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ABSTRACT. The key to the proof-theoretic study of a logic is a proof calculus with a
subformula property. Many different proof formalisms have been introduced (e.g. sequent,
nested sequent, labelled sequent formalisms) in order to provide such calculi for the many
logics of interest. The nested sequent formalism was recently generalised to indexed nested
sequents in order to yield proof calculi with the subformula property for extensions of
the modal logic K by (Lemmon-Scott) Geach axioms. The proofs of completeness and
cut-elimination therein were semantic and intricate. Here we show that derivations in
the labelled sequent formalism whose sequents are ‘almost treelike’ correspond exactly to
indexed nested sequents. This correspondence is exploited to induce syntactic proofs for
indexed nested sequent calculi making use of the elegant proofs that exist for the labelled
sequent calculi. A larger goal of this work is to demonstrate how specialising existing
proof-theoretic transformations alleviate the need for independent proofs in each formalism.
Such coercion can also be used to induce new cutfree calculi. We employ this to present
the first indexed nested sequent calculi for intermediate logics.

1. INTRODUCTION

A standard syntactic method of presenting a logic is via its Hilbert (proof) calculus. The
Hilbert proof calculus for intuitionistic logic typically consists of a finite set of axiom schemata
and a single rule called modus ponens.
A A— B
B
A proof (derivation) is a finite sequence of formulae such that every element is either an
instance of an axiom or obtainable from previous elements via modus ponens. A formula is
called a theorem of the logic if it has a derivation. This presentation of the logic is simple
and elegant. It is also modular: a Hilbert calculus for classical logic can be obtained from
the Hilbert calculus for intuitionistic logic by the addition of a single axiom schema p Vv —p
corresponding to the excluded middle.

modus ponens
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However, the rule of modus ponens has a great drawback. To investigate if a formula B
that is not an instance of an axiom is a theorem, it is neccesary to investigate if there is
some A and A — B that is a derivable (since B must be the conclusion of a modus ponens
rule instance), and there is no indication of what A we should choose for this purpose.
Indeed, in terms of formula size, A may be much larger than B. In other words, even if B is
a theorem, the formula appears to contain little information on the form of its derivation.

Gentzen [14] showed that there is an alternative, presenting proof calculi for classical
and intuitionistic logic in a new formalism which he called the sequent calculus. Unlike
the afore-mentioned Hilbert calculi, these sequent calculi satisfied the subformula property:
every formula in the premise of a rule is a (sub)formula of some formula in the conclusion
of the rule. When every rule in the proof system satisfies the subformula property, then
the only formulae that may appear in a derivation are the subformulae of the formula that
is being proved. Thus the subformula property places a strong restriction on the set of
possible derivations of a given formula. Apart from facilitating backward proof search, the
subformula property (and the ensuing restriction on the derivations) enable elegant and
constructive proof-theoretic arguments of logical properties such as consistency, decidability,
complexity and interpolation. We note in passing that weaker versions of the subformula
property—e.g. that every formula in the derivation belonging to a finite set computable
from the formula that is being proved—would also suffice.

The building block of the sequent calculus is not a formula like in the Hilbert calculus,
but instead a tuple of formula multisets (formula lists in the original formulation), written
X Y (we shall call this a traditional sequent). The sequent calculus consists solely of rules;
every rule consists of some number of premises and a conclusion, and each is a traditional
sequents. The starting point for a derivation is now a rule with no premises (an initial
sequent). In particular, Gentzen traded the axiom schemata of the Hilbert calculus for rule
schemata which either add a single logical connective in the conclusion in positive/negative
position, or do not introduce introduce any new logical connectives. The point is that
these rules satisfy the subformula property. With these new rules and sequent-version of
modus ponens, every theorem could be derived. However since this sequent calculus contains
modus ponens it still violates the subformula property. To establish that eliminating modus
ponens does not limit the expressivity of the calculus, Gentzen proved a stronger result
by first replacing modus ponens with the cut rule below and then proving his celebrated
cut-elimination theorem which shows how to eliminate the cut rule from any derivation, thus
showing that the cut rule is redundant.

XEFY A AUV
X, UFY,V
Gentzen used the cut-elimination result to give a proof of the consistency of arithmetic using
a suitable induction principle.

Following the seminal work of Gentzen—and recognising its proof-theoretic importance—
efforts were made to construct sequent calculi with the subformula property for the many
non-classical logics of interest. Unfortunately, in most cases, the restrictions that the sequent
calculus formalism enforces (most prominently, the form of the traditional sequent as a
formula multiset /list tuple) does not provide enough leeway to construct rules to capture
these logics. In response, various extensions of the sequent calculus formalism have been
proposed (some formalisms not discussed in this paper include hypersequents [24, 2] and the

cut
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display calculus [3]). The typical approach is to extend/generalise the traditional sequent
data structure (an exception is the calculus of structures [17]).

The nested sequent [18, 5] formalism has been used to give proof calculi for intuitionistic
logic [12], conditional logics [1], logics in the classical and intuitionistic modal cube [18, 28, 19]
and path axiom extensions of classical modal logic [15]. A nested sequent replaces the
traditional sequent data structure with a richer data structure.

Definition 1.1 (nested sequent). A nested sequent (NS) is a finite object defined recursively
as follows:

NS := X F Y where X and Y are formula multisets

NS := NS, [NS], ..., [NS]

Here are some examples of nested sequents.
XEY,[PEQ,UFV][LEM],[SET] (1.1)
XEY,[UFV,LEM],[SFT] (1.2)

A nested sequent lends itself naturally to a graphical representation as a directed tree where
each node is decorated with a traditional sequent. Here are the representations of the
preceding two nested sequents:

UrV L+M L+M SkT
PFQ SET UrVv
XFY X+Y

Unfortunately, even the nested sequent formalism is insufficient to provide calculi with the
subformula property for many logics of interest. In the context of modal logic, the axiomatic
extension of the normal modal logic K by Geach axioms is such a class of logics. One reason
for the interest is that these axioms capture many interesting reasoning properties (e.g.
reflexivity, symmetry, transitivity, confluence). Another reason is that these logics possess
an elegant semantics: Kripke frames [4] which satisfy the corresponding first-order property.

Definition 1.2 (Geach logics and axioms). A Geach logic is an axiomatic extension of the
normal modal logic K by finitely many (Geach) axioms of the form:

G(h,i,j, k) := O"O'p — T¥OFp  (h,i,5,k > 0) (1.3)

For some Geach logics (e.g. K + OOp — OOp) even the nested sequent formalism
(ultimately, the nested sequent data structure) appears not expressive enough to provide a
calculus with the subformula property.

Recently, Fitting [10] extended the nested sequent data structure by assigning an index
to each traditional sequent (permitting multiple traditional sequents to possess the same
index) and introduced the indezed nested sequent formalism to present proof calculi with
the subformula property for those Geach logics whose Geach axioms satisfy i + k > 0.

Definition 1.3 (indexed nested sequent). An indexed nested sequent (INS) is a finite object
defined recursively as follows:
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INS := X F*Y where X and Y are formula multisets and ¢ € N

INS := INS, [INS],. .., [INS]
Here are some examples of indexed nested sequents:
XHF Y, [PH QU V] ILEF M), [SH T (1.4)
XF Y [PH QU V], [LF M), [SF T (1.5)

An indexed nested sequent can be represented graphically as a directed tree whose nodes are
decorated by traditional sequents and an index (the first two graphs below represent (1.4)
and (1.5) respectively.

Urv L3 M Ur'v L' M Urv
P Q ST PH'Q SE2T PH' Q — > S, LT, M PikTQM/fFT
XHy XH Y XHy X, U Y,V

The key to obtaining more expressivity is to interpret those nodes of the tree with the same
index (X1 F* Y1,..., Xny1 F® Yy, say) as a single node decorated with X1q,..., Xyy1 F
Y1,...,Yn+1. Thus INS correspond to directed graphs obtained by conflating certain nodes
of a directed tree. The INS (1.4) and (1.5) are depicted by the two rightmost graphs above.

Fitting does not prove syntactic cut-elimination for his indexed nested sequent calculi
for Geach logics, but instead establishes that the calculus minus the cut rule is complete
with respect to the corresponding logic’s semantics. Such a proof is called a semantic proof
of cut-elimination and contrasts with the syntactic proofs a la Gentzen which rely solely on
the proof calculus.

