*, (1_971)”2,1’ ceny (l.ﬁ)”éak (since G contains only Abelian 1-
group terms, the x rule is never used and so the weights stay equal to 1).

Then, by application of the algebraic property of HR [2.2.5] there are t1, ..., in Rxq such
that

e there exists ¢ € [1..m] such that ¢; # 0 and

e for every variable and covariable (x;,%;) pair, it holds that

m m
E — E !

tinm = tmm
i=1 i=1
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Since all coefficients are rational and the theory of linear arithmetic over R is an elementary
extension of that of linear arithmetic over Q [FR75|, there are g1, ..., ¢m € Q>0 satisfying the same
property of t1, ..., t,,. By multiplying all g; by the least common multiple of their denominators,
we get a solution k1, ..., ky, in N. So according to the algebraic property of GA]| G' has a
GA\|| derivation. This concludes the proof. O

Theorem 3.2.2 (Conservativity regarding scalar multiplication). For all Abelian l-group terms
A, B, ARics, F A = B if and only if A groups - A = B.

Proof. As before, the direction Aj_groups = A = B = ARgies, F A = B is trivial since a derivation
of Al groups - A = B is also a derivation of Agjes, - A = B.
For the other direction, let’s assume that Agjes, - A = B then by using Lemma [7] we have

ARieSZ}_OSA_B

ARiCSZFOSBiA

and thus by the completeness Theorem of the system HR and the invertibility of the 0
rule,

DHR - 1(14 —+ E)
DHR H I(B + Z)
We can now use Lemma [104] to obtain
'>GAH [ (A + E)
[>GAH F (B + Z)
and by the soundness Theorem of the system GA||
-Alfgroups FO0< A+ B
Alfgroups =0 < B+ Z
and we can conclude by using Lemma [I] to obtain
Alfgroups FA=D8
which concludes the proof. O

Remark 41 (Open problem). We have not been able to prove or disprove the equivalent of The-
orem [3.2.2] in the context of modal Riesz spaces. We leave this as an open problem.

Question. Let A, B be modal Abelian l-group terms, is it true that if Ag\iesz F A = B then
O _

Al,gmups FA=DB?

The proof above can not be adapted to the context of modal Riesz spaces since the algebraic

property of HMR concerns polynomial inequalities instead of linear inequalities as in the system

HR, and thus it is no longer true that if the system has a real solution, then it necessarily has

a rational one.
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3.3 Decidability and Archimedean property
3.3.1 Parametrized HMR

In this section, we will introduce a generalisation of the hypersequent calculus HMR where
the weights are not scalars but polynomials. Such a hypersequent can be interpreted as describing
the set of possible assignments to these real-valued variables that result in a valid concrete (i.e.,
where all scalars are numbers and not variables) derivation.

For instance, the derivation

= INIT

Froxerx
is valid for any r € R+ and, similarly, the derivation
— INIT

}_

— ID =t
Frox, sa,tx s

is valid for any values of reals (r,s,t) € R® such that r = s + t. Lastly, the hypersequent
containing two scalar—variables «, 8 and two concrete scalars s and ¢

F(a? — B).x,s.T, t.T

is derivable for any assignment of concrete assignments 71,72 € R to a and 3 such that (r1)%2—ry >
0and (r1)?2 —ro =s+t.

The notion of parametrized hypersequent appears naturally when dealing with the algebraic
property of the system HMR (see Theorem . The algebraic property requires the existence
of scalars tq, ..., t,, satisfying some conditions, one of which is the derivability of the hypersequent
H

A et A, (1771) 1, o, (b ). 1, (8151).T, o, (b )T

Thus to check if a hypersequent satisfies the algebraic property, we have to check whether or
not the hypersequent H above is derivable for some ¢4, ...,t,,. Since the ¢, ..., t,, are not neces-
sarily known and will depend on the possible derivation of the hypersequent H, it is convenient
to consider the parametrized hypersequent

— —

Far Ay, e A, (@1771).1, oo (@)1, (a151).T, oo, (Qm 87 )1

and then build a parametrized derivation of this hypersequent. One then only has to check
if there is an assignment to the variables «g, ..., ay, that satisfies the other conditions of the
algebraic property, and such that the derivation is valid, i.e., all the weights are positive.

