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Abstract

We present a labelled sequent calculus for Boolean BI (BBI), a classical variant of the logic
of Bunched Implications. The calculus is simple, sound, complete, and enjoys cut-elimination.
We show that all the structural rules in the calculus, i.e., those rules that manipulate labels
and ternary relations, can be localised around applications of certain logical rules, thereby
localising the handling of these rules in proof search. Based on this, we demonstrate a free
variable calculus that deals with the structural rules lazily in a constraint system. We propose
a heuristic method to quickly solve certain constraints, and show some experimental results
to confirm that our approach is feasible for proof search. Additionally, we show that different
semantics for BBI and some axioms in concrete models can be captured modularly simply by
adding extra structural rules.
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1 Introduction

The logic of bunched implications (BI) was introduced to reason about resources using additive
connectives A, V, —, T, 1, and multiplicative connectives T*, %, —« [19]. Both parts are intu-
itionistic so BI is also Intuitionistic logic (IL) plus Lambek multiplicative logic (LM). Changing the
additive part to classical logic gives Boolean BI (BBI). Replacing LM by multiplicative classical
linear logic gives Classical BI (CBI). BI logics are closely related to separation logic [22], a logic for
proving properties of programs. Thus, the semantics and proof theory of Bl-logics, particularly for
proof search, are important in computer science.

The ternary relational Kripke semantics of BBI-logics come in at least three different flavours:
non-deterministic (ND), partial deterministic (PD), and total deterministic (TD) [15]. These se-
mantics give different logics w.r.t. validity, respectively called BBInp, BBIpp, BBIrp, and all are
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undecidable [4, 15]. The purely syntactic proof theory of BBI also comes in three flavours: Hilbert
calculi [21, 10], display calculi [2] and nested sequent calculi [20]. All are sound and complete w.r.t.
the ND-semantics [10, 2, 20].

In between the relational semantics and the purely syntactic proof theory are the labelled
tableaux of Larchey-Wendling and Galmiche which are sound and complete w.r.t. the PD-semantics
[14, 13]. They remark that “the adaptation of this tableaux system to BBIrp should be straight-
forward (contrary to BBInp)” [16]. We return to these issues in Section 8.

At a very high level, each logical rule introduces some logical connective into the conclusion while
a structural rule does not involve any logical connective explicitly. Thus a logical rule is driven by
the presence of a logical connective in the conclusion while a structural rule is not. In this setting,
effective backward proof search requires that the rules of the calculus have certain properties. First,
we prefer as many rules to be invertible as possible since these can be applied backwards as soon
as possible without losing derivations. Second, we prefer the logical rules to have the subformula
property so that they cannot be applied backwards ad infinitum. Third, we prefer as few structural
rules as possible since, typically, these can be applied to any sequent causing non-determinism and
possibly also non-termination. Fourth, when structural rules are necessary, we would like to drive
the applications of structural rules using a systematic proof search procedure (strategy) which is
driven by the applications of logical rules, as this may reduce non-determinism.

The display postulates and other structural rules of display calculi, especially the contraction
rules on structures, are impractical for backward proof search since the display postulates (merely)
shuffle structures in a sequent, whereas the contraction rules copy structures from the conclusion to
the premise. Moreover, both can be applied to (almost) every sequent so these rules are applicable at
any stage of the proof search, and they can easily generate redundant derivations when it is not clear
which inference rule to use. Hence it is hard to give a systematic proof search procedure without
controlling these rules. Nested sequents usually face similar problems with the contraction rules
and propagation rules, and although Park et al. [20] showed the admissibility of contraction in an
improved nested sequent calculus, it contains other rules that explicitly contract structures. Their
iterative deepening automated theorem prover for BBI based on nested sequents is terminating and
incomplete for bounded depths, but complete and potentially non-terminating for an unbounded
depth [20]. The labelled tableaux of Larchey-Wendling and Galmiche compile all structural rules
into PD-monoidal constraints, and are cut-free complete for BBIpp using a potentially infinite
counter-model construction [13]. But effective proof search using a strategy is only a “perspective”
and is left as further work [13, page 2].

Surprisingly, many applications of BBI do not directly correspond to its widely used non-
deterministic semantics. For example, separation logic models are instances of partial deterministic
models [15] while “memory models” for BBI are restricted to have indivisible units: “the empty
memory cannot be split into non-empty pieces” [4]. Other variants of separation logic employ
semantics based on separation algebra [7] or separation theory [6] that are useful in program ver-
ification. Our goal is to give a labelled proof system for BBI based upon the ND-semantics which
easily extends to the PD-, TD- and other application-driven semantics, while being amenable to
effective proof search.

Our labelled sequent calculus LSpp; for BBI adopts some features from existing labelled
tableaux for BBI [14] and existing labelled sequent calculi for modal logics [17]. Unlike these
calculi, some LS gpr-rules contain substitutions on labels. As in traditional sequent calculi without
labels, we are able to absorb the effects of weakening and contraction into some of the logical rules,
thereby allowing us to leave out these structural rules by making them admissible. The absorption



of contraction makes many logical rules invertible as desired but breaks the subformula property,
which means that we lose termination. Some logical rules are still not invertible after absorbing
contraction, but the presence of labels allows us to make even these rules invertible, at the price
of requiring further non-logical rules to explicitly encode the frame conditions of the underlying
(Kripke) semantics. We refer to such rules simply as structural rules.

From a proof-search perspective, labelled calculi are no better than display calculi because these
extra structural rules are just as bad as display postulates for proof search since they are typically
applicable (backwards) to every sequent. As a step towards our goal, we show that the applications
of these extra structural rules are necessary only prior to applying certain logical rules backwards.
Thus backward proof search in LSpp; can be structured so that we first apply one fixed set of
invertible logical rules, then apply these extra structural rules, and then apply the remaining set of
invertible logical rules, leading to a syntax-driven proof search procedure for LS gp; in which all the
rule applications in proof search are decided by the logical connectives (the syntax), and redundant
derivations caused by structural rules are reduced. In essence, our proof search procedure for a given
formula consists of two stages: one where we guess the shape of a candidate derivation tree obtained
by applications of introduction rules for logical connectives occurring in the given formula, and the
other where we solve certain structural constraints on the relations between labels generated from
the applications of these logical rules. The constraint solving part involves only reasoning in the
ND-monoidal semantics of BBI and validates that the chosen candidate proof tree does indeed form
a valid proof. Technically, this is done by introducing two intermediate proof systems: LS%g; and
LS gB ; (Section 4) where structural rules are isolated into side conditions of introduction rules, and
FVLS gpr (Section 5) where those side conditions are solved lazily by delaying the instantiation of
free-variables until we reach zero-premise rules.

Our work is novel from three perspectives. Compared to the labelled tableaux of Larchey-
Wendling and Galmiche, we deal with the non-deterministic semantics of BBI, which they have
flagged as a difficulty, and we obtain a constructive cut-elimination procedure. Compared to the
nested sequent calculus of Park et al., our calculus has much simpler structural rules. Some of Park
et al.’s structural rules and traverse rules involve copying structures, and when made to absorb
contraction, these rules (especially FA¢) are extraordinarily long and complicated. Our structural
rules directly capture the semantics using ternary relational atoms, thus they are very intuitive
and easy to read. Note that Park et al. actually gave a labelled variant of their nested sequent
calculus, with the same logical rules as ours. However, their structural rules are still just notational
variants of the original ones, which are lengthy and do not use ternary relations. We also show
that adding certain structural rules to LS gp; allows us to obtain cut-free labelled calculi for all the
other semantics mentioned above. Finally, as far as we know, there are no other free-variable calculi
for the logics we consider, let alone ones which are amenable to proof search as are our calculi.

The rest of the paper is organized as follows. In Section 2, we present the semantics of BBI,
following [15], and our labelled sequent calculus LS gpr. We show that LS gpr is sound with respect
to the semantics, and it is complete indirectly via a Hilbert system for BBI [10] which is already
known to be complete. In Section 3, we prove some important proof theoretic properties of LSpp;:
invertibility of inference rules, admissibility of contraction, and more importantly, cut-elimination.
In Section 4, we discuss a permutation result for inference rules, allowing us to isolate applications of
structural rules to certain stages of systematic backward proof search. In Section 5, we describe how
to reduce proof search to constraint solving in a free-variable sequent calculus. We give a heuristic
method for solving the resulting constraint problem in Section 6 and report on experimental results
in Section 7. Section 8 concludes the paper. Detailed proofs are available in appendices.



2 The Labelled Sequent Calculus for BBI

The semantics of BBI is in Section 2.1, then we present our labelled calculus in Section 2.2. The
soundness proof is outlined in Section 2.3, followed by the completeness proof in Section 2.4, in
which the Hilbert system of BBI is used.

2.1 Syntax and Semantics of BBI

BBI formulae are defined inductively as follows, where p is an atomic proposition, T*, %, — are the
multiplicative unit, multiplicative conjunction, and multiplicative implication respectively:

Au=p | T | L | -A| AVA| ANA| A=A | T | AxA | A=A

The labelled sequent calculus for BBI employs a ternary relation of worlds that is based on a
non-deterministic monoid structure, & la Galmiche et al. [10].

A non-deterministic monoid is a triple (M, o,€) where M is a non-empty set, ¢ € M and
o: M x M — P(M). The extension of o to P(M) uses X oY = |J{zoy:z € X,y € Y}. The
following conditions hold in this monoid:

o Identity: Ya € M.eoa = {a}
o Commutativity: Ya,b € M.aob=boa
o Associatiity: Ya,b,c € M.ao(boc)=(aob)oc.

The ternary relation over worlds is defined by > C M x M x M such that >(a, b, ¢) if and only
if ¢ € a ob. Following Galmiche et al., we write a,b> ¢ instead of >(a, b, c). We therefore have the
following conditions for all a, b, c,d € M:

o Identity: e,avbiff a=05
o Commutativity: a,b>c iff byac
o Associativity: If 3k s.t. (a,k>d) and (b,c> k) then Il s.t. (a,b>1) and (I,c>d).

Therefore we obtain a BBI relational frame (M, >, €) from a non-deterministic monoid (M, o, €)
in the obvious way. Intuitively, the relation x,y >z means that z can be partitioned into two parts:
x and y. The identity condition can be read as every world can be partitioned into an empty world
and itself. Commutativity captures that partitioning z into z and y is the same as partitioning
z into y and z. Finally, associativity means that if z can be partitioned into x and y, and = can
further be partitioned into v and v, then all together z consists of u, v and y. Therefore there must
exist an element w which is the combination of v and y, such that w and u form z. Note that since
we do not restrict this monoid to be cancellative, (z,y > ) does not imply y = e.

A BBI model (M,>,€,v) consists of a relational frame (M,>,€) and a valuation v : Var —
P(M). A forcing relation “IF” between elements of M and BBI-formulae is defined as follows [10]:

mlET*iff m=e m - Piff P € Var and m € v(P)
m - L iff never mliFAVBif mlFAorml-B

m |- T iff always mliFAANBiff mIFAand mi- B
mlF-Aiff mlf A ml-kA— Bif ml|f AormlI-B

m Ik Ax B iff Ja,b.(a,b>m and alF A and b I+ B)
m - A— B iff Va,b.((m,a>b and a IF A) implies b I+ B)

Given a model (M, ¢,v), a formula A is true at m € M if m |- A. A formula A is valid if it is
true at every world in every model.



2.2 The Labelled Sequent Calculus

We now give the details of our labelled sequent calculus with some discussion on how it is related
to the semantics.

We assume an infinite set LVAR of label variables, and a label constant e. The latter is a syntactic
counterpart of the € world in the semantics. We shall use lower case letters to range over labels, i.e,
the set LVAR U {e}. A labelled formula is an expression of the form z : A, where z is a label and A
is a formula. A relational atom is an expression of the form (z,y > z), where z,y and z are labels.
Given a relational frame (M, >, €), the intended interpretations of labels are worlds in M, and the
intended interpretation of the symbol i is the ternary relation > in the model. The interpretations
of labelled formulae and relational atoms in the semantics are dependent on the interpretation of
labels. The latter is given by a mapping p : {¢} U LVAR — M, with p(e) = e. That is, we fix the
interpretation of the label constant € to be the world € in the semantics. Given such a p, a labelled
formula w : A means formula A is true in world p(w). A relational atom (x,y > z) is interpreted
as p(x), p(y) > p(z) in the semantics. That is, a labelled formula w : A is true iff p(w) IF A, and a
relational atom (z,y > z) is true iff p(x), p(y) > p(2) holds.