Apart from the technical interest in syntactic proofs of cut-elimination (after all, proof-
theory is concerned primarily with the syntax), syntactic proofs yield a constructive procedure
so the cutfree derivation is related in a formal sense to the original derivation. However,
the downside of syntactic proofs is that they tend to be highly technical and difficult to
verify. We believe that the best response is to reuse and whenever possible adapt those
syntactic proofs that are already in existence rather than constructing new proofs from
scratch. In Ramanayake [26] the first proof of syntactic cut-elimination for INS calculi was
presented by inducing the existing results from another well-known formalism called the
labelled sequent calculus (introduced in Section 2). In particular, it was shown that labelled
sequent derivations restricted to labelled sequents that are ‘almost treelike’ (labelled tree
sequents with equality (LTSE) in the formal terminology of this paper) correspond exactly
to indexed nested sequents. This is the technical machinery observed by Fitting [10] as ‘a
significant different direction’ in the study of indexed nested sequents. The first INS calculi
for intermediate logics were introduced using this method, and also INS calculi for the Geach
logics omitted in [10] i.e. Geach axioms with i + k& = 0. Incidentally, we are not aware of
any existing NS calculi for intermediate logics. Subsequently, Marin and StraBburger [20]
presented a syntactic proof of cut-elimination for classical and intuitionistic modal logics.

The present work extends [26] with extensive proof details (omitted from the conference
version due to space constraints), and further discussion and examples.
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The only other syntactic proof of cut-elimination for indexed nested sequents at present
is Marin and Straflburger [20]. Let us briefly compare the procedural differences in that
approach with Ramanayake [26]. Note that this is a comment on the method of argument
(and hence a relevant consideration for any further work), rather than on the final cut free
derivation which is essentially the same in both cases because both arguments eliminate the
cut rule via Gentzen-style reductions. Since [26] is a specialisation of the existing labelled
sequent proof from Negri [22], the steps and lemmata that are required are the same. The
key thing to check in each lemma is that those labelled sequent transformations preserve
LTSE-derivations (i.e. when the input is a LTSE-derivation, the output needs to be a
LTSE-derivation too). There is one key point where the proof in [22] does not preserve
LTSE-derivations: that is the substitution lemma. The solution employed is to prove a more
nuanced but still adequate substitution lemma (Lem. 3.4). Note that some care was also
required with the weakening lemma (Lem. 3.7). Notwithstanding these points, we believe
that the reader who is familiar with the well-established proof in [22] would be on familiar
ground throughout. In our opinion, this is a major attraction of the specialisation approach.
Meanwhile, in [20], the proof of syntactic cut-elimination for nested sequents is extended
to indexed nested sequents. While the former provides a guide, indexed nested sequents
are more complicated so novelty and care are required to handle and check the additional
complications. For example, [20] proceeds by constructing a variant calculus (replacing the
standard initial sequents with a new version where the positive and negative propositional
variable may occur at different nestings so long as they have the same index; making the
O-rule non-local) to facilitate their argument.

2. PRELIMINARIES

The set of natural numbers is denoted by N. We assume a set {p, q,,...} of propositional
variables. A formula in the language of classical or intermediate logic is either a propositional
variable or the logical constants |, T or has the form A x B where A and B are formulae
and x € {V,A,—}. Formulae in the language of modal logic can also have the form JA
and Q0 A where A is a formula. The size of a formula is the sum of the number of connectives
and propositional variables and logical constants it contains.

Notation. We employ the following naming convention for variables.

e A, B,C denote formulae. p denotes a propositional variable.

e X YU V,P,Q,L,M,S,T are used to denote (labelled) formula multisets. The exception
is with NS and INS:

— Ina NS X FY, X denotes a formula multiset and Y denotes a NS.

— InaINS X FY, X denotes a formula multiset and Y denotes a INS.

x,Y, 2, u, v, e,a, 3 are used for state variables in the LS.

a,b, c,d are used for indices in the INS.

I'{ } is an INS context. Thus I'{ X F* Y} is an INS containing the INS X F* Y.

R and £ are used to denote multisets of relation terms and equality terms respectively.

Now we will present the formal definitions and relevant results for the formalisms introduced
in the previous section.
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2.1. Labelled sequents. The labelled sequent formalism [11, 21] extends the traditional
sequent by the prefixing of state variables to formulae (e.g. z: A — B and y : p) and the
inclusion of terms for the binary predicate R. For the formal presentation, assume that we
have at our disposal an infinite set SV = {z1, z2,...} of state variables disjoint from the
set of propositional variables. A labelled formula has the form z : A where x € SV and A
is a formula. If X = {4;,...4,} is a formula multiset, then x : X denotes the multiset
{z:Ay,...,z: A,} of labelled formulae. Notice that if the formula multiset X is empty,
then the labelled formula multiset x : X is also empty. A relation mset R is a multiset of
relation terms Rzy (x,y € SV). An equality mset £ is a multiset of equality terms = =y
(z,y € SV). An atomic term is either a relation or equality term.

Definition 2.1 (labelled sequent). A labelled sequent (LS) has the form R,E,X F Y
where R is a relation mset, £ is an equality mset and X and Y are multisets of labelled
formulae.

Intuitively, the labelled sequent can be used to express restricted first-order statements
about formulae. A labelled sequent can also be viewed as a directed graph whose nodes are
decorated by traditional sequents [27].

Definition 2.2 (graph defined by relation mset). The graph g(R) defined by relation
mset R is the directed graph whose nodes are the state variables in R and z — y is a
directed edge in g(R) iff Rxy € R.

Definition 2.3 (rule, calculus derivation, height). A rule is a non-empty sequence of LSs,
typically written as (s1,...,sn/$n+1). The sequent sy is called the conclusion of the
rule, the remaining LSs are called the premises of the rule. If N = 0 then the rule is called
an initial LS. A calculus consists of a finite set of rules. A LS calculus is a finite set of LS
rules. A derivation in the calculus is defined recursively as either an initial LS or the object
obtained by applying a rule p in the calculus to smaller derivations whose bottommost LSs
(‘endsequents’) are legal premises of p.

The height of a derivation is the number of rules on its longest branch (viewing the
derivation as a tree whose nodes are LSs and the root is the endsequent).

These definitions are standard and apply to the other types of sequents that we introduce
in this paper by replacing “LS” with the desired sequent type.

Negri [22] has presented a method for generating cutfree and contraction-free LS calculi
for the large family of modal logics whose Kripke semantics are defined by geometric (first-
order) formulae. The proof of cut-elimination is general in the sense that it applies uniformly
to every modal logic defined by geometric formulae. This result has been extended to labelled
sequent calculi for intermediate and other non-classical logics [8] and indeed to arbitrary
first-order formulae [9] via the addition of constants. See also Vigano [29] where non-classical
logics with semantics defined by Horn formulae are investigated using cutfree labelled calculi
introduced therein.

While the primary LS calculus G3K in [22] does not contain equality terms, the extension
of that calculus to a theory of equality is presented there (under the name G3K-Eq). The
LS calculus LSEgK Fig. 1 is obtained from the latter. We have added a new rule (Is-sc)
in anticipation of the INS rule (sc) in INSK that we wish to simulate. The rules Replp,
and Replp, from G3K-Eq have been omitted. In this paper with LS sequents whose relation
mset is a tree: then the former rule can never be applied and the the latter rule is subsumed
by (Is-sc).
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R, Ex: 1L, XFY (init-1) R Ex:p, XEFY x:p (init)
R,Ex:AXEFY R,E,x:B,XFY (V1) R,EXFY,z:Ax:B (V1)
RET:AVB,XFY REXFY.z:AVB '
R,E,x:Ax:B,XFY (Al R,EXEY z: A R,EXFY xz: B (Ar)
RET:ANBXFY REXFY,2:ANB '
REXFEY, z: A R,E,z:B,XFY (S1) REx:AXFY,z2:B (=)
R,E,x: A= B, XFY R,EXFY,z:A— B
R,Rxy,E,x :OAy: A, XFY ) R,Rxv,E, XFY v:A (Cr)

R,Rry,E,x - OAXFY
R,Rxv,E,v: A, XY
R, Ex: QA XY
R, Ex=yx:Ay:AXEFY
R Ex=y,x: A XFY
R,E,x=z,XFY
REXEY
R, Rxy, Ruv, &,z =u,y=v,X FY
R,Rxy, &,z =u, X FY

R,EXEY x:0A
R,Rxy,E, XFY, x:0A,y: A
R,Rxy,E, X FY,x:0A
RExz=y XY x:Ay: A (rep-1)
REx=y XFY,z:A P
REx=z,x=yy=2XFY
R,Ex=yy=2XFY

(OD)

(Or)

(rep-1)

(eqg-ref) (eg-trans)

(Is-sc) v not in conclusion

Figure 1: The labelled sequent calculus LSEqK. (Or), (01) and (ls-sc) have the variable
restriction: v does not appear in the conclusion.