We will now give the formal definition of the parametrized hypersequent calculus.

Definition 3.3.1. A parametrized weighted term is a formal expression R.A where R € R|ayq, ..., ag
for some variables aq, ..., and A is a term in NNF.

Example 20. For polynomial variables «, 3,
(a —5B).x and (a® + af).z M Oy
are parametrized weighted terms.

Definition 3.3.2. A parametrized sequent is a formal expression of the form F I where T is a
multiset of parametrized weighted terms.
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Ezxample 21. For polynomial variables «, 3,
F (o —58).z, (o + aB).z MOy
is a parametrized sequent.

Definition 3.3.3. A parametrized hypersequent is a non—empty finite multiset of parametrized
sequents, written as F T'q|...| T,

Example 22. For polynomial variables «, 3,
F(a? - B).x,4.7, 8.7 | F (a — 58).2, (&* + aB).z M Oy
is a parametrized hypersequent.

We say that a sequent (resp. hypersequent) is parametrized by aq,...ap if R € Rlay, ..., ag]
for all weight R appearing in the sequent (resp. hypersequent). If a sequent + I' is parametrized
by a1, ..., ar, we say that an assignment tq, ..., tx of the variables is valid if R(t1,...,tx) > 0 for
all weight appearing in - I' (where R(t1,...,t;) is the usual evaluation of polynomials in R).

Similarly, if a hypersequent G is parametrized by aq, ..., o, we say that an assignment ¢1, ..., tg
is walid if it is valid for all sequent appearing in G.

Definition 3.3.4. For all sequent - I' =+ R;.Aq, ..., R,.A, parametrized by aq, ..., ax and valid
assignment ty, ..., tg, F T'(tq, ..., ;) is the sequent

F Ri(t1y ooy th) - Aby ooy Ru(t1s ooy t) An

Definition 3.3.5. For all hypersequent G =+ I'y | ... | F I}, parametrized by a, ..., o and
valid assignment 1, ..., tg, G(t1, ..., tx) is the hypersequent
FTy(t1, e tr) | oo | F Dnlte, oy te)

Remark 42. Remark that valid assignments evaluate the weights to non-negative scalars instead
of positive ones (recall that in Definition of a weighted term, the weights are positive).
This choice was made out of convenience, since it is often useful for the weights to evaluate
to 0. In this case, we simply remove the weighted term, e.g., for the parametrized sequent
FT =F (a1 — az).z,a1.T, the valid assignments are all ¢1,¢s such that ¢; > ¢t5 > 0. When
t; = to, we have F I'(¢1,t2) = F 1.7 (we removed 0.z from the sequent).

Definition 3.3.6. A parametrized derivation is a HMR. derivation where the T rule can be
used with a polynomial instead of a positive scalar, i.e., we use the following T rule

G|FRT

T, ReR
G||—F ) S [alv 70(k]

We say that a derivation is parametrized by ag, ..., oy if all hypersequent appearing in the
derivation are parametrized by asq, ..., ay.

If a derivation is parametrized by aq, ..., ai, we say that an assignment ¢q, ..., tx is valid if the
assignment is valid for all hypersequent appearing in the derivation, and if the provisos of the
rules are respected for this assignment. For instance, if the derivation contains the following ID
rule -

ID,Ri+Re=S
|_R1.£C7R2.(E,Sl.f o T+ 1
then for the assignment to be valid, we require that Ry (1, ..., tx) + Ra(t1, ..., tx) = S1(t1, ..., tg)-

For all hypersequent G parametrized by aq, ..., ax, parametrized derivation of G and valid
assignment ¢1, ..., t,, we can obtain a derivation of G(t1, ..., tx) by simply evaluating all polynomial
appearing in the derivation on tq, ..., tg.
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Example 23. A possible parametrized derivation of the hypersequent G =+ (a? — 8).x, s.T, t.7 is

C INIT
F(a? — B).x, 8.7, t.