A sequent is of the form I' - A, where I and A are structures, defined formally via:

Fi=w:A| (z,y>z) | ;T Ac=w:A|AA
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In our definition of sequents, the structural connective “;” in the antecedent means (additive)
“and” whereas in the succedent it means (additive) “or”. We assume implicitly that ‘;’ is associa-
tive and commutative. Note that, however, there is a subtlety in this interpretation of ‘;’. Unlike
traditional Gentzen sequents, a labelled sequent I' = A does not in general correspond to a formula
AT — \/ A. This is because the interpretation of a labelled formula is dependent on the interpre-
tation of the label it is attached to. If, however, all formulas in I'" are attached to the same label,
then the I' corresponds to the formula AT

Our use of ;" as the structural connective in labelled sequents is slightly different from the tra-
ditional sequent notation where “,” is used as the structural connective. Our notation is consistent
with sequent systems for the family of Bunched Implication (BI) logics, where “” is the additive
structural connective, and “,” is used to denote the multiplicative structural connective. The mul-
tiplicative structural connective is not explicitly presented in our sequent notation, but as we shall
see later, it is encoded implicitly in the relational atoms.

The inference rules of our labelled system LS pgp; are shown in Figure 1, where we use P as a
proposition, A, B are formulae, w, x,y, z are in the set LVAR of labels, € is the label constant. The
formula introduced in the conclusion of each rule is the principal formula, and the relational atom
introduced in the conclusion of each rule is the principal relational atom.

Our inference rules are designed to capture the semantics of BBI (cf. end of Section 2.1). For
example, reading upward, the left rule for * considers the situation where the formula A x B is true
in 2z, this involves an existential condition in the semantics:

Ja,b s.t. (a,brz) holds and a I+ A and b I+ B.

As in the sequent calculus for first-order logic, we create fresh labels for existentially quantified
variables. Therefore L creates a premise containing a new relational atom (x,y>z) where x,y are
fresh, and makes A true in z and B true in y. The %R rule considers the case where the formula
A x B is false in z, by negating the semantics of *, we obtain that

Ya,b, if (a,b> z) holds, then a I A or b IV B.



Therefore xR checks existing relational atoms in the conclusion, and when (z,y>z) is found for any
labels x,y, the rule creates two premises for A being false in z and B being false in y respectively.
The rules for — are analogous: the —« L rule uses an existing relational atom in the conclusion as
—k L involves an universal condition; and the —« R rule creates a new relational atom with fresh
labels since it involves an existential condition. Similarly, in rules A, A¢, the label w must be
fresh in the premise, as it also encodes an existential condition. Note that the rule Aq is a special
case of the rule A where the two relational atoms are the same. A¢ is required to guarantee the
admissibility of contraction, as will be shown in the proof of Lemma 3.4.

In the rule T*L, there is an operation of global substitution [¢/z] in the premise. A substitution
I'[y/x] is defined in the usual way: replace every occurrence of = in I" by y. The structural rules Eq;
and FEg- also involve substitutions, both of them are needed since substituting the label constant e
is forbidden. That is, if the principal relational atom is (e, e>w), then we can only use the rule Fqy
to replace every w by €, but we cannot use the Eq¢; rule to replace every € by w. The case where
FEgs cannot be used is symmetric.

The additive rules (LL, TR, AL, AR, — L, — R) and the multiplicative rules (T*L, T*R, %L,
xR, — L, — R) respectively deal with the additive/ multiplicative connectives. The zero-premise
rules are those with no premise (id, LL, TR, T*R). Figure 2 shows an example derivation in
LS gy, where we omit the unimportant parts, and use r x n if a rule r is applied n times.

To prove a formula, we start (at the bottom) by labelling the formula with an arbitrary world
w, then try to apply the rules in LS gg; backwards. A sequent is provable/derivable if every branch
in the backward proof search can be closed by a zero-premise rule application.

The fact that weakening and contraction are forbidden in the multiplicative fragment of BBI
is reflected in our calculus as follows. The rules *xL and — R create new relations in moving from
conclusions to premises, so - z : (p *x p) — p is not derivable. In a cut-free derivation, a relation
atom of the form (w,w>w) where w # € can never be created, so -z : p — (p*p) is not derivable.

Definition 2.1 (Sequent Validity). A sequent I' - A in LS pp; is valid if for all (M, >, ¢€), v and p,
if every member of I is true then so is some member of A.

Note that BBI-validity of a formula A corresponds to the validity of the sequent - = : A, where x
is an arbitrary label. This correspondence is also adopted in other work for BBI [15, 20] and CBI [3],
but is stronger than that used in the sequent calculus LBI for BI ! [21], in which a formula A is
valid iff @,, - A is provable, where 0,,, is the multiplicative structural unit. For example, @, - T*
is provable in LBI, but the sequent - x : T* is not provable (although the sequent - € : T* is
provable) in LS pp;. Translated to our setting, validity of a formula A in BI would correspond to
provability of € : A.

2.3 Soundness

The soundness proof reasons about the falsifiability of sequents, which is defined as follows.

Definition 2.2 (Sequent Falsifiability). A sequent I' H A in LSpgp; is falsifiable iff there exist
some (M, > €), v and p, such that every relational atom and labelled formula in T is true and every
labelled formula in A is false, where: (1) w: A is true iff p(w) IF A; (2) w : A is false iff p(w) I} A;
and (3) (z,y > 2) is true iff p(x), p(y) > p(2) holds.

1BI is defined proof theoretically, so the validity of its formulae is defined by sequent validity in LBI.
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— L — R

l'Fw:A— B;A

(x,y>z2);Tix: Ajy: BEA (,y>z);Tiax: Ak z: B;A

*L — R

I'iz: AxBFA I'ky: A= B; A
(x,yrz);Tha:A;z: AxB; A (z,y>z2);TFy:B;z: Ax B; A
(x,y>z);TFz: AxB;A
(z,y>2);Ty: A=« Bk ax: A A (x,y>2);y: A=« B;z: BF A
(z,y>2);Ty: A« BFA

*R

— L

Structural Rules:

(y, x> 2); (z,y>2);I'FA (u,w> 2); (y,v>w); (2, y> 2); (w,v>x); T EA

A

(x,y>2);THA (x,y>2); (u,v>a); TFA
(2,e02), T F A (2,05 2); (> w)i (2, y> 2 TEA
TFA (z,y>z);D F A °
(e,w' > w);Tw' /w] B Alw' /w) . (e,w' > w);Tw' /w] B Alw' /w) .

(,wpw');TEA

(e, w'pw);THA

Side conditions:

In T*L, Eq; and FEqa, w # €.

In %L and — R, the labels x and y do not occur in the conclusion.
In A and Ac, the label w does not occur in the conclusion.

Figure 1: The labelled sequent calculus LS gp; for Boolean BI.
Theorem 2.1 (Soundness). For any label variable w € LVAR and any BBI formula F, if - w: F
is derivable in LS gy, then F is valid in BBInp.

Proof. The condition w € LVAR simply says that w cannot be the label constant € but p(w) can be
the world e. Suppose - w : F is derivable but F is invalid, i.e., there is some model (M, >, €, v) where



id id
csweirbFwy Ty ceeswyiqlwy gy

*R
(wa, w1 >wp); (6, w1 > wy); (Wi, wabwo);e:pie: THwyqywe i T wo:r*gq .

(e,w1 > wy); (Wi, we>wp);e:pye: TS wy :quwe i wp:T*g

Eqy
(e,wq > wy); (w1, wa>wp);€e:pye: T 5wy : ggwa T Hwy:r*gq

T*L
(w3, wq >wy); (W1, wa > wo);ws :P;ws : T 5wy s ggwa T Fwy:rx*gq

AL
(w3, wq > wy); (w1, w2 >wo);ws : p AT wy : ggwe i = wp:r*q s
«L X

wo: (pAT ) *q)*rtwy:rxq
Fwo: ((pAT*)xq)x1) — (r*q)

— R

Figure 2: An example derivation for (((p A T*) *q) xr) — (r*q) in LSpp;.

Axioms Deduction Rules
HA FA— B FA—-C FB—D
A= (T A
A - B MP = AxB > (C+D)
(T*xA) > A
(AxB) = (BxA) A= (B=C) F(AxB) = C
(A% (BxC)) = ((A*B) * C) F(A«B) > C FA S (B+C)

Figure 3: Some axioms and rules for the Hilbert system for BBI.

Im € M such that m If F. This also means that there is a label mapping p, where p(w) = m,
such that - w : F' is falsifiable in this model under p. We then show that each rule preserves
falsifiability upwards. That is, if the conclusion is falsifiable, then at least one of the premises is
falsifiable (usually in the same choice of v, p, and M). As the rules in LS pp; are designed based
on the semantics, this is easy to verify. The details are in Appendix A.1. As - w : F is derivable,
each branch must end with a zero-premise rule, the conclusion of which is not falsifiable in any
model. This contradicts the assumption that - w : F is falsifiable. Therefore there is no model and
no label mapping that falsifies - w : F'. So given any model, no matter where we map w to, F' is
always true in that world. Thus F' is valid. O

2.4 Completeness

We prove the completeness of LS gp; by showing that every derivation of a formula in the Hilbert
system for BBI [10] can be mimicked in LS gy, possibly using cuts.

The Hilbert system for BBI consists of the axioms and rules for classical propositional logic
for the additive fragment and additional axioms and rules for the multiplicative fragment. For the
latter, we use the axiomatisation given in [10], and listed in Figure 3. We omit the axioms for
classical propositional logic as they are standard, and can be found in, e.g., [24].

Theorem 2.2 (Completeness). For any label w € LVAR and any formula F of BBI, if F' is valid
then - w : F is derivable in LS gpr.

Proof. Again, it is not possible for the label variable w to be the label constant €. As the Hilbert
system for BBI is complete, there is a derivation II of F' in the Hilbert system. We show that one
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Hiw : A= (B+«C)Fw:C -
I I,
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Figure 4: A derivation of the rule — 1 putting I' = {(wy, we > w); wy : A;wy : B}).

can construct an LS gy derivation IT" of the sequent - w : F, for any label w # €. It is enough to
show that each axiom and each rule of the Hilbert system can be derived. The derivations of the
axioms in LS gy are straightforward; we show here a non-trivial case in the derivation of the rules
of the Hilbert system. Consider the rule — 1, suppose II is the derivation:

1
A— (B~ C)

— 1
(A+B) > C

The LS pp; derivation I’ is in Figure 4, where IT} comes from IT; via the induction hypothesis, ITy
is the upper derivation in Figure 4, and T' = {(w1, wa > w); wy : A;wy : B}). O

Corollary 2.3 (Formula validity). For any label variable w € LVAR and any BBI formula A, the
formula A is valid iff b w : A is derivable in LSgg;.

Proof. Follows from the soundness and completeness proof. Since w is arbitrary, A is true at any
world for any valuation v, mapping p, and monoid structure (M, >, €). O

We compare our proofs of soundness and completeness with those of Larchey-Wendling and
Galmiche [14, 13] in Section 8.

3 Cut-elimination

This section proves the cut-elimination theorem for our labelled sequent calculus. The general proof
outlined here is similar to the cut-elimination proof for labelled systems for modal logic [17], i.e., we
start by proving a substitution lemma for labels, followed by proving the invertibility of inference
rules, weakening admissibility, and contraction admissibility, before proceeding to the main cut-
elimination proof. As there are many case analyses in these proofs, we only outline the important
parts here. More details are available in Appendix A

Given a derivation II, its height ht(II) is defined as the length of a longest branch II. The
substitution lemma shows that provability is preserved under arbitrary substitutions of labels.
When proving this lemma, we will frequently use the fact that, when applied on a sequent, the



series of substitutions [y/z][z/y] have the same effect as [z/z][z/y], for any label z and any non-e

labels z, y.

Lemma 3.1 (Substitution). If II is an LSppr derivation for the sequent T' = A then there is an
LS ppr deriwation I of the sequent T'[y/x] b Aly/x] where every occurrence of label x (v # €) is
replaced by label y, such that ht(I") < hi(ID).

Proof. By induction on ht(II).

(Base case) If ht(II) = 0, then the only applicable rules are id, LL, TR and T*R. If the label x # ¢
being substituted is not on the principal formula, then the substitution does not affect the original
derivation. Since we do not allow to substitute for €, the proof for T*R can only be this case.
Otherwise we obtain the new derivation by simply replacing the label of the principal formula.
(Inductive case) If ht(II) > 0, then consider the last rule applied in the derivation. We consider
three main cases.

1. Neither = nor y is the label of the principal formula.

(a)

()

Suppose the last rule applied is T*L, and x # w and y # w, and II runs as below:
1L
IMe/w] F Ale/w]
IMw:T*FA
By the induction hypothesis, there is a derivation IT} of I'[e/w][y/z] b Ale/w][y/x] with
ht(IT}) < ht(I11). Since z and y are different from w, this sequent equals I''[y/x][e/w] -
Aly/x][e/w]. Therefore IT' is constructed as follows, where ht(IT') < ht(II).
m
Iy/z][e/w] - Aly/][e/w]
Iy/xl;w: T* F Aly/z]
If the last rule applied is Fq;, we distinguish the following cases: x is not w or w’;
z = w; v = w’. The analysis is similar to above, but is more complicated. If the last rule

applied is Fqs, we consider three cases: x # w and y # w; = w; and y = w. These are
symmetric to the case where the last rule is Fq;. See Appendix A.2 for details.

T*L

T*L

For other rules, we can simply use the induction hypothesis, and apply the corresponding
rule to obtain the required derivation.