Here is a derivation of the normality axiom in LSEqK.
Rxy,x:UOA,y: AFy:By: A Rxy,y: B,z :0OA,y: At y: B
Rxy,z:0Ay: A,jx:J(A—B),y:A— Btry:B
Rxy,z:0A,z:0A—-B)Fy:B
x:0A,z:0(A— B)Fz:0B
xz:0(A— B)Fz: (OA— OB)
Fz:0A— B)— (0DA—0OB) )
Definition 2.4 (geometric formula). A geometric formula is a formula in the first-order
language (binary relations R, =) of the following form where the P; are atomic formulae
and Qj is a conjunction Qj1 A ... A Qji; of atomic formulae:

VZ(PLA ... APy — 32(Q1V...VQyp)) (2.2)

(=1
(@), (@)
= (2.1)

Theorem 2.5 (Negri). Let L be a modal logic of Kripke frames satisfying the geometric
formulae {«;}icr. Then LSEqK + {p;}icr is a LS calculus for L where p; is a structural
rule of the form GRS below corresponding to the geometric formulae (2.2).
Ql{gl/fl},P,R,S,Xl—Y QN{QN/{EN},P,R,E‘,XFY
PXFY
Here Qj = Qj1,...,Qjk; and P = Py,..., Py. Moreover, the variables g1 ...,yn do not
appear in the conclusion.

GRS
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The GRS has a side condition that certain state variables do not appear appear in
the conclusion. Such a condition is called a wvariable restriction and the variable(s) are
called eigenvariable(s). Indeed, the rules (Or) and (Ol) in LSEqK have each a single
eigenvariable.

It is well-known that the basic normal modal logic K consists precisely of those formulae
that are valid on all Kripke frames. By the Sahlqvist correspondence and completeness
theorems, every Sahlqvist formula A;—i.e. a formula of a certain syntactic form—has a
corresponding first-order formula a; such that the finite axiomatic extension K + {A;}ier
consists precisely of those formulae that are valid on Krikpe frames satisfying the frame
property N;cra;. For example, the first-order correspondents of the Sahlqvist formulae (p —
p and Op — OOp are respectively Va(Rzz) (reflexivity) and VaVuVo(Rzu A Ruv — Rxv)
(transitivity). Then K4T ie. K + {Up — p,0p — OOp} is the logic of reflexive and
transitive Kripke frames in the sense that A € K4T iff A is valid on every reflexive and
transitive Kripke frame. These results are well-known and we refer the reader to a standard
reference on modal logic for the details (see e.g. [4]). Define:

RVzy =0 R" 'y := {Rey1, Ry1ys, - - -, RYn—1Yn, Ryny}
ﬁoxy =T IfQ"ny = Rxyr A Ry1ya A ... A Ryn—1yn N\ Ryny
E.g. R2zy = {Rzy1, Ry1y} and R? = Ray; A Ryiy.
Let y =y1,.. ., Uh—1,¥; 2 = 21,...,2j-1,2, 4 = U1,..., U1, v and U = v1,...,V5_1,0

and let A\ be the function that returns the last element of a non-empty sequence. We write Vg
as shorthand for Yy ... Vy,_1Vy;

The first-order correspondent f(h,i,7j, k) of the Geach axiom G(h,1, j, k) is well-known:

VaVgvz (lihxy AR zz — Juw (lii)\(a:gj)u ARFA(zz)v A Azijn) = A(xéz?))) (2.3)

By inspection, every f(h,i,7j,k) is a geometric formula. The corresponding Geach (labelled
sequent) structural rule is given below. Note that the variables uy, ..., u;, u,v1,...,v5,v do
not appear in the conclusion.

R, Ry, Rizz, RA(2g)u, REA(22)v, M(zga) = AN(x20),E, X F Y
R,Rhzy, Rizz,E, XY
Here are some examples of Geach formulae and their corresponding frame conditions:
(ref) Op —p V(T — Ju(Rru Au=1=x)) soi=1and h,j, k=0
(trans) Op —0O0Op VaVzVz(Rrz A Rziz — Ju(RruANu=2))soi=1,j=2;h k=0
(confl) O0p — O0p VaVyVz(Rxy A Rrz — Judv(Ryu A Rzv Au=v) so h,i,j, k=1

From the Sahlqvist correspondence and completeness theorems (see [4]) we have that
the modal logic defined by the set {f(hs,s, s, ks)}scs is precisely the modal logic K +

{G(h87 Z.Sv j57 ks)}SGS'
Example 2.6. The first-order correspondent of G(1,1,1,1) = O0p — OOp is
Vryz(Rry A Rrz — Juv(Ryu A Rz A u = v))

L(h,i,j,k) (2.4)

Here is the corresponding Geach structural rule. The variables u and v do not appear in the
conclusion:
R, Rxy, Rxz, Ryu, Rzv,E,u=v, X FY

2.5
R,Rxy, Rx2,E,XFY L(1,1,1,1) (2.5)
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Then LSEqK + L(1,1,1,1) is a calculus for K + 0Cp — O0p.
Notation. Let LSEqQK™* denote some extension of LSEqK by Geach structural rules.

2.2. Labelled tree sequents. Labelled tree sequents [16] are essentially LS whose relation
mset defines a directed tree. Labelled tree sequent calculi are isomorphic [16] up to state
variable names to a nested sequent (an isomorphism with prefixed tableaux has also been
shown [12]). For example, the NS (1.1) and (1.2) correspond to the labelled tree sequents

Rxy, Rxz, Ryu, Ryv,z : X,y : P,z: S;u:Uv: Ltz :Y,y:Q,z:T,u:V,v: M
—

relation mset
——f
Rzy, Ryu, Ryv,z: X,y : Uyu: Liv: Sktz:Y,y: Viu: M,v:T

The isomorphism will be more transparent to the reader if he/she consults the trees
that we presented following (1.1) and (1.2). In particular, the relation msets above define
those trees and the labelled formulae multisets specify how to decorate the tree. This was
used in [16] to answer a question in [23] concerning the relationship between two distinct
proof calculi. We give a formal exposition below.

Definition 2.7 (treelike). A non-empty relation mset R is treelike if the directed graph
defined by R is a tree (i.e. it is rooted, irreflexive and its underlying undirected graph has
no cycle).

Example 2.8. For each of the following relation msets, the graphs defined by these sets

appear above it. u

SN NN
HEVANESD:

x
{Rzxx} {Rzy, Ruv} {Rzy, Rzy} {Rzy, Rxz, Ryu, Rzu}

None of the above relation msets are treelike because the graphs defined by their relation
msets are not trees. From left-to-right, graph 1 contains a reflexive state; graph 2 and
graph 3 are not rooted. Frame 4 is not a tree because the underlying undirected graph
contains a cycle.

Definition 2.9 (labelled tree sequent). A labelled tree-sequent (LTS) is a labelled sequent
of the form R,E, X Y where £ = () and:

(1) if R # 0 then R is treelike and every state variable x that occurs in X UY occurs in R.
(2) if R = 0 then every label in X and Y is the same.

Some examples of LTS:
r:Arz:B Fy:A Rzxy,Rrz,x: AFy: B

A state variable may occur in the relation mset and not in the X, Y multisets (e.g. z above
far right). Below are not LTS (assume no two in z,y, z identical).

r:Arz:B,z:C Rxy,x: AFz: B Rzxy, Ryz, Rxz +
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From left-to-right above, the first labelled sequent is not an LTS because the relation mset is
empty and yet two distinct state variables z and z occur in the sequent, violating condition
Def. 2.9(2). The next sequent violates Def. 2.9(1) because z does not appear in the relation
mset. The final sequent is not an LTS because the relation mset is not treelike.