— ID,o?2 - B =5+t
T

The valid assignments (r1,72) for such a derivation are exactly the one satisfying
e 1?2 —ry = s+t because of the proviso of the ID rule, and
e 1?2 —ry > 0 for the assignment to be valid for the hypersquent.

For all assignment satisfying those conditions, we can obtain a derivation of G(ry,rs) simply
by replacing every occurrences of a by r; and 3 by ro, obtaining the following HMR derivation

= INIT

ID,r? —ry =5+t
F(r? —ry).a, 87,7 L

3.3.2 Decidability

In this section, we use the algebraic property to introduce an algorithm for deciding if
a hypersequent G is derivable in the system HR.

The procedure takes a hypersequent G parametrized by ajy, ..., a,, and construct a formula
dc(d) € FOR,+, x,<) in the language of the first order theory of the reals. The procedure
is recursive and terminates because each recursive call decreases the complexity (see Definition
of its input G. The key property is that a sequence of scalars (s1, ..., s,) € R satisfies ¢¢ if
and only if the hypersequent G(s1, ..., $,,) is derivable in the system HMR. The decidability then
follows from the well-known fact that the theory FO(R, +, x, <) admits quantifier elimination
and is decidable [Tar51l [Grig§].

The algorithm to construct ¢ takes as input G and proceeds as follows:

1. if G is not a basic hypersequent (i.e., if it contains any complex term whose outermost
connective is not ¢ or 1 or 1), then the algorithm returns

¢a = )\ ¢c.
=1

where Gy, ...,G, are the basic hypersequents obtained by iteratively applying the logical
rules, and ¢¢, is the formula recursively computed by the algorithm on input G;.

2. if G has the shape - R.1, 5.1 then ¢¢ = > 5 < S R.
3. otherwise G is a basic hypersequent which has the shape

FI, OAL R, ST | F T, O, Rl 1, 87, 1

— — — —

where I'; = R; 1.21, ..., Ri k.2, Si,1.21, ..., Si 1-T. We then define:

e A formula GZ(8y, ..., Bm) that states that for all ¢ € [1..m], 0 < 5.

Z(Br, s Bm) =\ (0<8)

1€[1..m]
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e A formula NZ(f1, ..., Bm) that states there is ¢ € [1..m] such that 5; # 0.

Z(Bry s Bm) =\ (B =0)

i€[1..m]

e A formula A(f1, ..., B;n) that states that all the atoms cancel each other.
k m m
AP, .y Brm) = /\ O B> Riy=> 8> 8
j=0 i=1 i=1
e A formula O(i, ..., Bm) that states that there are more 1 than 1,

OBy, vy Bm) = Z@ZS’ <Z@ZR’

e A hypersequent H(f1, ..., Bn) which is the result of cancelling the atoms using 81, ..., Bm
and then using the ¢ rule, i.e. is the leaf of the following prederivation:

FBLAL (BIR').1, (BS')T, o, B A, (BB ) 1, (B S ) 1 o

F 5108 (BB L (1)L, s B0y (Bon B ) L, (BinS 1) 1 _
F 8101, B1.0AL (BiR'1)1, (B151)-T1, ooy B Dons B0y (B R 1)1, (B S 1) 1
F BTy, B1.0AL (BLRN).L (B1S') T | coo | F B Do B OB, (B B )1, (B S'im) 1

FTy,0AL R, ST | F D OA, B 1,870 1

e The formula ¢ g,.... g, computed recursively from H(f1, ..., 3,) above.

Finally, we return ¢ defined as follows:

¢G = Hﬁla "'7577747 GZ(ﬁlv 7ﬁm)/\NZ(ﬂla ceey Bm)/\A(ﬂh 7ﬁ’m)/\0(ﬁ17 ceey Bm)/\qu(ﬁl,...,ﬁm)

The following theorem states the correctness of the above described algorithm.