2. y is the label of the principal formula. Most of the cases follow similarly as above, except for
T*L. In this case the original derivation is as follows.

I

I'le/y] = Ale/y]
I'M;y: T*FA

*

Our goal is to derive IV[y/z];y : T* + Aly/z]. Applying T*L backwards to it we get

My/z]le/y] = Aly/x][e/y]

10



Note that this sequent is equal to IV[e/y][e/z] b Ale/y][e/z], and from the induction hypothesis
we know that there is a derivation of this sequent of height less than or equal to ht(II).

3. x is the label of the principal formula.

(a) Additive rules do not modify labels, so even if the label of the principal formula is
replaced by some other label, we can still apply the induction hypothesis on the premise,
then use the rule to derive the conclusion.

(b) For the multiplicative rules that do not produce eigenvariables? (xR, — L, T*L), we can
proceed similarly as in the additive cases, except for the T*L rule. For the T*L rule, if
the label z of the principal formula is replaced by some (other) label y, i.e., IT is

1L
IVe/x] F Ale/x]
IMz:T*FA
then we need to derive I'[y/z];y : T* F Aly/z]. Using T*L rule we have:
Uy/=]le/y] = Aly/=][e/y]
Dy/aliy: T F Aly/x]

Note that the premise now is equal to I"[e/x][e/y] - Ale/x][e/y], and can be proved using
the induction hypothesis on II;.

*

T*L

If y = ¢, then II’ is the same as II, because € : T* in the antecedent can never be used in
any rule applications, it will remain unchanged until the branch is closed.

(c¢) For the multiplicative rules that have eigenvariables (*L and — R), if the label of the
principal formula is replaced by a label other than the newly created labels in the rules,
then we proceed similarly as in the additive cases. If the label of the principal formula is
replaced by one of the newly created labels, then we just need to create a different new
label in the new relation.

For %L, we have the derivation:

18}
(y,z>pa);T;y: A;z: BEA I
Iz:A«BF A *

If x is substituted by y (the case for substituting by z is symmetric), then we need a
derivation of TV[y/x];y : Ax B F Aly/z]. Note that the *L rule requires the relation
(y, z>x) to be fresh, so in the original derivation y and z cannot be in IV or A. Therefore
by the induction hypothesis we must have a derivation IT} for

(v, 2" va); Ty A;2' - BF A,

where ¢ and 2’ are new labels, such that h¢(II}) < h¢(Il;). Applying the induction
hypothesis again to IT}, we have a derivation II{ (¢/, 2'>y); I [y/z];y' : A; 2" : BF Aly/x],
with ht(IT{) < h¢(I1;). Thus the derivation I’ is constructed as follows.

2i.e., those labels that are required to be fresh in the premise.

11



Iy
(v, 2" vy); T y/z];y « A;2': BE Aly/x]
My/zliy : Ax B Aly/a]

The case for — R is similar. O

*L

Admissibility of weakening is proved by a simple induction on the height of derivations so we
state the lemma without proof.

Lemma 3.2 (Weakening admissibility). If T' = A is derivable in LS gy, then for all structures T’
and A', the sequent T; TV = A; A is derivable with the same height in LS gp;.

The converse of weakening admissibility, i.e., a certain ‘strengthening’ property, also holds for
certain formulas. More precisely, if a sequent I';w : A F A is derivable, and the labelled formula
w : A is not principal in any rule application, then I' = A is also derivable by the same derivation.
By weakening, the latter implies that I'; TV = A is also derivable for any I''. That is, we can replace
an unused labelled formula by an arbitrary structure. This and other supplementary lemmas related
to weakening are proved in Appendix A.3.

Lemma 3.3 (Invertibility of rules). IfII is a cut-free LS pp; derivation of the conclusion of a rule
then there is a cut-free LS gy derivation for each premise, with height at most ht(II).

Proof. Most of the rules are trivially invertible. The proofs for the additive rules are similar to
those for the additive rules from labelled calculi for modal logic or G3¢ (cf. [18]) since the rules are
the same. The slightly non-trivial cases for the rules involving substitutions of labels follow from
Lemma 3.1. The proof is detailed in Appendix A.4. O

The proof of the admissibility of contraction on additive formulae is similar to that for classical
sequent calculus since the LS gp; rules for these connectives are the same. In the multiplicative rules,
the principal formula is retained in the premise, so admissibility of contraction on multiplicative
formulae follows trivially. We need to prove that contraction on relational atoms is admissible, as
stated in the next lemma.

Lemma 3.4. For any structures I', A, and relational atom (z,y > z): if Il a cul-free LSpp;
deriwation of (x,y>z); (x,y>z); T = A, then there is a cut-free LS ppr derivation Il of (z,y>z); T F A
with ht(I1') < ht(T0).

Proof. (Outline) Let n = ht(Il). The proof is by induction on n. Most structural rules only have
one principal relational atom, so it is easy to show that contraction can permute through them.

The case for A needs more care, as it involves two principal relational atoms. If the two principal
relational atoms are different, then the admissibility of contraction follows similarly as above. But
if the principal relational atoms are identical, the situation is a bit tricky:

I
(z,wea); (y,y>w) (z,y> ) (z,ya); TEA
(z,y>z);(z,y>a);TFA
There is no obvious way to make this case admissible, and this is the reason we have a special

case of the rule A, namely Ac. In the rule Ae, contraction is absorbed so that there is only one
principal relational atom. The new derivation is as follows.

12



H/
(z,w>x); (y,y>w); (z,y>x); T H A
(z,y>pz);I'FA

c

For Eq; and Eg9, as the principal relational atom is carried to the premise (although some
labels may be changed), so admissibility of contraction on those relational atoms is obvious. O

The admissibility of contraction on formulae are straightforward, the most of cases are analogous
to the ones in Negri’s labelled calculus for modal logic [17]. For details please see Appendix A.5.

Lemma 3.5 (Contraction admissibility). If T;T' B A; A is derivable in LSppr, then T'H A is
derivable with the same height in LS pp;.

Cut Elimination Theorem

We define the cut rank of an application of the cut rule as the pair (|f|, ht(II;) + ht(Il2)), where
| | denotes the size of the cut formula (i.e., the number of connectives in the formula), and ht(I1;),
ht(I1y) are the heights of the derivations above the cut rule, the sum of them is call the cut height.
Cut ranks are ordered lexicographically, where each component of the ranks are ordered according
to the ordering > on natural numbers.

Theorem 3.6 (Cut-elimination). If '+ A is derivable in LS gpr, then it is also derivable without
using the cut rule.

Proof. By induction on the cut ranks of the proof in LS pp;. We show that each application of cut
can either be eliminated, or be replaced by one or more cut rules of smaller ranks. The argument for
termination is similar to the cut-elimination proof for G3ip [18]. We start to eliminate the topmost
cut first, and repeat this procedure until there is no cut in the derivation. We first show that cut
can be eliminated when the cut height is the lowest, i.e., at least one premise is of height 1. Then
we show that the cut height is reduced in all cases in which the cut formula is not principal in both
premises of cut. If the cut formula is principal in both premises, then the cut is reduced to one or
more cuts on smaller formulae or shorter derivations. Since atoms cannot be principal in logical
rules, finally we can either reduce all cuts to the case where the cut formula is not principal in both
premises, or reduce those cuts on compound formulae until their cut heights are minimal and then
eliminate those cuts.

We show here some non-trivial cut elimination steps for the inductive cases; the full proof can
be found in Appendix A.6.

Suppose neither premise of the cut is an instance of id, L L, TR, or T*R. We distinguish three
cases here: the cut formula is not principal in the left premises; the cut formula is only principal in
the left premise; and the cut formula is principal in both premises.

1. The cut formula is not principal in the left premise, which ends with a rule 7.

(a) If ris T*L, w.l.0.g. we assume the label of the principal formula is y (which might be
equal to ). The original derivation is as follows.
1
Lle/yl bz : A; Ale/y] . I,
Diy: T*Fax: A A IMz: A A
DT y: T*F A A

cut

13



By the Substitution lemma, there is a derivation IT}, of TV[e/y];z : A+ Ale/y]. Thus we
can transform the derivation into the following:

I, T,
Ule/ylFa: A;Afe/y]  T'[e/yliz: At Alle/y]
Cle/yl; T'e/yl F Ale/yl; A'le/y]
DTy T A A
If £ = y in the original derivation, then the new derivation cuts on € : A instead. As
substitution is height preserving, the cut height in this case is reduced as well.

cut

T*L

(b) If r is Eqi, and the label z of the principal formula is not equal to w’, the original
derivation is as follows.

I1,
(e,wpw); Tw/w |k z: A; Alw/w'] g I,
(,w'pw)TFa: A;A n IMz: AR A .
cu

(e,w' bw); T T F A A/
This cut is reduced in the same way as the T*L case, where we get II} from the Substi-
tution Lemma:

10, e
(,wrw);Tw/wFx: A; Alw/w'] Nw/w';z: AR Alw/w')
(6, wew); Tw/w'[; ' w/w'| F Afw/w'}; Alw/w']

(e, w' pw); T F A A

If z = w’, then we cut on w : A instead in the reduced version.

cut

Eq

(c) If r is Eqa, the procedure follows similarly as the case for Eq; above.
(d) If r is a unary rule except for T*L, Eqq, and Eqa, the proof is transformed as follows:

I, 151 Iy
Mz A A . I, - | R . SAN] IMz: AR A cut
TFz: A A IMiz: AR A TV EAGA
DT F A A cut TiT F A A

Note that as all our rules except T*L, Eq;, and Fqs do not modify side structures,
I and A’ in the premise of r are not changed. The cut rank of the original cut is
(Jz : Al,|TI1| + 1 4 |IIz|), whereas the cut rank of the new cut is (|x : Al, || + [II2]), so
the cut height reduces.

(e) If r is a binary inference, we can transform the derivation similarly.

II; IL;
| R R RAN ] Fobkx: A; Ay . I3
T'kFx: A A IMiz: AR A
cut
;T EA A
I, II3 I, ;3
Mz A A IMz: AR A Iobx:A; Ay IMaz: AR A

Fl;F/ l_ Al;A/ cut FQ;F/ " AQ;A/ cut

T - A A "

14



The cut rank of the original cut is (|z : A|, maz(|II;|, |II2]) + 1 + |II3]), and that of the
new two cuts are (Jz : A, |II;| + |Hs|) and (|z : Al,|Ha| + |II5]) respectively. Thus the
cut heights are reduced.

2. The cut formula is only principal in the left premise. We only consider the last rule in the
right branch. The proof of this case is symmetric to those in Case 1.

3. The cut formula is principal in both premises. We do a case analysis on the main connective
of the cut formula. If the main connective is additive, then there is no need to substitute any
labels. We only show the case for A here.

T, I, 13
F'kz:AA I'tz:B;A IMiz:A;x: BF A’
AR J AL ~
I'kax:ANB;A IMz:ANBEFA
LT F A A cut
H2 HB
IT, I'kx:BA I'M;z:A;xz: BEA' .
I'tax: A A T A A A . o
DLUEAAN
0T - A A LA o

In this case, cut is reduced to applications on smaller formulae, therefore the cut rank of the
cut rule reduces.

There is an asymmetry in the rules for T*. That is, the left rule for T* requires that the label
w of T* cannot be €, whereas the right rule for T* restricts the label of T* to be € only. As a
consequence, when the cut formula is T*, it cannot be the principal formula of both premises
at the same time. Therefore the cases for T* are covered in the proof above.

When the main connective of the cut formula is * or — , the case is more complicated. For
x, we have the following two derivations as the premises of the cut rule:

H1 H2
(z,y>2);TFax:A;z: A B; A (z,y>2);TFy:B;z: AxB; A
(z,y>z2);TF2z: AxB;A

*R

and
113
(', ¢y >2); T2 Ajy - BEA'
I'";z: Ax BF A’

L

And the cut rule gives the end sequent (z,y > 2);T;T" B A; A’. The cut rank of this cut is
(|A * B|, maz (||, |Iz]) + 1 + || + 1).

We use several cuts with smaller ranks to derive (z,y > 2);T; T F A; A’ as follows. Firstly,

15



115
T, (@', y' >z T2 Ay BE A
(z,ypz);Tha: Ajz: AxB; A I'M:z: Ax BF A’
(z,y>2); T;T F o A A A

*L

cut

The cut rank of this cut is (|4 * B|, |II;| + [II3] + 1)), thus is less than the original cut.

The second cut works similarly.

IE
11, (', y'>2); T2 - Ay - BE A/
(z,y>2);TFy:B;z: AxB; A IM;z: A« BF A’ . ¥
(x,y>2); 5T Fy: B; A A u
The third cut works on a smaller formula.
113

(x,yp>2); ;T F o Ay A A (r,yv>z);Tx: Ajy: BE A/
(,y>2); (z,y>2); 5T Ty BE A ALA

cut

The cut formula is x : A, thus the cut rank of this cut is less regardless of the height of the
derivations. Note that in the II3 branch, the L rule requires that the relation (z/,y’ > z) is
newly created, so ' and 3’ cannot be € and they cannot be in IV or A’. Therefore we are
allowed to use the substitution lemma to get a derivation II5 of (z,y>2);I";2: A;y : BE A’
by just substituting z’ for z and y’ for y.