2.3. Labelled tree sequents with equality.

Definition 2.10 (labelled tree sequent with equality). A labelled tree-sequent with equality
(LTSE) is a labelled sequent of the form R,&, X Y where:

(1) if R # 0 then R is treelike and every state variable in X, Y and £ occurs in R.
(2) if R = 0 then every label in X, Y and & is the same.

Clearly every LTS is an LTSE. Each of the following is an LTSE:
Rxy,x=vy,z: A+y:B y=ykFy:A Rxy, Rxz,y=z,x: AFz2:B
The following are not LTSE (assume that no two in x,y and z are identical).
r=z,x:A+z:B Raxy,y=zx:AbFty:B Rxy Ryz, Rrz,x =y,x=zFhF

From left-to-right above, the first labelled sequent is not an LTSE because the relation
mset is empty and yet the sequent contains more than one label. The next sequent violates
Def. 2.10(2) because z does not appear in the relation mset. The final sequent is not an LTSE
because the relation mset is not treelike.

2.4. Indexed nested sequents. The indexed nested sequent calculus INSK [10] for K is
given in Fig. 2. We write ['{X F* Y} to denote that the INS I" contains the INS X ¢ Y. In
the latter, X is a multiset of formulae and Y is an INS. Also T{X F¢ Y }{U F° V} denotes
an INS I containing two distinct INS: X F¢Y and U F° V.

Fitting’s Geach scheme [10, Sec. 8] yields an INS rule I(h,1,j,k) corresponding to
G(hyi,j,k) when ¢ + k > 0. Here is the INS rule I(1,1,1,1), where index ¢ does not appear
in the conclusion.

D{X Y, - [UF° V, -]}
I{[X F*Y],[UF V]}
Here is a derivation of - G(1,1,1,1) i.e. F0 00p — OOp in INSK + I(1,1,1,1).

FO [ Op, [F2 pll, [Op 2, [p 2 p]]

I(1,1,1,1) (2.6)

. 0p L P )
. op. P ol B
2 o P O P IR
O Ol B
00p 2, [ O Or)
00p - Bop_
=0 O0p — OOp

In contrast to [10] where INS rules are not given for Geach axioms of the form G(h, 0, j,0),
in this work we give INS calculi for all Geach axioms using a rule scheme (see Sec. 5.3) that
coincides with Fitting’s scheme for ¢ + k > 0.



INDUCING SYNTACTIC CUT-ELIMINATION FOR INDEXED NESTED SEQUENTS 11

a b

———————— (init-1) - (nit) T{OAXFYAURVE

F{J*7X|_ Y} F{an}_ Kp} F{DA,X l_aK[UFb V]} ( )
PXEYABE 0 DXABEY) 0 TXEYA) X B
I{XFY,AvB} " T{X,ANBr*Y} T{X Y, AN DB} '
T{A,XF YHA UV I{A, XY, B P{XFeY,[ FoA

{ M by I by TOCEVL RAR

T{A, X Y HU F* V} T{X Y, A~ B} I{X F*Y,0A}

M{A, X+ Y} T{B XY} T{XFeY,A} T{BXFoY}

'{AvB,XFY} (V1) I{A— B XFoY} (=1
P{XF Y [AF ]} ol T{X F*Y,0A,[UF V, A]} (01)
T{0A X Fe Y} 2 T{X Y, 04, [UFPV]}
T{X @Y, AU o V, A} (fo) T{XFoy, [P QI {UF V[ F* ]} -
D{X Y, AH{U -V} T{XF Y, [P QI {UF V) %

Figure 2: The indexed nested sequent calculus INSK for modal logic K. The rules (Or)
and (O1) have the side condition that index b does not appear in the conclusion.

3. SYNTACTIC CUT-ELIMINATION FOR LTSE-DERIVATIONS

An LTSE-derivation is a restricted form of a labelled sequent derivation.

Definition 3.1 (LTSE-derivation in LSEqK®*). An LTSE-derivation in LSEqK™* is a
derivation in that calculus where every sequent is an LTSE.

Let z = (x1,...,xn+1) and § = (y1,...,yn+1)- Then R{y/z} is obtained by replacing
every occurrence of z; in relation mset R with y; (1 <i < N 4 1). For an equality mset £
and a labelled formula multiset X define £{y/z} and X{y/z} analogously. When z = ()
and y = (y) we simply write {y/z}. In words, {y/x} is the substitution of every occurrence
of x with y.

We will now demonstrate how Negri’s [22] proof of cut-eliminability (also called cut-
admissibility) in LS calculi can be reused to give a proof for the restricted class of LTSE-
derivations. The proof in [22] is not immediately a proof of cut-eliminability for LTSE-
derivations it needs to be verified that every step of the cut-eliminability transformation
stays within the class of LTSE derivations.

A rule is invertible if the premises are derivable whenever the conclusion is derivable. A
rule (not necessarily belonging to the calculus) is admissible if the conclusion is derivable
whenever the premises are derivable. The transformation is height-preserving if the height
of the final derivation is no greater than the height of the original derivation. Let us recall
the key lemmata in [22].

identity derivation: The sequent R,E,z : A, X F z : A,Y for arbitrary formula A is
derivable in LSEqK* [22, Lem. 4.1].

hp substitution: If R,£, X F Y is derivable in LSEqK*, then there is a derivation of
Riy/x},E{y/x}, X{y/x} F Y{y/x} of no greater height [22, Lem. 4.3].
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hp weakening: If R,£, X Y is derivable in LSEqK?¥*, then there is a derivation of
R,R,EE X, X"FY,Y of no greater height [22, Lem. 4.4].
hp invertibility: All the rules of LSEqK™* are height-preserving invertible [22, Lem. 4.11].
hp contraction: The rules of contraction are height-preserving admissible in LSEqK* [22,
Lem. 4.12].
The substitution property above can transform an LTSE into a non-LTSE (since it operates
directly on the relation mset) and hence we require a more nuanced substitution lemma
(Lem. 3.4).
Suppose that sequent s has a LTSE-derivation. Suppose that « is in the
relation mset of s, and that s{8/a} is a LTSE. Then s{8/a} has a LTSE-
derivation of the same height.
The main addition to the proofs of the lemmata above is ensuring that if the given derivation
is an LTSE-derivation, then so is the transformed derivation.

Lemma 3.2 (identity derivation). The sequent R,E,xz : A, X F x : A)Y for arbitrary
formula A is LTSE-derivable in LSEqK *.

Proof. Proceed by induction on the size of A. L]

This following is called a renaming lemma because the substituting variable is required
to be fresh.

Lemma 3.3 (renaming). If R,E, X Y does not contain o and is LTSE-derivable, then
there is a LTSE-derivation of R{8/a},E{B/a}, X{B/a} FY{B/a} of no greater height.

Proof. Proceed by induction on the height of the LTSE-derivation d of s = R,E, X F Y.
Consider the last rule 7 in d. If « is an eigenvariable in the premise of r, then it cannot
occur in s, so s{f/a} and s are identical. Otherwise, apply the induction hypothesis to
every premise of  and then apply r to the desired LTSE-derivation. []

Lemma 3.4 (LTSE-substitution). If sequent s has an LTSE-derivation, « is in the relation
mset of s and s{/a} is a LTSE, then s{#/a} has a LTSE-derivation of the same height.

Proof. Let d be a derivation of s. Proceed by induction on the height of s.

In the base case, d has height 1 and is hence an initial sequent R, €,z : L, X FY or
R,E,x:p, X FY,x:p. By hypothesis, R{5/a} defines a tree. The following are then the
respective LTSE-derivations.

R{B/a}, E{B/a}, (x: L){B/a}, X{B/a} - Y{B/a}

R{B/a}, E{B/a}, (x : p){B/a}t, X{B/a} F Y{B/a}, (x : p){B/a}
For the inductive case, suppose that d has height > 1. Consider the last rule r in d.
Suppose that r is a logical rule (the rule introduces a new logical—propositional—

connective in the conclusion), or (sym) or (trans). Then the rule instance can be written in
the following form (we illustrate with a unary rule, a binary rule is analogous).