Theorem 3.3.1. Let G be a hypersequent parametrized by &. Let ¢ (@) be the formula returned
by the algorithm described above on input G. Then, for all valid assignment § € R of G, the
following are equivalent:

1. ¢c(8) holds in R,
2. G(8) is derivable in HMR.

Proof. By using the CAN—free invertibility of the logical rules, we can assume that G is a basic
hypersequent. If G has the shape - fé.l, S .1, the result is trivial since ¢¢ is the proviso of the 1
rule. Otherwise, the result is a direct corollary of the algebraic property [2.4.5] since the formula
NZ corresponds to the first property, the formula A corresponds to the second property, the
formula O corresponds to the third one and the formula ¢y corresponds to the last one. O

Even though the problem is decidable, the algorithm described previously is non—elementary
since the size of the formula ¢ can not be bound by a finite tower of exponentials.

Lemma 105. Let A, be defined by induction on n as follows:
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e Ay = x for some variable x

4 AnJrl = <>An u <>An

Forie N, letG; =F 1.A;. Then for alli, ¢g, has at least 22" existentials (with the convention

1 times
2

22 = 1), i.e., each use of the  rule will add one exponential to the number of existentials.

0 times

Proof. For i,j,k € Nand Ry, ..., Rj € Rlay, ..., ax], we define

Hi,j(Rla ...,Rj) =F Rl.Ai, ,R]Al

2i
We will show by induction that for all 0 < i and 0 < j, ¢y, ; has at least 22 existentials.
7 times

For all j € Ny, k € Nand Ry,...,R; € Rla, ..., o], Hoj[Ry, ..., R;] is an atomic hyperse-
quent with only one sequent, so ¢p, ; has at least one existential.

Let j € Nyg, k € Nand Ry, ...,R; € R[ay,...,ax]. By applying iteratively the logical rules
on Hi ;, we obtain the basic hypersequent H® = [~ R;.0z,...,R;.0x]* and ¢g» has 279 + 1
existentials. So ¢p, ,(Ri, ..., R;) has 27 41 > 27 existentials.

Let us now analyse ¢, ,, ;(R1,..., Rj) for i > 0. By applying iteratively the logical rules,
we obtain only one basic hypersequent : Hf’H’j(Rl, . Rj) = [F R1.0A,;, ..., Rj.OAi]QJ. We notice
that one of the subformulas of ¢ ;s (Ri,..., Rj)is éu, . (R') for some R’ € (Rar, ..., aug, B, ..., Boi])T*%

1,5 jx27
which has at least 22 > 22 existentials.
— N——
7 times i+1 times
So ¢m,.,,(R1,..., R;j) has at least 2> existentials. Since G; = H;1(1), G; has at least
7+1 times
_2
22" existentials. O]
—

% times

Remark 43. It is still an open question whether or not there is an elementary algorithm to decide
if a hypersequent is derivable in the system HMR.

3.3.3 Archimedean

In this Section, we will show that free modal Riesz spaces are Archimedean, i.e., that for all
modal Riesz terms A and B, if A, FnA < B for all n then A%, ., - A < 0. Note that this
result was previously left open in [FMM20, §6.3].

As often, we will reduce the Archimedean property to the system HMR. To do so, we first
rephrase the Archimedean property. We have

Y, AR, FMA<B & VYn A%, F0<B-nA

Riesz Riesz

& Vn, AR H)ng—A
n

Riesz
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and

AS. FA<0 & A% FO0<-A

Riesz Riesz

thus the Archimedean property is equivalent to the following implication

1
Vn, A8, FO0< -B-A=A% FO0<—-A
n

Riesz Riesz

or using the soundness, completeness and invertibility of the logical rules of the system HMR
1 — _
VTL,DHMR H 7.B7 1.A= >PHMR F 1.A
n