Finally we cut on another smaller formula y : B.

(z,y>2); 5T Fy o By A A (z,y> 2); (x,y>2); ;T Ty s BE A A A
(z,y>2); (z,y>2); (zyy2); T; T T TG T A A A A A

cut

The cut rank of this cut is less than the original cut. We then apply the admissibility of
contraction to derive (z,y> 2);T; TV = A; A’. The case for — is similar. O

4 Localising structural rules

Structural rules such as F, A, U can be applied to any sequent that contains suitable relational
atoms, just as weakening and contraction in LK can be applied to any sequent that contains at
least one formula. Thus each structural rule creates many non-deterministic choices in proof search.
One way to reduce this non-determinism is to separate the structural rules into a constraint system
as outlined in Section 5. We proceed via the intermediate calculi detailed in this section.

As a first step towards designing an effective proof search procedure for LS ppr, we need to
restrict the use of these structural rules so that their applications in proof search are driven by
logical rules, thereby reducing the non-determinism in proof search.

We note the fact that the structural rules in LSpp; can permute upwards through all other
rules except for id, T*R, xR, and — L. We refer to these four rules as positive rules, and refer to
the other logical rules in LS gp; as negative rules. The main reason is, all negative rules do not rely
on relational atoms. This is formalised in the following lemma, and proved in Appendix A.7.
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Lemma 4.1. The structural rules in LS gg; can permute upwards through negative rules in LS gp; -

Now we design a more compact proof system where applications of structural rules are separated
into a special entailment relation for relational atoms and equivalence of labels. Such a special
entailment can be seen as a “condition” in a rule application. To be specific, since all the structural
rule applications can permute upwards until they meet positive rule applications, we would apply
negative rules, backwards, as much as possible in the proof search, and only apply structural rules,
backwards, when they are required by positive rules. In this sense, structural rule applications are
encapsulated in positive rule applications as “conditions” of the form “to apply this positive rule,
some structural rules have to be applied first”. We shall see in the next section that proof search
in this proof system can be separated into two phases: guessing the shape of the proof tree, and
deriving the relational atoms needed. The latter will be phrased using a constraint system.

In this section we localise the structural rules in two steps: we first deal with Fq; and Eqs, and
then the other structural rules.

4.1 Localising Fq; and Eq

Allowing substitutions in a proof rule simplifies the cut-elimination proof for LSpgp;. However,
for proof search, this creates a problem as Fq; and Fgs do not permute over certain rules that
require matching of two labels (e.g., *R or — L). Our first intermediate proof system LS%p; aims
to remove substitutions from LS pp;. Instead, the equality between labels is captured via a special
entailment relation. To define its inference rules, we first need a few preliminary definitions.

A structural rule r can be seen as defining a relation R as follows: (G1,0,V,Gs) € R iff there is
an instance of r such that

e the set of principal relational atoms (cf. Section 2.2 for the definition of principal relational
atoms) of the instance is Gi;

e the substitution applied to the premise of the instance is 6;

e the set of fresh labels created in the premise of the instance is V; and

e the set of new relational atoms in the premise of the instance is G.

In the following, we shall write (G1, 6, V, G2) to denote that (G1,60,V,G2) € R as defined above. For
example, we have both U({},[],{z}, {(z,e>x)}) and U({},[ ], {}, {(x,e>x)}), which are justified
respectively by the following instances of U:

(z,e>x);(a,b>pc)Fa: F (z,eva);(z,yr2)Fy: G
(a,b>pc)Fa: F (z,yp2)Fy: G

U

Note that the rule U does not restrict = to be among the labels occuring in the conclusion, so one
can introduce a new label. Similarly, we have A({(x, y>2), (u,v>x)}, [ ], {w}, {(v, w>2), (y,v>w)})
which is justified by, e.g., the following instance of A:
(z,y>2); (u,v>x); (u,w>2), (y,vow);z: FFy: G
(x,y>2);(u,v>x);z: Fry:G

and Eq; ({(e,w>w")}, [w'/w],{ },{ }), which is justified by, e.g.,

(,w'pw)w FEW G
(,wpw)jw: FRw : G

Eq

17



Gte (w1 = ws) ‘ (e,wre);GHEA ) Gte (w=¢) e

GITswi:Prws:PiA GTw:T FA | © GITFw:T5A

(z,y>2');G'|ITFx: A;z: Ax B; A (z,y>2);G||TFy:Biz: Ax B; A Ghp(z=2)
(z,y> 2 );G||IT 2 : Ax B;A

*R

(z,y' >2);G|IT;y: A~ Bk x: A; A (z,y' >2);G||IT;y: A=~ B;z: BF A Gre(y=1")
(z,y' >2);G||IT;y: A=~ BF A

—x L

(u, wp 2); (y, v > w); (z,y > 2); (w,v>2); G| F A Gre (z=1")
(z,y> 2); (w,v>a"); G0 F A

(2, w5 2); (y,yo w)i (,y> ) GIT A Grp (z=2a))
@y )G T A

G is the multiset of relational atoms in the left hand side of the conclusion sequent.
In each rule, the entailment g is not a premise, but a condition on the rule.

Figure 5: The changed rules in LSGp5;.

We call (G1,0,V,Gs) an abstract instance of the rule r. The set of abstract instances of structural
rules are ranged over by r.

Given a set of relational atoms G, we denote with LV (G) the set of label variables in G. Let o
be a sequence (list) of abstract instances of structural rules [ry;--- ;r,]. Given a set of relational
atoms G, the result of the application of o to G, denoted by S(G, ¢), is defined inductively as follows
where @ stands for sequence (list) concatenation:

G if o=1]
S(G,0) = S(GOUGy,0") if G CG,0=1[r(G1,0,V,G2)]Qc" and LV(G) NV =0
undefined otherwise
Given a sequence of structural rule applications o = [r1(G1,01,V1,G1);-« ;70(Gn, 00, Vi, G),)], we

denote with subst(o) the composite substitution 6 o - - - o 6,,, where t(6; o 62) means (t0;)0s.

Definition 4.1. Let G be a set of relational atoms. The entailment relation G Fg (u = v) holds
iff there exists a sequence o of abstract instances of Eq; or Eqs such that S(G, o) is defined, and
uf = v, where 0 = subst(o).

We now define the proof system LS%Gg; as LSppr \ {Eqi, Eqe} (ie., LSpp; without rules
Eq1,Eq2) where certain rules are modified according to Figure 5. We write G||I' F A to em-
phasize that the left hand side of a sequent is partitioned into two parts: G, which contains only
relational atoms, and I', which contains only labelled formulae. Note that the new T*L rule does
not modify any labels, instead, the relational atom (e, w > €) in the premise ensures that the deriv-
ability of (w = ¢€) is preserved. The point of this intermediate step is to avoid label substitutions
in the proof system.

Theorem 4.2. A sequent I' - A is derivable in LS ggr if and only if it is derivable in LSGg;.

Proof. (Outline) One direction, from LSGp5; to LS ppy is straightforward, as g is essentially just
a sequence of applications of Fgq; and Eqy. The other direction can be proved by showing that Fq;
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GFr (w1 =w2) . Ghr(w=c¢) e

GlIT w1 : PHws: P;A GlIITFw: T A

o
SG,0)|IlFz:A;w: AxB;A SG,0)|TFy:Byw: A% B;A Gtr (z,y>w)
GlIlFw: AxB;A

«RT

o
SG,0)||ITyw: A=« BFz: A A S(G,0)||IT;w: A= B;z: BF A GFr (z,w>2)
GlIT;w: A=« BF A

The entailment Fg is a condition rather than a premise, and some rules require its derivation o.

-

Figure 6: Changed rules in LSgBI.

and Eqq are admissible in LS%g;. Detailed proofs are given in Appendix A.8, A.9, for soundness
and completeness respectively. O

4.2 Localising the rest of the structural rules

As a second step, we isolate the other structural rules into a separate entailment relation, as we did
with Fq; and Eqs, giving another intermediate system LS SEJ;BI.

Definition 4.2 (Relation Entailment ). The entailment relation g has the following two forms:

1. G kg (w1 = woy) is true iff there is a sequence o of abstract instances of E, U, A, A¢ so that

S(g,O’) '_E (’LUl = U}Q).

2. G kg (w1, we>ws) is true iff there is a sequence o of abstract instances of E, U, A, A so that
(w], wh>ws) € 8§(G,0) and the following hold: §(G,0) Fg (w1 = w)), S(G,0) Fr (wy = w)h),
and §(G,0) kg (ws = w}).

In each case, we say that o is a derivation of the entailment relation involved.

The entailment bg is stronger than 5. For example, if G only contains (z,€> y), then G g
(x = y); but G Fr (x = y) by applying E to obtain (¢, z > y), then apply Egq; or Egs on the new
relational atom.

The changed rules in the second intermediate system LS gB ; are given in Figure 6.

The following is an immediate result, the proof is divided in two parts for soundness and com-
pleteness, detailed in Appendix A.11 and A.12 respectively.

Theorem 4.3. A sequent T'+ A is derivable in LSG g, if and only if it is derivable in LSgBI.

As a consequence of Theorem 4.2 and 4.3, we can also obtain the equivalence between LS gpr
and LS gB 7, the latter will be used in the next section. Figure 7 shows example derivations in the

intermediate systems LS%5; and LS ‘gBl respectively in contrast to the derivation in Figure 2.
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s FE (w2 = wa) (e, ws > €); (w3, wa b wi); - Fr (wa = w1)

csweirbEwy Ty o ceeswaiqlwr g . o
(wa,w1>wo); - ;ws :p;ws: T 5wa: Gwe :THwo:T*gq
(e, w3 > €); (w3, wa > wi); (w1, w2 > wo);ws : P;ws : T 5wa: ggwa:rEwo:r*q E*
(w3, wa >w1); (W1, w2 >wo);ws : p;ws = 1 5wa : Ggwa T wo:r*gq N nr
(ws, wa > w1); (w1, w2 >wo); w3 : PA T 5wa s Ggwa 7 Ewo:7%xgq s
wo: (PAT ) kq)xrtwo:r*q
Fwo: ((pAT*)xq)*xr) — (r*q) o
c bR (w2 = w2) ‘ (6, w3 > €); (w3, wa > w1);---Fr (wa =w1)
(wo,wiBwo)j-- ;|| w2 irEwairy--- " (wa,w1>wo); ||+ jwa:iqgbkwiig--- " C "
(e,ws > €); (w3, wa > wi); (w1, w2 >wo)||ws : pyws : T wa: ggwa:rFwo:r*gq .

(w3, wa > w1); (w1, w2 >wo)||ws : pyws : T 5 wa: ggwa:rFwo:r*g

AL
(w3, wa > w1); (w1, w2 >wo)||wz : AT 5w : Ggwa i Hwo:7xgq

*L X 2

wo: (pAT*)*q)*rtwo:rxqg
Fwo: (PATY)*q)*7) — (r=q)

where C ::= (w1, w2 > wo); -+ Fr (w2, w1 > wo)

— R

Figure 7: Derivations for (((p A T*) xq) xr) — (r % q) in LS%g; (top) and LSgBI (bottom).

5 Mapping proof search to constraint solving

We now consider a proof search strategy for LS ‘gB ;- As we have isolated all the structural rules into

the entailment relation g, proof search in LS gBl consists of guessing the shape of the derivation
tree, and then checking that each entailment constraint Fr can be solved. The latter involves
guessing a splitting of labels in the *R and —« L rules which also satisfies the equality constraints
in the id and T*R rules. We formalise this via a symbolic proof system, where constraint solving
is handled lazily, via the introduction of free variables which are essentially existential variables (or
logic variables) that must be instantiated to concrete labels satisfying all the entailment constraints
in the proof tree, for a symbolic derivation to be sound. The idea of using free variables can be
found in the literature, e.g., [1], in which a benefit is that “the use of free variables generates a
smaller search space”. We shall see in the following sections that our free variable system, although
different from existing ones in certain aspects, can also narrow down the search space when zero-
premise rules can give exact equality constraints so that the constraints generated by logical rules
can be solved based on those generated by zero-premise rules. This means that the applications
of structural rules (hidden in the logical rules) are not only driven by logical rules, but also by
zero-premise rules.

Free variables are denoted by x, y and z. We use u, v, w to denote either labels or free variables,
and a, b, ¢ are ordinary labels. A symbolic sequent is just a sequent but possibly with occurrences of
free variables in place of labels. We shall sometimes refer to the normal (non-symbolic) sequent as a
ground sequent to emphasize the fact that it contains no free variables. The symbolic proof system
FVLS ppy is given in Figure 8. The rules are mostly similar to LS gBl, but lacking the entailment
relations Fr . Instead, new free variables are introduced when applying *R and —« L backward.
Notice also that in FVLSgpgs, the xR and — L rules do not compute the set S(G,0). So the
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relational atoms in FVLS gy are those that are created by *L, — R, T*L. In the following, given a
derivation in F'VLS ggr, we shall assume that the free variables that are created in different branches
of the derivation are pairwise distinct. We shall sometimes refer to a derivation in FVLS gg; simply
as a symbolic derivation.