R,EX1EFY,

R,E, XoF Yy
If  has an eigenvariable v in the premise, first apply Lem. 3.3 to rename the eigenvariable v to
a variable v* such that v* does not occur in the conclusion and v* ¢ {«, 5}. By assumption,
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the premise is LT'SE-derivable, o occurs in its relation mset and R{/5/a} defines a tree. We
can thus apply the IH to obtain an LTSE-derivation of

(R{v™fo}){B/a}, (E{v" [o}){B/a}, (Xi{v* /v}){B/a} F (Yi{v"/v}){B/a}
Here and in the remainder of this proof, for brevity we will append a prime 7’ to every

variable/term v as shorthand to mean y{3/a} (rather than writing {/a} explicitly). Thus
the above sequent will be denoted

(R{v*/v})", (E{v*/v}), (Xa{v"/o}) = (Yi{v"/v})
Now apply r to obtain
R,E XY/

This is the desired LTSE-derivation.

Suppose that the last rule is (rep-1) (the case of (rep-r) is similar).

R,Ex=y,z:Ay: A XFY
REz—yo Axry el

By assumption we know that the premise is a LTSE-derivation, « occurs in the relation
mset of R and R{S/a} defines a tree. Therefore we can apply the IH to the premise to
obtain an LTSE-derivation of the following (recall that ‘priming’ the variables is shorthand
to indicate that the substitution has been applied)

R.E =y, 2 Ay AX Y
Apply (rep-1) to obtain a LTSE-derivation of R', & 2’ = ¢/, 2’ : A,y : A, X' F Y’ as desired.
Suppose that the last rule is (Is-sc); v does not appear in the conclusion:
R, Rxy, Ruv,E,x =u,y=v,XFY
R,Rxy,E,x=u, X FY
First, apply Lem. 3.3 to the premise to rename the eigenvariable v to a variable v* such that
v* does not occur in the conclusion and v* € {«, 5}. We then obtain

R, Rxy, Ruv*, &,z =u,y =v", X FY (3.1)

Since R, Rzy contains u and because R{5/a}, (Rxy){S/a} defines a tree by assumption, it
follows that u{f/a} is a node in this tree. Appending the prime symbol to denote {3/a}, we
write the latter relation set as R’, Rz'y’. Since v* does not occur in this relation mset, and
since adding an edge from a node in the tree to a new node preserves the tree property, it
follows that R', Rx'y’, Ru'v* defines a tree as well. Thus (3.1) is LTSE-derivable, its relation
mset contains «, and it remains a LTSE under {3/a}. By IH we obtain a height-preserving
derivation of the following.

R, Rz'y/, Ru'v*, & 2/ =,y =v*, X' Y’
Now apply (Is-sc) to obtain R', Rx'y/,&",2' = «/, X’ - Y’. This was the desired LTSE-
derivation.
Suppose that the last rule is a Geach structural rule. To minimise the notational clutter,
let us demonstrate with the concrete rule in (2.5) (the general case is straightforward).
R, Rxy, Rxz, Ryu, Rzv,E,u =v, X FY
R,Rxy, Rez,E, X FY

(Is-sc)

L(17 17 ]" ]')
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Let u*,v* be distinct variables that do not occur in the conclusion and u*,v* ¢ {«, 8}.
Proceed as follows.
R, Rxy, Rxz, Ryu, Rzv,E,u=v, X FY

R/, Ra:/y/, R.f/Z/, Ry/u/; RZ/U*7€7u* = U*’X/ -y L(]_ 1,1 1)
leRx/y/,RCC/Z/,X/ [ Y/ [t R D

A relation mset Ry is a tree-extension of Ry if (i) the graph g(R1) is a tree and (ii) the
graph g(Ro) is a subtree of g(R1). Additionally, if the root of g(R¢) and the root of g(R1)
are identical, then R is called a special tree-extension of Rg. Those vertices and edges not
in the subtree are called the new vertices and edges.

Lemma 3.5. Let Ry be a tree-extension of Rg, and let R* be a special tree-extension of Ry
such that no new vertex of g(R*) occurs in g(R1). Then R1,R* is a tree-extension of Ro.

Proof. Let ty denote g(R1). There must be a sequence (ui,v1), ..., (un,vn) of new edges—
witnessing that g(R*) is a special tree-extension of g(Rg)—added successively to ¢y (let ¢;
be the connected directed graph obtained after that ;' addition) such that for every j
(1<j<N):

(1) tN is g(Rl,R*)

(2) u; € tj—1 and vj ¢ t;—1. By connectedness of t;, one of u; and v; must occur in ¢;_;.
Suppose v; € tj_i: if v; € g(Ro) then this would violate the “special” property, and
else if v; € (g(R1) N g(Ro)) this would violate the “no new vertex of g(R*) (wrt g(Ro))
occurs in g(R;)” assumption.

(3) Since uj € tj_1 and v; € t;—1 by (2), if t;_1 is a tree containing R as a subgraph, then
this holds for t; too.

Since t( is a tree containing g(Rg) as a subtree (because R is a tree extension of R)

from (3) it follows that ¢y is a tree containing g(R) as a subtree. Then by (1), R1,R* is a

tree-extension of Ry. ]

Lemma 3.6. In every rule instance of (Or), (Is-sc) and Geach structural rule such that
the conclusion is an LTSE, the premise relation mset(s) are special tree-extensions of the
conclusion relation mset.

Proof. By assumption, the conclusion relation mset defines a tree. The result then follows
from the observation that the relation msets extend the conclusion mset by terms Ray such
that y is always an eigenvariable. []

Lemma 3.7 (height-preserving weakening). Suppose that Ro, Xo & Yy is LTSE-derivable.
If Ry, R, &0, &, Xo, X' = Yy,Y" is an LTSE, then it has a LTSE-derivation of no greater
height.

Proof. Let d be a LTSE-derivation of Rg, Xg F Yy. Proceed by induction on the height of d.
In the base case, Ro, Xo - Y is an initial sequent. This means that Ro, R', &y, £, Xo, X' -
Yy, Y’ is an initial sequent as well.
For the inductive case, suppose that d has height > 1. Consider the last rule r in d.
For every rule that does not contain eigenvariables, the relation and equality msets of the
conclusion and the premise(s) are identical. We can abstract the form of such a rule as
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follows (we illustrate with a unary rule, an analogous argument applies to rules with more
premises).

Ro, &0, X1 F Y1

Ro, &0, Xo F Yo
That Rg, R, &y, &, X1, X' + Y1,Y’ is an LTSE follows from the assumption. Hence by
IH the sequent has an LTSE-derivation. Now apply r to obtain an LTSE-derivation of
Ro, R, &0, &', Xo, X'+ Y0, Y.

If r does contain eigenvariables—the rules are([r), (Is-sc) and the Geach structural
rules, then we can abstract the form of the rule as follows (we illustrate with a unary rule,
an analogous argument applies to rules with more premises).

Ri,&, XiHEN

Ro, &0, Xo F Yo
Let € be the set of eigenvariables of . Apply the hp renaming (Lem. 3.3) in the premise to
rename the variables é to fresh variables * appearing in neither the premise nor conclusion.
In this way from the premise we obtain Ri{e*/e},&1{e*/e}, X1{e*/e} + Yi{e*/e}. By
Lem. 3.6, Ri{e*/e} is a special tree extension of Ry whose new vertices are not in the
weakening term R’. Moreover R’ is a tree-extension of Ry. From Lem. 3.5, R', R1{e*/e} is
a tree-extension of Rg. Thus Ri{e*/e}, R’ E1{e*/e}, &, X {e*/e}, X' Yi{e*/e}, Y is an
LTSE. Apply IH to obtain its LTSE-derivation. Now apply 7 to obtain an LTSE-derivation
of RO,R/,gO,g,,XO,X/ FYO,Y/. []

Lemma 3.8 (height-preserving invertibility). If the conclusion of a logical rule in LSEqK *
has an LTSE-derivation, then its premise has an LTSE-derivation of no greater height.