In order to establish the implication above, we prove a stronger result of independent interest
about the hypersequent calculus HMR. This states that derivability in HMR is continuous in
the sense that derivability preserves limits of scalars in hypersequents. More formally, this means
that for all hypersequent G parametrized by s, ..., g, sequence of scalars (si p, ..., Si,n)nen and

vector of scalars sq, ..., s; such that lir_{l 8i,n = 8; for all ¢, we have
n—-+0oo

VTL, DHMRG(SLTU vy sl,n) = DHMRG(Sl; ceey Sl)

This continuity comes from the continuity of the polynomials used in the algebraic property:
if G is basic and G(s1,n, ..., S1,n) satisfies the algebraic property for all n, by continuity of the
polynomials, so does G(s1, ..., 51)-

Lemma 106 (Continuity of ppmr). For all hypersequent G parametrized by a, ..., qp, se-
quence of valid assignments (S1.p, ..., Sin)nen 0f G and a valid assignment s1,...,s; of G such

that lim s;, = s; for all i, we have
n—+oco

Vn, DHMRG<51,n7 ey Slm) = I>HMRG'(817 ceny Sl)
Proof. We will show this result by induction on the complexity of G. We distinguish three cases:

e If G is not basic, then we can use the invertibility of the logical rules to reduce the com-
plexity of G. For instance if B
G= H|-FT,RA+B

with - I', B.A + B. We define
G'= H|+FT,RARB
Since PuMRG(S1,n; -+, S1,n) for all n, by using the invertibility of the + rule, we have
DHMRG/(Sl,n, ceny Sl,n)-
By induction hypothesis, we have bymrG’ (51, ..., 1) and thus we can conclude by using

the + rule.

o IfG=F ﬁ.l, S.1. Since PHMRG (81,0, -+ S1,) for all n then by using the algebraic property

[2:45] we have
Vn, Z S(S1,my - 81m) < Z R(S1,my - Sin)

and thus by continuity of the polynomials,
> S(s1,) <D R(s1,051)

— INIT

= - .
= = = 1,> S(s1,..y81) <> R(s1,...,s
F R(s1,...,81).1,5(s1,...,8).1 2.5 <2 B 2

and so
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e Otherwise G has the form
= -
F T, O0AL R ST | oo | F Doy OAm, K1, ' 1

where I'; = ﬁi,l.xl, ey ﬁi)k.x;w ﬁi,l-xih e ?i7k‘m

According to the algebraic property since G(s1,n, ..., S1.n) has a derivation for all n,
then for all n there exist numbers t1 ,,, ..., ty.n € R>( such that:

— there exists ¢ € [1..m] such that ¢;,, # 0 and,

— for every variable and covariable (z;,7;) pair, it holds that

m
Z ti,n(z ﬁi,j(sl,'m veey Sl,n) — Z ?i,j(sl,n, veey Sl,n)) =0
=1

and,

— —
-0 § Zzl:l tz,n(z R/i(sl,na cey Sl,n) - Z /i(sl,na “eey Sl,n)) andv

- DHMRH(Sl,na <oy Sliny tl,nv ~-~7tm,n)

where

P o o
H = " O[H_l.(Al,R 1.1, S 1.1), geeey al+m-(A7rza R m.l,tmmS ml)
Notice that for all n, if ¢ 4, ..., n € R>( satisfies the algebraic property for G, then for

all a > 0, tld" s oo t"{"}’” also satisfies the algebraic property. By taking a = n[lax | tin, We
1€[l..m

can assume that for all n, ti ,,...,tmn € [0,1] and that ¢;, , = 1 for some i,

Since [0, 1] is compact and for all n, there is 4,, € [1..m] such that ¢;_ , = 1, then there is
a subsequence (o(n)) such that for all j € [1..m], t; ;) converge toward some t; € [0, 1]
and there is 4 € [1..m] such that t; ,(,y = 1 for all n (therefore ¢; = 1).

If A; = 0 for all ¢, then H = I ﬁ.Lg.T for some R and S and we conclude as in the
previous case to show that H(s1, ..., S;4m) has a derivation.