Initial Sequent: GlID;w1: PHwy: P;A i

Logical Rules:

—_— 1L —— TR
GIINw:LEFA GlITFw:T;A
Gi(ewro)|I'FA T*R
gIhsw:T*FA e gIIr-w:T5A
GlIh;w:A;w:BEFA GITFw:A;A GIl-w:B;A
AL AR
GlI;w: AABFA GIlFw:AAB;A
GITEw: A;A GlIhiw:BEFA GglIt;w: AFw: B;A
R
Glw:A— BFA GITFw:A— B;A
G;(a,b>w)||T5a: A;b: BEA . G;(a,wpo)||Tia: AFc: B;A .
*«L — R

GlITiw:AxBF A
GlIITFx:A;w: AxB; A

GITFw: A= B; A
Gty :B;w:AxB;A

« R

GlIlFw:AxB;A

GlITiw: A— BEx: A A GlIl;w: A— B;z: BE A
GlIT;w: A=« BF A

—« Ll

i: a and ¢ must be fresh in — R
f: x and z are new free variables in —« L

t: a and b must be fresh in *L
f: x and y are new free variables in *R

Figure 8: Labelled Sequent Calculus FVLS gp; for Boolean BI.

An equality constraint is an expression of the form G I—?R (u = v), and a relational constraint
is an expression of the form G % (u,v > w). In both cases, we refer to G as the left hand side of
the constraints, and (u = v) and (u,v>w) as the right hand side. Constraints are ranged over by
¢, ¢/ ¢y, ¢o, ete. Given a constraint ¢, we write G(c) for the left hand side of ¢. A constraint system
is just a multiset of constraints. We write G l—% C for either an equality or relational constraint.
We write fv(c) to denote the set of free variables in ¢, and fv(C) to denote the set of free variables
in a set of constraints C.

Definition 5.1 (Constraint systems). A constraint system is a pair (C, <) of a finite multiset of
constraints and a partial order on elements of C satisfying:

Monotonicity : ¢; < ¢o implies G(c1) C G(ca).
A constraint system is well-formed if it also satisfies

Unique variable origin : Vx in C, there exists a unique constraint occurrence ¢(x) = G, '_;2
(u,v>w) s.t. x occurs in (u,v>w), but not in G, and x does not occur in any ¢’ where
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¢ # ¢(x) and ¢ < ¢(x). Such a ¢(x) is the origin of x. Furthermore, for any free variable x
and any constraint ¢/, if x occurs in G(¢’), then ¢(x) < ¢

The definition of constraint systems in Definition 5.1 is inspired by a similar definition used
in security protocol analysis, see e.g., [8, 23], which involves proof search in certain proof systems
representing intruder deduction capabilities. There the constraints are linearly ordered whereas in
our case they are partially ordered.

Notice that C is a multiset, rather than a set. We could have defined C as a set, but the definition
of composition of constraint systems (Definition 5.8) would be more complicated. Thus in C there
can be more than one occurrence of the same constraint ¢.3 We write C; WCs to denote the multiset
union of C; and Cs. We shall use the same symbol for a constraint and its occurrences. We shall
often refer to a constraint occurrence as simply a constraint when it is clear from the context of
discussions that we are referring to an occurrence rather than a constraint.

In a well-formed constraint system (C, <), in every minimum constraint ¢, with respect to =<,
G(c) must be ground (see Lemma 5.2). The existence of such a ¢ is important in the definition of
solutions for a well-formed constraint system, and in the proof that the symbolic proof system is
sound with respect to its concrete counterpart (i.e., the derivation for the same formula in LS gB )

From now on, we shall denote with ¢(x) the constraint occurrence from where x originates, as
defined in the above definition. We use the letter C to range over constraint systems.

We write ¢; < ¢; when ¢; =< ¢; and ¢; # ¢;. Further, we define a direct successor relation < as
follows: ¢; < ¢; iff ¢; < ¢; and there does not exist any ¢ such that ¢; < ¢; < ¢j.

During proof search, associated constraints are generated as follows.

Definition 5.2. To a given symbolic derivation II, we define a multiset of constraints C(II) by
structural induction on II. We shall assume that variables introduced in instances of xR and — L
in IT are pairwise distinct. In the following, for each instance of the rules, we use the same naming
schemes for labels and variables as in Figure 8. We distinguish several (base/inductive) cases based
on the lowest rule of II:

id CII) = {G % (wi =wa)}
T*R CI) ={GFL (w=¢)}
*R C(Il) = C(I;) W C(T12) W {G % (x,y >w)} where the left premise derivation is

II; and the right-premise derivation is Il

— L C(Il) = C(I;) W C(T12) W {G % (x,w>y)} where the left premise derivation is
II; and the right-premise derivation is Il

- If TI ends with any other rule, with premise derivations {IIy,...,II,}, then
C(Il) =C(II;) W --- WC(II,).

Proof search in the free variable system is a refutation procedure. The ternary relational atoms
generated by T*L, L, and — R are the base knowledge about the monoidal semantics; the con-
straints generated by *R and — L give hints on what are further needed to falsify the end sequent,
these constraints need to be solved by grounding the free variables to labels. Zero-premise rules re-
fute that the ternary relational atoms generated along a branch cannot form a counter-model. The
constraint generated by the rule id or T*R can close a branch whenever the constraint is satisfied.

Each constraint ¢ € C(II) corresponds to a rule instance r(c) in IT where ¢ is generated. The
ordering of the rules in the derivation tree of IT then naturally induces a partial order on C(II). That

3 Another way of looking at this is to consider a set of pairs of the form (4, ¢) where i is an identifier (e.g., a natural
number) and ¢ is a constraint. Multisets offer a more convenient abstraction.
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is, let <™ be an ordering on C(II) defined as follows: ¢; < ¢s iff the conclusion of r(¢1) appears in
the path from the root sequent to the conclusion of r(c3). Then obviously <™ is a partial order.

Lemma 5.1. Let I1 be a symbolic derivation. Then (C(I1), =) is a constraint system. Moreover,
if the root sequent is ground, then (C(I1), =" is well-formed.

Proof. Each constraint in C(IT) is associated with an instance of a rule in II; this induces a partial
order on the constraints as follows: ¢; =< ¢ iff the rule instance where ¢; originates from appears
in the path from the root to the rule instance where ¢, originates from, in the derivation tree of II.
It is easy to see that this gives us a partial order. The unique variable origin property of C(II) is
also satisfied by the fact that new variables can only be created at xR and —« L. So the minimum
constraint for each variable is the constraint generated by the rule instance where these variables
are created. O

Given a symbolic derivation II, we define C(II) as the constraint system (C(IT), <) as defined
above. A consequence of Lemma 5.1 is that if C(IT) # { }, then there exists a minimum constraint
¢, w.r.t. the partial order <™, such that G(c) is ground.

We now define what it means for a constraint system to be solvable. The complication arises
when we need to capture that (ternary) relational atoms created by the solution need to be accu-
mulated along each branch in the proof search in order to guarantee the soundness of FVLSgpr. A
free-variable substitution 6 is a total mapping from free variables to free-variables or labels, which
is an identity map on all variables except for a finite number of them. The domain of a substitution
6, denoted by dom(#), is defined as dom(0) = {x | 8(x) # x}. Given 6,6 with dom(8") C dom(8),
and a set V of free variables, 8 1 V is the substitution obtained from 6 by intersecting its domain
with V; and 6\ 0’ is the result of § “subtract” 6’; formally:

x0 ifxeV

x  otherwise.

_ ~ | x0 ifx ¢ dom(0)
x@1V) = { x(O\0) = { x  otherwise.
Definition 5.3 (Simple constraints and their solutions). A constraint ¢ is simple if its left hand
side G(c) contains no free variables. A solution (0,0) to a simple constraint ¢ is a substitution

and a sequence o of abstract instances of structural rules such that:

e If cis G5 (u=v) then o is a derivation of G g (uf = vf).
e If cis GF% (u,v>w) then o is a derivation of G Fr (uf, vo > wf).

Lemma 5.2. If (C, <) is well-formed, the minimum constraints in C are simple constraints.

Proof. Suppose otherwise, i.e., there exists a minimum ¢ € C such that G(c) contains a free variable
x. By the unique variable origin property (Definition 5.1), there exists ¢(x) such that x is not free
in G(e(x)) and ¢(x) = ¢. Also by Definition 5.1, x cannot occur in ¢(x), so ¢(x) is not ¢, and we
have ¢(x) < ¢, which contradicts the minimality of ¢. Therefore G(¢) must be ground. O

From the above definition, a simple constraint G % (u = v) is solvable if there is a series of
structural rule applications on G and a series of free variable substitutions 6, such that uf = vé.
Since G only contains labels, the structural rule applications in this case are often not needed. For
example, the simple constraint

(wl,wQ > U)g) F?R (w1 = X)
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is solvable by applying no structural rules and only assigning x to w; in the free variable substitution
0. The case for a ternary relation on the r.h.s. is defined similarly, but this case often involves
structural rule applications. For example, the simple constraint

(wl,'LUQ D’wo); (U)g,’w4 l>"(1)1) F?R (’LU4,’LU2 DX)

can be solved by letting o be [A(---); E(---)] as in the following structural rule applications:

(wq, wo > ws); - -

E
(w3, ws > wg); (W, wy > ws); -+

A
(w1, w2 >wo); (w3, wy >wy); - -

And the free variable substitution 6 would be [ws/x].

Definition 5.4 (Restricting a constraint system). Let C = (C, =) be a well-formed constraint
system, and ¢ be a minimum (simple) constraint occurrence in C. Let (6, o) be a solution to ¢ and
G = 8(G(c),0), and let C. be C with the constraint occurrence ¢ removed. Define a function f on
constraints:

(G'UGOFL CO) ifd =(GFLC)eCandc < ¢,

d otherwise.

)= {

The restriction of C by (c,0,0), written C 1 (¢, 60, 0), is the pair (C’, ="), where (1) C' = {f(¢') |
C/ S Cc} and (2) f(tl) j/ f(CQ) iff C1 j Co.

The proof of the following lemma is straightforward from Definition 5.4.
Lemma 5.3. The pair C1 (¢,0,0) as defined in Definition 5.4 is a well-formed constraint system.

Definition 5.5 (Solution to a well-formed constraint system). Let C = ({cy,..., ¢y}, <) be a well-
formed constraint system. A solution (6,{o1,...,0,}) to C is a substitution and a set of sequences
of structural rules, such that:

If n =0 then (0,{01,...,0,}) is trivially a solution.

If n > 1 then there must exist some minimum (simple) constraint in C. For any minimum constraint
¢, let 6; = 071 fo(e;), then (6;,0;) is a solution to ¢;, and (6\6;, {o1,...,0n}\0s) is a solution
to C 1 (i, 0i,04).

If a constraint system C = ({c1, -, ¢}, %) has a solution (0,{o1,---,0,}), then there is a
solution to each ¢;, which is computed recursively from the minimum constraints in C, as defined
in Definition 5.5. It is easy to see that every ¢ € {¢1,--- ,¢,} has a solution of the form (6, o), for
some 6., where o € {01,...,0,}. Moreover, ¢ is uniquely related to ¢. In the following, given such
a constraint ¢, we shall write dev(c) to refer to that sequence of rules ¢ in its solution.

Example 5.1. We now give an example of how to prove a formula using the free variable system.
Suppose we want to prove ((P x Q) * R) — (P * (Q * R)), where P, @ and R are propositional
variables. Using FVLS gy, we build a symbolic derivation as in Figure 9. Note that this derivation
is generated automatically from our theorem prover which uses ag, a1, - for label variables, hence
the end-sequent is of the form ag : F where ag stands for the label variable w and some of the
indices of variables may not be contiguous. We subscript F with a number ¢ to indicate that the
rule applied on this sequent generates the constraint ¢;. The set of constraints C = {¢1,--- ,¢5} are
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Let G = {(a1,a2>ap); (az,as>a1)} and I'y :={as : R; ag: P} and I's :={ag : P ; a4 : Q} in

id id
. GliT a4 : QFax7:Q Gllaz : R;T2 k3 xg : R R
*
Gllaz : R;as : P;as: Qts x5 : P ¢ Gllaz : Rjas : P;as : Qb2 x6: Q* R R
*
Gllaz : R;a3 : P;asa : QF1a0: P*(Qx*R) I
*

(a1,a2>a0)llar : PxQ;a2: RFap: Px*(Qx*R)
ap: (P*Q)*RbFap: P*(Q=+R)
Fao: ((P*Q)*R)— (Px*(Qx*R))

*L

— R

Figure 9: A symbolic derivation for ((P * Q) * R) — (P % (Q * R)).

generated from this derivation as below:
Cs : (al,agbao);(ag,a4l>a1) Fr (
¢g: (a1,a2>a0);(ag,aa>a1) Frp o (
C3: (al,agbao);(ag,%bal) l_R (a
Co : (al,agbao);(ag,a4>a1) I—R (
c1: (a1,a2>a0);(as,aa>a1) kg (x5,%X6>ag).