Proof. (sketch) Let d be an LTSE-derivation of the conclusion of a rule instance in LSEqK™*.
Proceed by induction on the height of d. Consider the last rule r in d. In every structural
rule, every term in the conclusion occurs in the premise. For this reason, the result follows
from height-preserving weakening. For the logical rules, apply the IH to the premise of r

and then apply r. ]
There are four rules of contraction.
R, Rxy, Rxy,E, X FY R,E,x=y,z=y,XFY
R,Rxy,E, X FY R, Ex=y,XFY
REx:Ax:AXEFY REXEY xz:Azxz: A
R, Ex: A XFY R,Ex:AXFY x: A

We prove their height-preserving admissibility simultaneously.

Lemma 3.9 (height-preserving contraction admissibility). If the premises of any of the
above contraction rules is LTSE-derivable, then there is an LTSE-derivation of the conclusion
of no greater height.

Proof. Let d be a LTSE-derivation of a premise of a contraction rule. By induction on the
height of d. Consider the last rule r in d. If the contraction is on a relation term or an
equality term, then we can use the IH to apply the contraction on the premises and then
apply r. The remaining case is the admissibility of the formula contraction rules. Suppose
that the conclusion of d contains x : A,z : A. If A is not principal by r, then once again we
can proceed by applying the IH to the premise(s) and then apply . When one occurrence
of A is principal by r, then the idea is to first use height-preserving invertibility (Lem. 3.8)
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on the other occurrence of A followed by the IH and then apply r. When r is (Cr)—the
rule (01) is similar)—care must be taken with the eigenvariables as shown below.

Suppose that d concludes as below left. Then the required LTSE-derivation is below
right (y and z are eigenvariables).

R Ry, &, XE Y,y Aw:DOA L

R,Rxy, E, XFY,y:Ax:OA | --—-F--Z-F-—<-- == -=--~- hp LTSE-subs.
REXF Vo UAds 04 ()  REezEXFYizidz:iA g

[

The usual cut rule is given below.
Ri,E,XFY,z: A Ro, &9, : AAUFV
Ri1,R2,E1,E, X, UFY,V
Notice that the relation mset of the conclusion may not be treelike even if the premise

relation msets have this property. For this reason we use the additive version of the cut rule
which has the property that the conclusion is an LTSE whenever the premises are LTSE.

RE,XFY, x: A R, E,2: AURV
R,E1,E, X, UFYV
In the above rule, we refer to A as the cut-formula.
The cut-eliminability proof follows that for the labelled calculus [22].

cut

Theorem 3.10. The cut rule is eliminable in LSEqK *: LTSE-derivations of the premises
of the cut rule can be transformed into an LTSE derivation of the conclusion.

Proof. By primary induction on the size of the cut-formula and secondary induction on the
sum of the heights of the derivations of the premises.

First suppose that the cut-formula is not principal in the left premise (the argument
is analogous if the cut-formula is not principal in the right premise). When the last rule r
in the left premise is a unary rule, the cut has the following form (an analogous argument
applies to rules with more premises).

R, R, &,E, X HY/,x: B
RE. X FYiz:B | REax:B Xob Y
R, E1,E, X1, X Y1, Y5
If r has a side condition, since the eigenvariable(s) € do not appear in its conclusion, it
follows that no variable in € appears in R and hence not in the right premise of cut either

(recall by Def. 2.10(1) that every variable in the LTSE must appear in the relation mset).
Proceed as follows.

cut

,,,,,,,,,,,,,,, hp weakeni
RR.EEX{FY.e:B RR. &z B X kY, b e

R, R',&1,E,E, X1, Xo F Y], Yo
R, E1,E, X1, X Y1, Y5
Since this cut has identical cut-formula to the original cut and lesser cut-height, it is
eliminable by the induction hypothesis.
The remaining case to consider is when the cut-formula is principal in both left and
right premise. When the logical rule has no eigenvariables, the transformations are standard.

cut
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The remaining cases are ((r) and (¢1). We illustrate the former below (the transformation
for the latter is similar).
R,Rxy, Rxz, &, X1 FY,y: A R,Rxz,E,x:0A z: A, XoF Y,
R,Rxz, &, X1+ Yy, x:OA R,Rxz,E,x A, Xo - Yo
R, R{L‘Z, 51, 52, Xl, X2 H Yl, Y2

(Or) (0n)

cut

Then proceed:

R,R.Ty,RJ?Z,gl,Xll_Yl,ylA R,RxZ,gl,X1|_Y17$ZDA

77777777777777777 LTSE-subs. CUt{ R,Rxz,E,x:0A,z: A, XoF Y5

R,Rxz, &, X1 FY1,2: A R,Rxz,E1,E,2: A, X1, XoF Y1, Y5
R, Rl’Z,gl,gl,gQ,Xl,Xl,XQ F Yl,Yl,YQ
R, RI’Z,El,EQ,Xl,XQ F Yl,Yé

The upper cut has identical cut-formula to the original cut and lesser cut-height so it is
eliminable by the induction hypothesis. Use the cutfree derivation as the right premise of
the lower cut in the above diagram. This cut has smaller cut-formula so it is eliminable by
the induction hypothesis. In this way we obtain a cutfree derivation. []

cut

4. GEACH LOGICS: SOUNDNESS AND COMPLETENESS FOR LTSE-DERIVATIONS

We are ready to show that LTSE-derivations in LSEqK* are sound and complete for the
corresponding Geach logic. This means that - x : A is derivable LSEqK™* iff A is a theorem
of the corresponding Geach logic.

First of all, here is the LTSE derivation of G(h, i, j, k) using L(h,1,j,k):

Ry, Rizz, Riyu, RFzu,u =o',y : O'p, ... 0 cp,u:ptz:0Fp,...,u i p (

. : - - - - k - rep-1) on v = o'
Rzy, RIzz, Ryu, R zu,u = v,y : O'p,...,u:pkz: Q0%p,...,u : p

(Or) k times
(A1) ¢ times

P L(h,i,5,k)

(Or) j times

(O1) h times

(1)

Rrazy, Rizz, Riyu, RFzu,u =o',y : Op, .. .,u:pk z: OFp
Ry, Rizz, Riyu, RF2u/,u = o,y : Oip - 2 : OF
Ry, Rizz,y : Oip k2 : OFp
Ry, y: Opk a: 090D

z: OO p ko 00D

Fa:OlOp — 090k

Theorem 4.1. Let S C N* be finite. A € K + {G(h,i,5,k)|(h,i,5,k) € S} iff - x: A is
LTSE-derivable in LSEqK + {L(h,1,j,k)|(h,i,j,k) € S}.

Proof. (<) is soundness. In the spirit of reusing as much as possible, let us exploit the LS
(without equality!) calculus (call it C) for K + {G(h, 1, j, k)|(h,1,j, k) € S} presented in [22].
Interpret the LTSE s =R, &, X Y as the LS (without equality) Z(s) = R[&], X[E] - Y[E].
Here (-)[€] denotes the substitution of every x; with z; where ¢ is the least number such that
€ = z; = x; (= is the usual consequence relation for the theory of equality). By inspection,
for every rule (below left) in LSEqK + {L(h,1,j,k)|(h,i,j,k) € S}—taking care first to
rename the eigenvariables so that they have higher variable index than non-eigenvariables—
the rule below right is admissible in C.

S1 SN I(Sl) I(SN)
%0 Z(so0)
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It follows then that if -z : A is LTSE-derivable in LSEqK + {L(h, 1, j, k)|(h,i,j,k) € S},
then -z : A is derivable in C. By soundness of the latter, A € K + {G(h, 1, j, k)|(h,i,], k) €
St.

(=) is completeness. We saw above that G(h, 1,7, k)|(h,,7,k) € S} is LTSE-derivable.
The LTSE-derivation of the normality axiom is given in (2.1). The necessitation rule
Fax:A/F x:0OA is clearly LTSE-derivable. Simulate modus ponens using the cut rule.
So from a Hilbert calculus proof of A € K + {G(h,1,j,k)|(h,i,7,k) € S} we can obtain
a LTSE-derivation of F z : A in LSEqK + {L(h,1,j,k)|(h,i,7,k) € S} + cut. The result
follows from the cut-elimination theorem (Thm. 3.10). []

5. Maps BETWEEN LSEqK* AND INSK* CALCULI FOR GEACH LOGICS

Throughout this section, let S C N* be finite. We now establish a correspondence between
LTSE derivations in LSEqK+{L(h, i, j, k)|(h,i, 7, k) € S} and INSK+{I(h, 1, j, k)|(h,i,7, k) €
S}. This result extends the correspondence between NS and LTS derivations in [16]. We
have not yet introduced the INS Geach structural rule I(h,1, j, k) yet (this is done at the
end of this section), since the rule can be obtained directly from L(h,i, j, k) using the maps
below.