Otherwise, the complexity of H is strictly lesser that the complexity of G and by induction
hypothesis, H (s, ..., $;4+m) has a derivation.

In both case H(si, ..., Si+m) has a derivation and by continuity

— for every variable and covariable (z;,T;) pair, it holds that

th(z ﬁi,j(sl, ceey Sl) — Z §i7j(81, ceey Sl)) = 0

and,
N - —
- 0 S Zi:l tz(z R’i(sl, ceey Sl) — Z S/Z'(Sl, ) Sl))
so according to the algebraic property G(s1, ..., s1) has a derivation.
O

Theorem 3.3.2 (Archimedean property). For all modal Riesz terms A and B, if Agiesz FnA<
B for all n then AS. R A<O.

Riesz
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Proof. Let’s assume that AS.  +nA < B for all n. Then for all n > 1,

Riesz
1
ARiesz =0 S -B-A
n

and thus by the completeness Theorem [2.:2.2)of the system HR and the invertibility of the logical
rules,

1 _
Vn > 17[>HMR + 7.B7 1.A
n
We can now use Lemma [I06] on the parametrized hypersequent
G(Oél) = Oél.B, IZ

to obtain
DHMRG(O)

and by the soundness Theorem of the system HMR

AIO{iesz F0 S —A
and therefore
Al%icsz A S 0

which concludes the proof. O



Conclusion and future work

Recall the four steps for our direction of research announced in the introduction:
1. Find a simple real-valued modal logic for expressing properties of probabilistic systems.
2. Design a good structural proof system for this logic.

3. Extend the logic with the (co)inductive defined operators necessary to obtain the expres-
siveness of pCTL.

4. Build upon the proof system designed at step 2 to obtain a well-behaved proof system for
the logic obtained at step 3, thus having a good proof system for pCTL.

In this thesis, we have taken the work of [MFMI17, [Miol8, [EMM20] as the step one and we have
accomplished step two. Indeed, we have built upon the hypersequent calculus GA of Metcalfe,
Gabbay and Olivetti [MOGO05| to develop a hypersequent calculus for the theory of modal Riesz
spaces called HMR. To do so, we have built hypersequent calculi for different fragments of
modal Riesz spaces, namely HR for Riesz spaces and MGA for modal lattice—ordered Abelian
groups, before combining them to obtain HMR. For each of those systems, we have shown that
they satisfy the basic properties required for well-behaved structural proof systems, i.e., among
others, the soundness, completeness and CAN elimination theorems.

We then have used the hypersequent calculus HMR to prove new results regarding modal
Riesz spaces. Among them, we have shown that the equational theory of modal Riesz spaces is
decidable. We also solved a problem left open in [FMM20][§6.3], namely that free modal Riesz
spaces are Archimedean.

Future work

The natural continuation of our work is to implement steps three and four mentioned above.

Step three - Mio extended Riesz modal logic with threshold operators (denoted by Txg)
to implement a logic sufficiently expressive to interpret the bounded—fragment of pCTL and an
axiomatisation for this logic. The threshold operator T~ is defined using a least fixed—point
definition, in the style discussed in Section See [Miol8| for further details. Thus, the
only remaining operator of pCTL not included in the logic of [Miol8§| is the unbounded Until
operator. Mio suggests that further extending the logic with the following fixed—point defined
binary operator U:

U(F,G) = X T=(G) U (To(F) N OX)

should allow for the encoding of the unbounded Until operator of pCTL.

138
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However, no axiomatisation has yet been found for this extended logic, and this is therefore
an interesting line of research.

Step four - For the implementation of a well-behaved proof system, the main difficulty
is to extend our hypersequent calculus with rules for (co)inductive operators. One of the most
promising approach is the study of cyclic proofs originally introduced for logics with (co)inductive
definitions such as the modal p—calculus [DHLO6, [Stu07, BS11].