The partial order < on these constraints is based on the order of rule applications in the symbolic
derivation in Figure 9. Thus we obtain that ¢; < ¢, ¢; = ¢5, ¢2 =< ¢3, and ¢ < ¢4. By Lemma 5.1,
the constraint system (C, <) is well-formed.

The naive way to solve a constraint system would start by solving the minimum constraint (i.e.,
¢1), then solve the other constraints in the partial order <. Finally, if the constraints generated by
zero-premise rules can be solved based on the existing free variable substitutions, then we obtain
a solution to the constraint system; otherwise we have to backtrack and try to solve previous
constraints using different structural rule applications and/or free variable substitutions.

We have not introduced a method to solve the constraints yet, the next section will give a
heuristic method. For now let us just non-deterministically guess the solutions, starting from the
minimum constraint ¢;. If we were to solve ¢; with the solution ({x5 — ag,xs — a11},{}), then
we would have trouble when solving the constraint c5, because (a3 = ag) cannot be derived by any
structural rule applications. Backtracking to ¢, suppose the oracle says we should apply structural
rules on G(c1) as below:

(as,wrap); (az,as > w); (a1, as>ap); (as,aqs > a1) Fr (x5,%6 > ag)

(a1,a2>a0); (a3, as>a1) Fr (X5,%6 > ag)

where w is a fresh label created by the A application. Then ¢; can be solved by the solution
({x5s — a3, xg — w}, {A({(a1,a2 > ag);(as,aq > a1)}, [], {w}, {(asz,w > ag); (a2, a4 > w)})}). By
Def. 5.4, this solution restricts the constraints system as follows:
¢s:  (az,wpag);(az,as>w);(ar,az>ao);(az,as>a1) Fr o (a3 = az)
¢a: (as,wr>ag);(az,as>w); (a1, a2 >ap); (ag,as>a1) Fr  (ag 7)
C3: (ag,wbao);(ag,a4Dw);(al,agbao);(ag,a4l>a1) Fr (CLQ 8)
c2:  (ag,wp>ag);(az,as>w); (a1, az>ag);(ag,as>a1) Fr  (X7,Xg>w).
The next step is to use the rule E to create (aq,as > w) from (ag,as > w). The constraint c; can
then be solved by the solution ({x7 — a4,xs — a2}, {E({(az,as>w)},[],{}, {(as,a2>w)})}). The
constraint system is now:
¢5:  (aq,a2>w); (ag,wd ag); (az,as>w); (a1, a2 >ap); (as,as>a1) +Fr  (az = az)
ca:  (aq,a2>w);(as,wr ag); (az,as>w); (a1, a2 >ap); (ag,as>ay) Fr (a4 = aq)
¢s: (aq,a2>w); (ag,w>ag); (az,as >w); (a1,a2>ap); (ag,aa>a1) Fr (a2 = az).

I
)
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The remaining constraints can be trivially solved by the solution ({},{}). Since the constraint
system is solvable, the symbolic derivation in Figure 9 corresponds to a valid proof of the formula by
the coming soundness and completeness theorems. The reader can check that the above solutions
satisfy the conditions in Def. 5.5.

Theorem 5.4 (Soundness). Let II be a symbolic derivation of a ground sequent G||T' = A. If C(II)
is solvable, then G||T' + A is derivable in LSgBI.

Proof. By induction on the height n of derivation II. The basic idea of the proof is that one
progressively “grounds” a symbolic derivation, starting from the root of the derivation. At each
inductive step we show that grounding the premises corresponds to restricting the constraint system
induced by the symbolic derivation.

Base case: n = 1. In this case, we can only use a zero-premise rule to prove the sequent. Since the
sequent is ground, there are no free variables. Thus the constraint generated by the rule application
is a simple constraint, of the form G % (a = b) or G F% (a = €). A solution of this constraint
is simply a derivation o of G kg (a = b) (resp. G b (a = €). In either case, this translates
straightforwardly into a derivation in LS “gB ; with the same rule.

Inductive case: n > 1. This can be done by a case analysis of the last rule application in II. We
demonstrate the case for xR, where a constraint is generated. The case for — L is analogous, and
the other cases are easy since we can use the induction hypothesis directly. Suppose II runs as
follows.

H1 HQ
GITFx:A;w: AxB;A Gy :B;w: Ax B;A
GITFw:AxB;A

*R

Suppose C(II) = ({c1,...,ck}, =), for some k > 1. Suppose that the constraint generated by
this rule application is G I—?R (x,y > w) and it corresponds to ¢; for some ¢ € {1,...,k}. By the
assumption, there is a solution (6,{cy,--+,0x}) for the constraint system C = (C(II), ='). Now
¢; must be a simple constraint in C, as the end sequent is ground. Let (6;,0;) be the solution to
¢;, where 6; is a restriction to 6 containing x and y, and o; € {01, ,0r}. By definition of the
solution to a simple constraint, o; is a derivation of G Fr (x6;,y6; > w). Therefore in LS gBl, to
derive the end sequent, we apply *R backwards:

S(G,0)|IT Fx0; : A;w: Ax B; A S(G,0)|T+yb;: B;w: Ax B; A
GITFw:AxB;A

*R

The condition on this rule is G Fg (x6;,y60; > w). Now we construct the derivation for both
branches in the following way. Firstly we substitute x and y with x6; and y#; respectively in II; and
I, making the end sequents in the two derivations ground. Let us refer to the modified derivations
as IT} and II}, respectively. Then we add S(G, o;) to the left hand side of each sequent in 1T} and IT}
and each constraint in C(II})WC(II5). Let the resultant derivations be IIf and II7 respectively. Now
the end sequents of IT{ and IIJ are respectively just the same as the two branches we created in the
LS, derivation. Moreover, each constraint in C(IT{)wC(IT5) is in the restricted constraint system
C' = (C', =) = (C(), ="M 1 (¢4, 0;,0;), which has a solution (6 \ 6;, {o1,---,01} \ 0;), and obeys
the partial order <’. Further, as II} (resp. II}) uses the same rule applications as in II; (resp. IIs),
the order of constraints is preserved. That is, in the constraints system C; = (C(IT}), <) (resp.
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Cy = (C(ITY), =12)), if ¢ <™ ¢/ (resp. ¢ <12 ¢/) then ¢ <’ ¢/ in C’. Therefore we can construct the
solution (67,%1) to C; (and analogously to Cz) as follows.

1 =(0\0:) 1 fo(C(IY))
Y1={o|cecll}),oc€{o1, ,01} \ 0i, and o = dev(c)}.

By the induction hypothesis, we can obtain a LS SBfB ; derivation for each branch. O

To prove the completeness of FVLSpp;, we show that for every cut-free derivation IT of a
(ground) sequent in LS gBl, there is a symbolic derivation II’ of the same sequent such that C(IT')
is solvable. It is quite obvious that II’ should have exactly the same rule applications as II; the only
difference is that some relational atoms are omitted in the derivation, but instead are accumulated
in the constraint system. Additionally, some (new) labels are replaced with free variables. This is
formalised in the following definition.

Definition 5.6. Given a sequent in a LS gB] derivation, let G be the set of its relational atoms,
we define G as the subset of G that contains those ternary relational atoms created by %L, — R,
and T*L. We define Gg = G\ Gg. We refer to Gg as the essential subset of G, and Gg as the
supplementary subset of G.

For a list L, we denote by head(L) the first element in the list L and tail(L) the list of L without
the first element, and end(L) the last element in L. We denote by L1@Ls the concatenation of two
lists Ly and Lo, and pre(z) the predecessor of z in a list L, and suc(x) the successor of z in L.

Given a well-formed constraint system (C, <), we can define a partial order <¥ on free variables
of C as follows: x <V y iff ¢(x) < ¢(y). That is, free variables are ordered according to their origins.
The relations <V and <V are defined analogously to < and <, i.e., as the non-reflexive subset of <
and the successor relation.

Definition 5.7 (A thread of variables). Let C = (C, <) be a well-formed constraint system, and
let X be a list of free variables x,...,x,, where n > 0. Let <XV be the partial order on variables,
derived from <. We say X is a thread of free variables of C (or simply a thread of C) iff it satisfies
the following conditions:

1. ¥x e X, x € fu(C)

2. Forevery i€ {1,...,n— 1}, x; < x;41.

3. If n > 1, then x; is a minimum element and x,, is a maximum element of <V .
4. If n > 1, then ¢(x;) is a minimum constraint in C.

A thread is effectively those variables that are generated along a certain branch in a FVLS gps
symbolic derivation. It is not hard to verify that in a valid symbolic derivation in FVLSpgpg; of a
ground sequent, the set of free variables in any symbolic sequent in the derivation can be linearly
ordered as a thread.

Definition 5.8. Let C = (Cy,=1) be a well-formed constraint system, let X be a thread of C;
and Cy = (Cz,<2) be a constraint system ( may not be well-formed) such that X consists of free
variables in fv(C1)N fv(Cz2). Also, assume that every variable x in Ca, except for those in X, satisfies
the unique variable origin property, i.e., x originates from a constraint in C3. The composition of
C; and C, along the thread X, written C; oX Cs, is the constraint system (C, =) such that:

° C:C1 H’JCQ; and
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e Define a relation R as follows: for ¢1,¢co € C, ¢1Rey iff either one of the following holds:
— ¢ =g ¢,
— ¢1 g ¢, Or
— X is non-empty, y = end(X), ¢; = ¢(y) and ¢z € Cs.
Then define < to be the transitive closure of R.

This definition basically says that the composition of C; and Cs along X is obtained by simply
ordering the constraints so that all constraints Co are greater than c¢(y), where y is the last variable
in X. If X is empty, then C; and Cy are independent, and < is simply the union of <; and =<5 .

The following two lemmas follow straightforwardly from the definitions.

Lemma 5.5. Let (C, =) be as defined in Definition 5.8. Then (C, =) is well-formed.

Lemma 5.6. Let C = (C, =) be a well-formed constraint system and let X be a thread of C. Let
IT be a symbolic derivation such that the free variables in its end sequent are exactly those in X.
Then C oX C(I1) is well-formed.

Definition 5.9. Let C = (C, <) be a well-formed constraint system and let S = (6, {c}) be its
solution. Let X be a thread of C. Define a set of relational atoms S*(C, S, X) inductively by the
length n of X as follows:

e If n =0 then S*(C,S,[]) =0

e Suppose n > 0. Let head(X) = x. Then ¢(x) € C is a minimum constraint of C, and there
exists ox € {7} such that (6x,0x) is a solution to ¢(x), where Ox = 6 1 fv(c(x)). In this case,
S*(C, S, X) is defined as follows.

S*(C, 8, X) = 8(G(c(x)),0x) US*(C 1 (¢(x), bx, 0x), S, tail (X))

where S" = (0 \ x, {7} \ {ox}).

Notice that by the definition of restriction to a constraint system, every time a minimum con-
straint ¢y is eliminated in the second clause in the above definition, S(G(cx), 0x) is also added to
the left hand side of every successor constraints of ¢x in C. Therefore it is straightforward that the
following proposition holds.

Proposition 5.7. Let C = (C,=X) be a well-formed constraint system. Let G = S*(C, S, X), for

some thread X of C, let x, = end(X) and let S = (0,{c }) be a solution to C. Let ¢ = G. F C.
be a constraint not in C, such that G, only contains free variables that occur in C. Let x be a new
variable occurring only on the right hand side of ¢. Let C' = (C',=%’) be the following constraint
system:

o C'=CW{c};
o =’ is the smallest extension of =< such that ¢(x.) < ¢.

Let (0,,0,) be the solution to ¢ = GUGH L Ch, S" = (0 U0, {7,0.}), and X’ = XQ[x]. Then
S§*(C, 8, X')=8(GUGb,0,).

Theorem 5.8. Let Il be a derivation of a sequent in LSgB[. Then there exists a symbolic derivation
I of the same sequent such that C(II') is solvable.
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Proof. We describe the construction from a LSgBI derivation IT to a F'VLS gg; derivation II'. We
need to prove a stronger invariant: for each sequent Gg;Gg||T' F A in II, if there exists a triple
consisting of:

(1) a symbolic sequent G ||TV - A,
(2) a well-formed constraint system C = (C, =),
(3) and a solution S = (8, {c}) to C

such that

(I) there exists a thread X of C consisting of fv(Gy|[I" F A'),
(II) G4f = Gp, T'0 =T, A0 = A and
(II) GgUGs = S*(C, S, X),

then there is a symbolic derivation ¥ of G ||T” = A’ such that CoX C(W) is well-formed and solvable.