5.1. From INS to LTSE.

Input: INS s

Step 1: Represent s as its underlying tree 75 whose nodes are decorated by indexed nested
sequents.

Step 2: Name the nodes of 75 as x1,...,zy and let X % Y} be the decoration at xy.

Let S denote the set UY ;{a;} of all indices in s. Describe the structure of the tree 74 as
a relation mset R.
Step 3: For each a € S, define &, = {x; = z;|i # j and a; = a;} and set £ = Uges&,.
Output the LTSE:

R,E,UN {z;: BIBe€ X;} -UY {z;: BB €Y;}
Example 5.1. Suppose that the input INS s is
XY, [PH Q,[UF V], [L+H M],[SHT)

Step 1 represents s as the tree 75 (below left)
Urv LH M [25]UFV L' M[zy]

1 =
TQ/SFT [z3|PH Q SH2 T[]
Xy )jI—OY//

In Step 2 we label each node of 75 with variables x1, ..., x5 as indicated above right. The set .S
of indices is {0,1,2}. The relation mset describing 75 is R = { Rz1x2, Rrix3, Rrsxry, Rrszs}.
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For Step 3, observe that in the tree above right, z; and zs both have the index 0.
Meanwhile 3 and x4 both have the index 1. Only z9 has the index 2. Thus & = {z; = =5},
&1 = {x3 = x4} and & = (. Taking their union, & = {x1 = x5, 3 = x4}.

For the output, first read off L = {x1 : X, 29 : S,23: P,xy : Lyx5 : U} and M = {z; :
Y,zo : T x3: Q, x4 : M,x5:V} from the tree above right. Output the LTSE

Rxlwg, R(L‘lxg, Rx3x4, R(L‘3$5, 1 = I5,T3 = T4, LM

5.2. From LTSE to INS.

Input: LTSE R, &, X FY

Step 1: Construct the tree 75 defined by R.

Step 2: Decorate each node u in 74 with the traditional sequent X,, - Y,. Here X, (Y,)
denotes the subset of X (resp. Y') of formulae with label w.

Step 3: It remains to assign an index to the traditional sequents. Assign the index so that
two traditional sequents have the same index iff their corresponding nodes u,v € S in 75
have the property that £ = u = v.

Output: Represent the decorated tree as an INS.

Example 5.2. Set Xo = {z1: X, 29 :S,23: P,xg: Lyx5: U} and Yy = {1 : Y,x9: T, 23 :

Q,x4: M, x5 : V}. Suppose that we are given the LTSE s:

R.%'lxg, R$1x3, Rx3x4, Rm3x5, Tl = X5,T3 = T4, X() F }/0

From the relation mset we obtain the tree 74 below left.

[z]UFV LE Mz

|7 =

[zs]PH@Q SF T[]

P |
E)x Y

In Step 2, we decorate this tree with the labelled formulae to obtain the decorated tree
above right.

The equality mset of s is {x1 = x5, x3 = x4}. Following Step 3, we will assign the same
index to z1 and x5, and also the same index to x3 and z4. The remaining nodes are assigned
further distinct indices. In this way we obtain the decorated tree below.

UI—OV Ll—lM

=

Pr—lQ SI—QT

XI—OY

From this tree we read off the corresponding INS
XHY, [PH QU V], [LH M]],[SH T]
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5.3. Between LTSE-derivations in LSEqK* and derivations in INSK*. Suppose
that r is one of the following rules in LSEqK:
r € {init, init— L, VI, Vr, Al, Ar, =1, —r, 01, Or}

By inspection, for every rule instance, applying the LTSE-to-INS map above to the premise(s)
and conclusion yields a rule instance of (r) in INSK.
Similarly, suppose that r is one of the following rules in INSK:

r € {init, init— L, VI, Vr, Al, Ar, =1, —r, 00, Or}

By inspection, for every rule instance, applying the INS-to-LTSE map above to the premise(s)
and conclusion yields a rule instance of (r) in LSEqK.

Similarly, the rule (fc-1) corresponds to the rule (rep-1), and the rule (fc-r) corresponds
to the rule (rep-r). Also, the (sc) rule corresponds to the rule (Is-sc).

Finally, for a LTSE Geach structural rule (L(h,1, j, k))

R, Rlzy, Rizz, R\ (xg)u, REA(22)v, A(zgu) = M(xz0),E, UV
R,Rrzy, Rizz, EUFV

define the following INS Geach structural rule I(h,i,7,k)) using the LTSE-to-INS map.
First suppose that h,j > 0. Then I(h,1, j, k) has conclusion

L(h,i,j,k)

DXy B X, [Xo %2 X5, [ [Xpon B0 X, [ X B X)),
Vi 2 Y], Yo Fo2 Y L (Yoot FY 0 Y7 (Y Y Y]] )

e If 9,7 > 0 then I(h,i,j, k) has the following premise where the c1,...,d;...,c do not
appear in the conclusion.

L[[X7 X1, [Xo B X5, [ [ Xpog B0 Xy, [ X B X,
[y L Y LY L | O O
Vi E Y] Yo 22 Yy [ (Yo FY Y Y Y Y
[ L P LY L | S B

e If i =0 and j > 0 then I(h,i,j, k) has the following premise where the d; ..., c do not
appear in the conclusion.

C[[Xy B X1, [Xo B2 X0 [0 [ Xy B0 Xy, [ X FC X,
Vi EP Y Yo B2 VG [ Yy BRI Y Y Y Y
o L P LY | PO
e If i,5 = 0 then I(h,i,j, k) has the following premise (there are no eigenvariables)
D[y F™ XY, [Xo F92 X5, [ [Xpea RO X, [X B0 X)) ]
Vi E Y Yo F2 Y5 [ Yooy B Y [ R Y]

Next, suppose that h =0 and j > 0. Then I(h,1, j, k) has conclusion
LU "V, [V E Y] Yo B2 Yy, [ Y Y0 Yy Y5 2 Y]]
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e If 9,7 > 0 then I(h,i,7,k) has the following premise where the cy,...,d;...,c do not
appear in the conclusion.

CUEV[F2F2 L [ FE ]l
Vi F Y Yo 2 Y, [ (Yo B2 Yy [V Y Y,
o L P L | PO

e If i =0 and j > 0 then I(h,i,j, k) has the following premise where the d; ..., c do not
appear in the conclusion.

LUV, Vi E Y, Yo B2 Y [ (Y B Y] [V EY Y,
[ [ [ (e o)
e If i, j = 0 then I(h,1,j, k) has the following premise (there are no eigenvariables)
LUV, F Y Ve F2 Y5 [ Yoo FY 0 Y [V R YD

The remaining cases are analogous. Of course, if h, i, j, k = 0 this corresponds to p — p so
no structural rule is required.
From Thm. 4.1 and the above translations we get:

Corollary 5.3. Let S C N* be finite. Then INSK + {I(h,i,3j,k)|(h,i,5,k) € S} is a INS
calculus for K + {G(h,i,5,k)|(h,i,5,k) € S}. Moreover, there is a 1:1 correspondence
between a derivation of = A in this calculus and a LTSE-derivation of - x : A in LSEqK +
{L(h?i7j7 k)|(h7z7]7 k) e S}'

This Corollary covers all the Geach logics, including the axioms {O"p — OVp|h,j > 0}
which are omitted in [10].

Example 5.4. Here are the INS and LTSE rules for Op — Cp.

DX Y] [U R V] R, Rry, Rrz, &,y = 2, X FY
I [[XF Y], [URF V] R,Rxy,Rxz,E, X FY

1(1,0,1,0) L(1,0,1,0)

The INS derivation of the axiom and the corresponding LTSE derivation are given below
left and right respectively.