A cyclic proof is a derivation that can contain cycles and should satisfy a certain condition
in order to ensure soundness. For instance, if we consider the following usual rules for the
fixed—points operators:

G|FT,¢o(rX.0(X)) G| T ¢(uX.¢(X))
GFT,vX.6(X) GFT,uX.0(X)

and the hypersequent - v X.Q(X) U —1M1, which is semantically equivalent to the formula Py
defined in Section [I.5] then a possible cyclic proof for this hypersequent would be

FrX.OX)u—1mi1f
FOwX.o(X)u—-1m1)
FOwX.OX)U—1n1) |+ —1
FOwX.O(X)u—1n1)u—1
FOwX.O(X)u—1n1)u—1m1
FrX.O(X)u—1ni1f

IT

W
u

N
F1
-

where t marks the cycle. However, not all cyclic proofs are valid. A similar cyclic proof is
possible for the hypersequent - uX.Q(X)U—111, but this hypersequent should not be derivable
since its interpretation is not positive. Indeed, in (R,<,0 = z — z), the interpretation of
F uX.0(X)U —1M1 is the greatest number » € R such that » = min(max(r,—1),1), and
therefore, it is the real number —1. Since —1 is not positive, the sequent should not be derivable.
Thus it is necessary to find adequate conditions for a cyclic proof to be valid. Those conditions
must be strong enough for the hypersequent calculus to be sound, but must also be weak enough
for the hypersequent calculus to be complete.

The theory of cyclic proofs is an active area of research, and has been mostly developed
around the p-calculus (see, e.g., [DHLOG, [Stu07, [BS11] and the recent [Doul?]). Cyclic proof
systems have also been considered for Linear Logic (see [Gir87, [Gir95] for an introduction to
Linear Logic and, e.g., [Doul7][§2.4.3] for an introduction to the theory of cyclic proofs for
several logics including Linear Logic). In this direction, some parallels can be done between the
hypersequent calculus GA and the sequent calculus for Linear Logic. Firstly, GA can be seen
as a sequent calculus by removing the S,C and W rules and restricting every other rules to act
on hypersequent with only one sequent, e.g., the + rules become

-T,A,B
FT,A+B
and the U rule becomes the two rules
FDA F0.B
FT,AUB ' FT,AUB °

This sequent calculus is no longer complete for the equational theory we consider (the sequent
F 2 UZ is no longer derivable), but it is very similar to the sequent calculus of the Multiplicative
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Additive fragment of Linear Logic (MALL) [Gir87, [Gir95] extended with the usual nullary and
binary mix rules (see, among others, [Gir87, [FR94] [AJ94]):

FIL FA

A Vi

F MiXO

In fact, we can directly translate a derivation of the sequent version of GA into a derivation
of MALL, and vice—versa, with the following translations:

Operator of GA Rule of GA Operator of Linear Logic | Rule of Linear Logic
INIT axiom Mixg axiom
ID axiom ID axiom
M rule Mixs, rule
+ rule % 7% rule
+ + rule and M rule ® ® rule
Ll rule @, rule
H Ll rule ® ®o rule
n M rule & & rule
0 rule 1 L rule
0 rule and INIT axiom 1 1 axiom

Note that the translation from MALL to GA sends both multiplicative operators % and ® of
MALL to the operator + of GA and also sends both multiplicative constants | and 1 of MALL
to the constant 0 of GA. It is well known as folklore that in MALL, the binary MIX rule is
equivalent to the derivability of the sequent

F1,1
and the nullary MIX rule is equivalent to the derivability of the sequent
[

and both these sequents are trivially derivable when the multiplicative constants are equivalent
sinceF1,1=F 1,1 =F 1,1 and F 1, | has the following derivation:

Thus, since the multiplicative constants are the same, the nullary and binary MIX rules are
redundant and the sequent version of GA is exactly the logic MALL where the multiplicative
operators and multiplicative constants collapse.

One possible line of research is then to further study the connections between Linear Logic
and the hypersequent calculus HMR and how the circular proof techniques for Linear Logic can
be exported to hypersequent calculi.
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