First of all, by Lemma 5.6, since the end sequent in ¥ only contains the free variables occurring
in X, the composition C o* C(¥) must be well-formed. Thus we only need to show that there is a
solution to this constraint system. We prove this by case analysis on the last rule in II, and show
that in each case, for each premise of the rule, one can find a triple satisfying the above property,
such that the symbolic sequent(s) in the premise(s), together with the one in the conclusion form
a valid inference in FVLS ggr. We illustrate it here with a case when II ends with *R:

Suppose II ends with xR, where the derivation runs as:

H1 H2
S((Gr;Gs),0)|T Fwy: Ajw: Ax B; A S((Gr;Gs),0)||IT Fwy: Byw: Ax B; A
Gr;Gs|ITFw: Ax B; A

and the relational entailment is Gg; Gs Fr (w1, ws > w). Suppose that the relation in the last item
is derived via o. Suppose further that we can find a triple consisting of (1) a symbolic sequent
Gplll” = w: Ax B; A, (2) a well-formed constraint system C = (C, <), and (3) a solution S =
0,{o1,...,0n}) to C, satisfying the following: (I) X is a thread of C consisted of fv(Gy|/I' F w :
Ax B; A", (II) G = G, I"0 =T, A’ = A, w = wh, and (III) Gg U Gs = S*(C, S, X). We
need to show that we can find such triples for the premises, and more importantly, the symbolic
sequents in the premises are related to the symbolic sequent in the conclusion via *R. In this case,
the symbolic sequents are simply the following:

*R

1. GE|IT"Fx: A;w: Ax B; A/, for the left premise,
2. G|V Fy:A;w: Ax B; A/, for the right premise.

The constraint systems are: C' = (CW{c;}, =') for both premises, where ¢; = Gf, F5 (x,y>w) and
=<’ is < extended with ¢(end(X)) =’ ¢;. The solutions, for both premises, are the tuple S’ = (¢’,X)
where ¢/ = QU {x — w;, y — wse} and ¥ = {o1,...,0,,0}. It is guaranteed that 6’ is enough
to make both premises grounded, as x and y are the only two new free variables. The threads of
free variables X; and Xy for the two premises are naturally X@[x| and X@[y] respectively. By
Proposition 5.7, in each premise, the following holds:

gE U gg' = S(gE U gS7J) = S(gE U gS U gIEO,O') = S*((C/vslel) = S*(C/7S/7X2).
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So by the induction hypothesis we have a symbolic derivation IT} for sequent (1) and a symbolic
derivation IIj for sequent (2), such that Cg; = C’' oX1 C(IT}) and Cpy = C’ oX2 C(II}) are both
solvable. Suppose the solutions are respectively (8’U6;, XU ) and (§’ U6, X UX5). Then construct
IT" by applying the xR rule to I} and II;. Note that the variables created in IT} are IT} are distinct
so their constraints are independent of each other. So we can construct C, = C(IT}) o? C(II}) =
(Cp, <), along an empty thread (). Now C(IT') is obtained as (C,# {c;}, <), where <" is derived
as follows.

e If ¢ <, ¢ in C,, then ¢ <™ ¢ in C(IT)
e For any minimum constraint ¢, in C,, ¢; < ¢, in C(IT').

The solution to C, = C oX C(II) is constructed as the combination of the solutions to Cgy
and Cge: (0"U6; Uy, XU X, UX,). This construction of the solution is indeed valid, because the
symbolic derivation that gives C, also yields exactly Cg; and Cga (respectively on its two branches
created by the R rule). O

6 A heuristic method for proof search

In this section, we first give an example of deriving a formula and solving the generated constraints
in FVLS gpr based on a heuristic method, in which constraints generated by zero-premise rules are
solved first, then the constraints from logical rules are solved based on what we have gained in the
solved constraints. We then extend this idea and formalise it in the remainder of this section.

Consider again the constraint system in Example 5.1, which is generated from the symbolic
derivation in Figure 9. Our heuristic constraint solving method differs from the naive method
shown in Section 5 in two aspects. Firstly, we start by solving the constraints generated by zero-
premise rules. Since the constraints cs, ¢4, ¢5 are required by the id rule, we must accept them by
assigning xs, X7, Xg t0o as, a4, as respectively. Then we are only left with the constraints ¢; and
¢o. In the following, we shall write (a1, as > ag); (a3, aq > a1) as Gy, and (ag,Xg > ag); (a2, aq > Xg)
as Go. Now xg is the only remaining free variable. We can apply the rule A (upward) on G; to
obtain (a3, w>ag); (az,as > w), where w is a new label. Then apply the rule E (upward) to obtain
(a4, as>w). The two constraints can be solved by the above derivation and assigning w to xg.

The second novelty of our heuristic method is that we view a set of relational atoms as trees, and
in certain cases, we can solve the constraints by only looking at the root and the leaves, ignoring the
structure of the trees. For the running example, G is a tree tr; with root ag and leaves {az, as, a4},
which are exactly the same as those in the tree tro of Gs, although the internal structures of ¢r; and
try are different. We will show in Lemma 6.1 that, since every internal node in trs is a unique free
variable, and there are no € labels in try, it is guaranteed that there exists a sequence of structural
rule applications on G; to obtain a tree tr], which has the same structure as trq, but only differing
in the labels of internal nodes. Hence we can assign the labels of internal nodes in ¢} to the
corresponding free variables in tro. The labels of nodes in ¢r] may be existing labels occurring in
try, or fresh labels created by A, Ac applications. We will first try to match the free variables in
tro with existing labels in trq, if this is not possible, we will assign the free variable to a fresh label.
In the example, xg cannot be matched to any existing label, so we can globally replace xg with a
fresh label w, and add G5 to the left hand side of the successor constraints of ¢; in the partial order
<. The advantage of this process is that we do not care about the structural rule applications to
obtain ¢r] at all, but we know that the fresh label w as in the previous paragraph must exist and
can substitute xg.
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We can extend this method to a chain of multiple relational atoms which form a labelled binary
tree. We define a labelled binary tree as a binary tree where each node is associated with a label.
Each node in a labelled binary tree has a left child and a right child. The minimum labelled
binary tree has a root and two leaves, which corresponds to a single relational atom. We define the
following function inductively from a labelled binary tree to a set of relational atoms.

Definition 6.1. Let ¢r be a labelled binary tree, the set Rel(tr) of relational atoms w.r.t. tr is
defined as follows.

e (Base case): tr only contains a root node labelled with r and two leaves labelled with a,b
respectively. Then Rel(tr) = {(a,b> 1)}

e (Inductive case): tr contains a root node labelled with 7, whose left and right children are
labelled with a and b respectively. Then Rel(tr) = Rel(tr,) U Rel(try) U{(a,b>r)}, where tr,
and try are the subtrees rooted at, respectively, the node labelled with a and b. .

The width of a labelled binary tree is defined as the number of leaves in the tree. A labelled
binary tree is a variant of another labelled binary tree if either they are exactly the same, or they
differ only in the labels of the internal nodes.

We say that a set R of relational atoms forms a labelled binary tree tr when R = Rel(tr). In this
case, the leaves in tr are actually a “splitting” of the root node. Commutativity and associativity
guarantee that we can split a node arbitrarily, as long as the leaves in the tree are the same.
Moreover, since all internal nodes are free variables, we can assign them to either existing labels
or fresh labels (created by A, A¢) without clashing with existing relational atoms. This idea is
formalised in the following lemma, and is proved in Appendix A.13.

Lemma 6.1. Given constraints ¢; <---<c¢, with G = G(¢1) = --- = G(c,) where the r.h.s. of these
constraints gives the set R of relational atoms, ¢1,- -+ , ¢, are solvable if the following hold:

1. R = Rel(tr), for some labelled binary tree tr where every internal node label is a free variable
x which only occurs once in tr, and ¢; =< ¢(X).

2. The other node labels in tr are non-e labels.

3. There exist G' C G and tr' such that G' = Rel(tr’) and tr' has the same root and leaves as tr.

Our heuristic method is not complete, so it gives only sufficient conditions. Nevertheless, our
heuristic method seems effective in many cases, as will be demonstrated in the next section.

7 Implementation and experiments

We used a Dell Optiplex 790 desktop with Intel CORE i7 2600 @ 3.4 GHz CPU and 8GB memory
as the platform, and tested the following provers on the formulae from Park et al. [20]. (1) BBeye:
the OCaml prover from Park et al. based upon nested sequents [20]; (2) Naive (Vamp): translates
a BBI formula into a first-order formula using the standard translation, then uses Vampire 2.6 [11]
to solve it; (3) FVLS gppr Heuristic: backward proof search in FVLS pp;, using the heuristic-based
method to solve the set of constraints, implemented in OCaml.

The results are shown in Table 1. The BBeye (opt) column shows the results from Park et al’s
prover where the d() indicates the depth of proof search. The other two columns are for the two
methods stated above. We see that naive translation is comparable with BBeye in most cases, but
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Formula BBeye Naive FVLSppr
(opt) (Vamp) | Heuristic
P=QA(T*(T"AP) = Q d(2) 0 0.003 | 0.001
(T* =% ~(=P % T*)) = P d(2) 0 0.003 | 0.000
—((P— ~(P*Q)) A (-P— =Q) A Q)) d(2) 0 0.004 | 0.001
T* & (P— (Q— R))— (P % Q)— R)) d(2) 0.015 | 0.017 | 0.001
T* = (P (Q*R))—* (P +Q) * R)) d(2) 0.036 | 0.006 | 0.000

d(2) 0

d(2) o

d(2) 0

T* = (P * ((Q— V) * R))— ((P % (Q— V)) % R)) 07 | 0019 | 0.001
(Pt ~(~(U—+ ~(P* (R%Q))) * P)) AR (U A (P *Q))) 036 | 0.037 | 0.001
~((R* (U % V)) A B) where 016 | 0.075 | 0.039
B = (P =(=(Q—* ~(U x (V* R))) x P)) x (Q A (P *T)))
=(C* (UAN(Px*(Qx*V)))) where d(3) 96.639 | 0.089 0.038

(Qx(RxU))) — (Ux (R*(QxP))) d(2) 0.009 | 0.048 0.001
(Q*(R*U))) — (Ux(Qx*(RxP))) d(3) 0.03 0.07 0.001
(Qx*(Rx (U V) = (V= (Ux(Px*(Qx*R)))) d(3) 1.625 | 1.912 0.001
(Qx* (R* (UxV)))) = (V= (Qx(P*(RxU)))) d(4) 20.829 | 0.333 0.001
T* > (P*((Q— V) % (R U))— (P U) % (R* (Q— V)))) | d(3) 6.258 | 0.152 0.007

Table 1: Initial experimental results.

the latter is not stable. When the tested formulae involves more interaction between multiplicative
connectives, BBeye runs significantly slower. The heuristic method outperforms all other methods
in the tested cases.

Nonetheless, our prover is slower than BBeye for formulae which contain many occurrences of
the same atomic formulae, giving (id) instances such as:

Tywy: Pywsg: Py ywy, : PEXx: P A

We have to choose some w; to match with x without knowing which choice satisfies other constraints.
In the worst case, we have to try each using backtracking. Multiple branches of this form lead to a
combinatorial explosion. Determinising the concrete labels (worlds) for formulae in proof search in
LS gpr or BBeye [20] avoids this problem. Further work is needed to solve this in FVLSpp;.

Even though we do not claim the completeness of our heuristics method, it appears to be a
fast way to solve certain problems. Completeness can be restored by fully implementing LS pps
or FVLSgg;. The derivations in LS gg; are generally shorter than those in the Display Calculus
or Nested Sequent Calculus for BBI. The reader can verify that most of formulae in Table 1 can
even be proved by hand in a reasonable time using our labelled system. The optimisations of the
implementation, however, is out of the scope of this paper.

Our second experiment features randomly generated BBI theorems. We have further imple-
mented a prover based on LS gpr, which is sound and complete for BBI. This prover will be used
in the comparison with the prover for FVLS gp; and Park et al.’s BBeye.

A common way to generate random theorems is to simply globally replace a sub-formula in
a theorem by a longer random formula. We avoid this method on purpose, since we can easily
“cheat” by forcing our prover not to expand those sub-formulae until necessary. For example, we
can globally replace A by p A ¢, and replace B by r V ¢ in the BBI theorem (A x B) — (B x A),
obtaining a longer theorem ((pAq) * (rVt)) — ((rVit)*(pAq)). But we can build in a mechanism
in our prover that given a formula F', we search for any sub-formula F’ that occurs multiple times
in I, and replace F’ by a “pseudo-proposition”, which is only allowed to be decomposed when the
prover cannot find a derivation. In this way, no matter how large the generated theorem is, the
prover takes the same time to prove it.

32



Test n ) BBeye BBeye LSBB[ LSBB] FVLSBB[ FVLSBB[
proved | avg. time | proved | avg. time | proved avg. time

1 10 | 20 | 82% 0.93s 81% 0.25s 7% 0.01s

2 20 | 20 | 63% 1.43s 60% 0.73s 63% 0.01s

3 30 | 20 | 51% 4.33s 35% 0.76s 3% 0.01s

4 20 | 30 | 60% 2.24s 65% 0.77s 66% 0.01s

5 20 | 40 | 62% 2.51s 57% 1.35s 57% 0.01s

6 20 | 50 | 53% 1.20s 52% 1.15s 51% 0.01s

7 30 | 50 | 40% 2.94s 40% 1.18s 35% 0.01s

Table 2: Experiment 2 results.