Ll H pl
}_Oa[p Fl]’[l_l P
O I HL IF bl

(fe-1) Ray,Riz,y =z,y:p,z:pkz:p
Rry, Rxz,y =2,y:pkz:p

1(1,0,1,0 ’

( ) Rxy,Rxz,y :pkz:p L(1,0,1,0)

0 Op, [p '] () Rxy,y:ptax:Up (éﬁl)
IRTIEITIN riO0pF i
m —1) Fz:0p—0Op

Example 5.5. Consider G(2,2,1,0). Then the LTSE-rule L(2,2,1,0) is given below, where
u,u1 do not appear in the conclusion.
R, Rxy1, Ry1y, Rxz, Ryui, Ruyu,u =2,E, X FY
R, Rxyi, Ry1y, Rez, E, X FY

L(2,2,1,0)
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it
R, Ex: L, XFY (init-1) R,Rxy,E,x :p, XFY,y:p
R,Rxv,v=2,E,XFY (iref) R, Rxy, Ryz, Rzv,v =2, E, X FY (itrans)
REXEY R,Rzxy, Ryz,E, X FY
R,E,x:Ax:B,XFY 1 REXEY x: A R,EXEFY x: B
REz AABXFY ! REXFY,z:ANB r
RExz:AXEY R,E,x:B,XFY (1) REXFEY x:Ax:B (Vi)
R Ex:AVB,XFY REXFY.az:AvB '
R,Rxy,E,2: A— B, XFy: AY R,Rxy,E,0: A— B,y: B, XFY =)
R,Rxy,E,2: A— B,y: B,XFY
R,Rxv,E,v: A X+FY v:B (o) R, Rry, Ruv, &,z =u,y=v,X Y (Is-s¢)
R,EXFY,z:A— B R,Rxy,E,x =u, X FY
R, Ex=yx:Ay:AXEFY REx=yXFY x:Ay: A
ReEz—gr Axry  epD REz—yXFrva. A 2ePD)
REx=x,XFY (eqref) R, Ex=z,x=yy=2XFY (eq-trans)

R,EXEY R.Ex=yy=2XFY

Figure 3: The labelled sequent calculus LSEqIp. In (—rt), (iref), (itrans) and (Is-sc), v does
not appear in the conclusion.

The corresponding INS rule 1(2,2,1,0) is
[ [Xy 9 Y, [ X B2 Y, [F [FE]], (L0 B° M)
T [[X1 B2 Y3, [Xa B2 Vo)), [Ly 2 My

1(2,2,1,0)

6. INTERMEDIATE LOGICS

Logics between classical and intuitionistic logic are called intermediate logics. While nested
sequent calculi have been presented for intuitionistic logic Ip [13] and recently also for
extensions of intuitionistic logic with modalities [28, 19], we are not aware of any nested
sequent calculi for intermediate logics. In contrast, a LS calculus LSEqIp [8] (Fig. 3)
for propositional intuitionistic logic was extended via structural rules to capture those
intermediate logics whose Kripke semantics are defined by geometric formulae.

In this section we show how to use LSEqlIp to obtain an INS calculi for intermediate
logics whose frame semantics are defined by first-order formulae of the form (2.3). From the
corresponding (h, 1, j, k) we obtain labelled sequent rule L(h,1,j, k) and INS rule I(h,1,j, k).
The INS calculus INSIp (Fig. 4) is obtained from the rules of LSEqlp by translating
each LTSE into an INS using the LTSE-to-INS map from the previous section. By a similar
argument to that in Sec. 3 we can show that the cut rule is eliminable from LSEqlIp while
preserving LTSE-derivations. In this way we can obtain a 1:1 correspondence between
LTSE-derivations in LSEqlIp + {L(h,t,7,k)|(h,i,j,k) € S} and derivations in INSIp +
{I(h,i,7,k)|(h,i,j,k) € S} for finite S C N*.

The well-known relationship (see e.g. [6]) between intermediate logics and their frame
semantics yields, for example, that Ip+ (p — L)V ((p — L) — 1) is the logic of frames
satisfying

Vaxyz(Rxy A Rxz — Juv(Ryu A Rzv Au = v))



INDUCING SYNTACTIC CUT-ELIMINATION FOR INDEXED NESTED SEQUENTS 23

M X e v,y Y F{p, X F Y, [U PV, ]}
DX YR DX VU VP QLI
rxe Y} X Y, U V[P QL)
T{A—= B,XF VY, [UFV,A} T{A—=BXFY[BUV|} =)

MA— B, XFY,[UFV]}

T{X FeY,[AF B} T{XFoy, [P QL {UF V,[ F* ]}

—7T
rxrv,asp Y T{X Y, [PH QI {UFV} (sc)
PABXEY) PXEeY Ay T{X Y By
T{ANB X oy} T{X Y, AN B} g

I{A,XFY} T{BXFeY}
T{AVB, XY}
T{A, X YHA UV}
T{A X YHUF VY

I'{X+*Y,A B}
(vr)
I{X+Y,AV B}
{X oY, AU V, A}
T{X Y, A{U F* V}

(V1)

(fe-])

(fc-r)
Figure 4: The INS calculus INSIp.

We saw in Example 2.6 that the corresponding Geach structural rule is (2.5). Hence the
INS calculus for this logic is INSIp + I(1,1,1,1) (see (2.6). Here is the LTSE-derivation of
the axiom.

Rxy, Rxz, Ryu, Rzv,y =v,y:p,v:p,z:p—LFy: L z: Lv:p

(_)1){ Rxy,Rxz, Ryu,Rzv,y =v,y:p,z:p— LFy: L z: Lv:p (rep-1)
Rzy, Rxz, Ryu, Rzv,u =v,y:p,z: (p— L),v: LFkax: Ll ,z:1
Rxy, Rxz, Ryu, Rzv,u =v,y :p,z:(p—> L)Fx: L,z: L
xy, Rrz, Ryu, Rzv,u = v,y :p,z : (p Yo 2 LLLL1)

Rxy,Rrz,y:p,z:(p— L)Fax: L z: 1
Rxy,y:pFy: L (p—L)— 1) (1)
Fz:(p— 1), (p—1)—1) (vr)
Fz:(p—>L)V((p—1L1)—1)

We leave it to the reader to construct the corresponding INS derivation.

(=1)

7. CONCLUSION AND FUTURE WORK

While extensions of the sequent data structure permit calculi with the subformula property
for more logics, the tradeoff between the subformula property in an extended proof formalism
and the utility of such a calculus (for proving metatheoretic results) is still unclear. This
provides a motivation for investigating the relationship [12, 16, 25] between various proof
formalisms to understand their relative expressive power. The work here can be seen as
part of this program, more specifically as a classification of various proof formalisms as
subsystems of the labelled sequent formalism.

From a procedural perspective, (I)NS were obtained by generalising the traditional
sequent. Meanwhile LTS(E) can be seen as specific cases of the labelled sequents. Extending
a formalism by generalisation has the advantage of intuition: extend just enough to capture
the logic of interest without losing nice syntactic properties. Obtaining a formalism by
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specialisation opens the possibility of coercing existing results to the new situation as we
have done here.

This work (Cor. 5.3) and [16] indicates that the (I)NS calculus cannot be considered
‘more syntactic’ (and hence preferable from a syntactic/proof-theoretic viewpoint) than a
labelled sequent calculus. After all, given the tight correspondence between derivations in
(I)NS calculi and LTS(E)-derivations in LS-calculi that we have demonstrated here, these two
objects must be equally syntactic. Of course, one may also have a preference of formalism
based on other grounds e.g. a preference in notation.

By going beyond the restriction of an LTSE-derivation, it may well be the case that
further logics are presentable, and some of these logics might not have any INS calculus
with subformula property. If this were the case, then it would indicate that the the general
LS derivations are more expressive than LTSE-derivations (equivalently, INS). This is an
interesting question and the topic of future work. A similar question was raised recently [7]
(replacing LTSE-derivations with the image of derivations from the display calculus) and it
was observed that the transformations from the general derivation to the restricted form
appear non-trivial (if they exist at all).

Another topic for future work is the application of these proof calculi to prove results
about the logic. A very natural question is that of proving decidability. For example, there
is a prominent set of Geach axioms for which decidability is open [30, 6], namely extensions
of K by axioms from {{J%p — [(p|2 < i < j}. The challenge can be phrased as identifying
when to terminate a backward proof search for a derivation, and building a countermodel
from the terminated proof search. It would be interesting to investigate if the distinctive
features of restricted (LTSE) and unrestricted labelled sequent derivations could be exploited
in order to handle these two distinct tasks.
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