We create random BBI theorems by first generating some random formulae (not necessarily
theorems) of length n, and perform global substitution of these formulae to certain places in a BBI
axiom schema; then we use the deduction rules — 1 and — 2 in Figure 3 to mutate the resultant
formula in random places, repeat this step by i iterations, yielding the final theorem.

When generating random theorems, our procedure randomly chooses axioms (and deduction
rules), but is biased to use the axioms in Figure 3 more often rather than the classical axioms.
Given the parameter n (resp. ¢) as in the previous paragraph, our procedure chooses a random
number ranging from 1 to n (resp. 7) and proceeds as above. The mutation step is vital to generate
theorems with —« , since BBI axioms do not involve — at all. Moreover, the “cheat” mechanism
would more often fail when we use the deduction rules to mutate the formula, because the internal
structure of the formula is changed. Our random theorem generation does not create theorems of
a fixed length, but the length grows as n increases.

We compare the performance of our provers with Park et al.’s BBI prover BBeye against our
randomly generated theorem suites in Table 2. The column with LSpp; is our complete prover
based on the original LS ggr; the column with F'VLS gp; is our incomplete prover based on the free-
variable system using the heuristic constraint solving method; and BBeye is Park et al.’s prover. As
said previously, the parameter n is the maximum length of random formulae to be substituted into
a BBI axiom, ¢ is the maximum iteration of mutation. Each test suite contains 100 BBI theorems,
the “proved” column for each prover gives the percentage of successfully proved formulae within
the time out, and the “avg. time” column is the average time used when a formula is proved. We
set the time out as 50 seconds, if the prover cannot prove a formula within 50 seconds, the time is
not counted in the average time. The size of the tested formulae only depends on n. When n = 10,
an average formula has about 20 logical connectives, this number is increased to around 50 when
n = 30. The parameter ¢ decides how different the formulae are from the original BBI axioms.

Table 2 shows that, BBeye has a slightly higher successful rate in general when timeout is set
to 50 seconds. However, BBeye spends more time than others on successful attempts. FVLS gpgy is
the fastest prover in comparison, with an average of 0.01 second on successful attempts no matter
what the parameters are. Comparing test suites 1,2,3, we see that the successful rate of LS gp; and
FVLS gpy drop faster than BBeye when the size of the formula increases. Test suite 4 is an outlier
in which LSpp; and FVLS gpr proved more formulae than BBeye within the timeout. Comparing
test suites 2,5,6, we see the advantage of BBeye diminishes when the iteration of mutation increases.
The same phenomenon happens when comparing test suites 3 and 7. So when dealing with more
“complex” formulae, BBeye has similar successful rates as our prover based on LS pp;.
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(a,b>c);T[e/d] F Ale/d] (a,bre);THA
(@,b00); (a,bod); T FA A

(e,e>€);[e/a]le/b] = Ale/alle/b] . (a,brc);T[b/d] F Ab/d]
(a,bre); T H A (a,br0);(a,dre); T HA

In T, a, b do occur in the conclusion but ¢ does not
In all substitutions [y/z], = # €

Figure 10: Some auxiliary structural rules.

8 Conclusion and Future Work

Our main contribution is a labelled sequent calculus for BBIyp that is sound, complete, and enjoys
cut-elimination. There are no explicit contraction rules in LS gp; and all structural rules can be
restricted so that proof search is entirely driven by logical rules. We further propose a free variable
system to restrict the proof search space so that some applications of *R, — L rules can be guided
by zero-premise rules. Although we can structure proof search to be more manageable compared
to the unrestricted (labelled or display) calculus, the undecidability of BBI implies that there is no
terminating proof search strategy for a sound and complete system. The essence of proof search
resides in guessing which relational atoms to use in the *R and — L rules and whether they need
to be applied more than once to a formula. Nevertheless, our initial experimental results raise the
hope that a more efficient proof search strategy can be developed based on our calculus.

An immediate task is to find a complete and terminating (if possible) constraint solving strat-
egy. We also plan to investigate counter-model construction for BBIyp. Such a countermodel
construction has been studied for BBIpp in [13, 12].

Another interesting topic is to extend our calculus to handle some semantics other than the
non-deterministic monoidal ones. Our design of the structural rules in LS gp; can be generalised
as follows. If there is a semantic condition of the form (wiy,wig > wig) A+ A (W1, Win > w;z) =
(Wig, Wig > wig) A A (Whp, Wiy b wiz) A (w11 = T12) A+ -+ A (Tk1 = Tp2), we create a rule:

(Wir, Wia > wig); -+ 5 (Wi, Wha > wha); (wir, wiz > wis); -+ (Wi, wiz > wis); T'H A
(w117 w12 > wls); e (wih W42 > wi3)§ kA
And apply substitutions [x12/211] - - [xk2/zk1] globally on the premise, where € is not substituted.

Many additional features can be added in this way. We summarise the following desirable ones:
(1) PD-semantics: the composition of two elements is either the empty set or a singleton, i.e.,
(a,b>c) A (a,b>d) = (¢ = d); (2) TD-semantics: the composition of any two elements is always
defined as a singleton, i.e., Va,b,3c s.t. (a,b> ¢); (3) indivisible unit: (cf. Section 1) (a,b>€) =
(a =€) A (b=e€); and (4) cancellativity: if w o w’ is defined and w o w’ = w o w”, then w' = w”,
ie., (a,b>c) A (a,d>c) = (b= d). Note that (2) and (4) are in addition to (1). The above are
formalised in the rules P, T, IU, C respectively in Figure 10.

The formula (F % F) — F, where F' = —(T— =T%*), differentiates BBIyp and BBIpp [15] and
is provable using LSpgp; + P. Using LSpp; + T, we can prove (= T*—« L) — T*, which is valid
in BBIpp but not in BBIpp [15], and also (T* A ((p* ¢)— L)) = ((p— L) V (g— L)), which
is valid in separation models iff the composition is total [5]. These additional rules do not break
cut-elimination.

Except for the TD-semantics for BBI, the above properties, along with others in separation
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theory [9, 6], such as disjointness, cross-split, splittability, can all be captured by using our labelled
method [12]. Totality is not considered in that work, as it is less frequently used in applications,
and causes inefficiency in proof search.

The above treatment is not the first one to consider other semantics for BBI. Larchey-Wendling
and Galmiche’s labelled tableau calculus [16] can be converted into a labelled sequent calculus that
has the same set of logical rules as that of LS pp;, the difference lies in the rules for capturing the
semantics. Our structural rules directly encode the properties of the non-deterministic monoidal
semantics of BBI (i.e., identity, commutativity, and associativity) by explicitly using ternary rela-
tional atoms. In comparison, Larchey-Wendling and Galmiche’s tableau calculus indirectly captures
the partial-deterministic semantics via a set of rules for Partial Monoidal Equivalences (PMEs).
Their rules do not employ ternary relations, but treat a combination of worlds as a string, building
in the partial-determinism reading. This could be part of the reason why their tableau calculus
can be further specialised to capture other properties in separation theory, but it is hard to be
generalised to capture the non-deterministic semantics. The tableau method also differs from ours
in that its completeness is proved via a counter-model construction, whereas our completeness is
proved by simulating the Hilbert system for BBI. In fact, there does not exist a Hilbert system for
BBIpp [6], thus their counter-model construction is necessary.

Oddly, the formula =(T* A AA (B *—~(C— (T* — A)))), which is valid in BBIyp, is very hard
to prove in the display calculus and Park et al.’s method. We ran this formula using Park et al.’s
prover for a week on a CORE i7 2600 processor, without success. Very short proofs of this formula
exist in LS gpr or Larchey-Wendling and Galmiche’s labelled tableau (this formula must also be
valid in BBIpp). We are currently investigating this phenomenon. The proofs for the formulae in
this section can be found in Appendix A.14.
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A Appendix

This section provides the details of the proofs in this paper.

A.1 Soundness of LSgp;
Proof for Theorem 2.1.

Proof. To prove the soundness of LS gy, we show that each rule preserves falsifiability upwards,
as this is a more natural direction in terms of backward proof search. Therefore to prove that a
rule is sound, we need to show that if the conclusion is falsifiable, then at least one of the premises
is falsifiable (usually in the same choice of v, p, and M). Most of the cases are easy, we show some
samples here.

id Since there is no premise in this rule, we simply need to show that the conclusion is not falsifiable.

Suppose the sequent I'; w : P - w : P; A is falsifiable, then I' must be true and p(w) IF A and
p(w) I A and A must be false. However, p(w) IF A and p(w) I A cannot hold at the same
time for any (M,>,€), v and p, so we have a contradiction, thus this sequent is not falsifiable.

T*L Assume T';w : T* F A is falsifiable, then T is true and p(w) IF T* and A is false.

From the semantics of T* we know that p(w) |- T* iff p(w) = e. Therefore by choosing
the same p, v, and M for the premise, replacing every w by € in I and A preserves their
valuations, as we know that p(e) = e. That is, I'[e/w] must be true and Ale/w] must be false.
So the premise is falsifiable.

L Assume the conclusion is falsifiable, so under some v, p, M, we have that I" is true and p(z) -
Ax B and A is false.

From the semantics of A * B, we know that Ja,b s.t. a,b> p(z) and a IF A and b IF B. So
we can choose a mapping p’ with p’ = (z — a) U (y — b) U p. Since x and y are fresh, they
should not affect anything in p. Then, under p’, the following hold: (z,y > 2) is true and T is
true and p/(z) IF A and p'(y) IF B and A is false. Thus the premise is falsifiable in v, p’, and
M.

*R Assume under some v, p, and M, (x,y > z) is true and I" is true and p(z) If A+ B and A is
false.

The semantics of A x B yields the following:

p(z) If Ax B< —(3a,b. (a,b>p(z) and al- A and b Ik B))
& Va,b. (a,b> p(z) doesn’t hold or al A or bl B)

If we pick the same set of v, p, M for the premises, however, in both premises the relational
atom (z,y > z) already exists, which means p(z), p(y) > p(z) holds. So the possibility is only
that either p(x) I A or p(y) IF B. Assume the former one holds, then the left premise is
falsifiable, otherwise the right premise is falsifiable.

Rules for additive connectives are straightforward, the cases for — can be proved similarly as
for * above. Structural rules E, A (and A¢), Fq: (and Egs and U) can be proved by using the
commutativity, associativity, and identity properties of the monoid structure respectively. O
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A.2 Substitution for labels
The proof for Lemma 3.1.

Proof. By induction on ht(II).

(Base case) If ht(II) = 0, then the only applicable rules are id, LL, TR and T*R. If the label x # ¢
being substituted is not on the principal formula, then the substitution does not affect the original
derivation. Note that since we do not allow to substitute for the label €, the proof for T*R can only
be this case. Otherwise we obtain the new derivation by simply replacing the label of the principal
formula.

(Inductive case) If ht(II) > 0, then consider the last rule applied in the derivation. We consider
three main cases.

1. Neither = nor y is the label of the principal formula.

(a) Suppose the last rule applied is T*L, and « # w and y # w, and II is the following
derivation:

IT,
IMe/w] B Ale/w]
IMw:T*FA

By the induction hypothesis, there is a derivation IIj of I[e/w][y/x] b Ale/w][y/x]
with ht(IT}) < ht(Il;). Since z and y are different from w, this sequent is equal to
IM[y/x]le/w] F Aly/z][e/w]. Therefore I’ is constructed as follows.

1Ty

Uy /x][e/w] = Aly/x][e/w]
My/alw: T+ Aly/a]
Obviously ht(IT') < ht(1I).
(b) If the last rule applied is Fq;, we distinguish the following cases: x is not w or w'; x = w;

z=uw'.

T*L

T*L

i.  #w and x # w’. The original derivation is as follows.
I,
(e,w>w); T w/w'] + Alw/w']
(e,w'pw); TV EA
A If y # w and y # w', by the induction hypothesis, there is a derivation IT}
of (e, w>w);Mw/w][y/x] b Alw/w']|[y/x] with ht(II}) < ht(IIy). Since z, vy,
w, w' are different labels, this sequent is equal to (e, w > w); I'[y/z][w/w'] F
Aly/z][w/w']. Thus the derivation IT’ is constructed as follows.
I
(6, wow); Ty/x][w/w'| F Aly/z][w/w']
(e,w' > w);My/z] F Aly/z]
B. If y = w, this case is similar to Case 1.(b).i.A.

C. Suppose y = w’. Then we need to derive (e,y >w);V[y/z] - Aly/x]. If y # e,
we construct II’ by first applying Eq; bottom-up:

Eq

Eq
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(6, w>w); My/z][w/y] = Aly/z][w/y]
(e;y>w);My/z] - Aly/z]
Now the premise is equal to (e, w > w); I’ [w/y][w/z] b Alw/y][w/z], and by the
induction hypothesis, there is a derivation IIj of this sequent, with ht(Il]) <
If y = €, then we need to apply Fqo, instead of Eqy:
(e,e>¢€); T [e/x][e/w] F Ale/z][e/w]
(e,epw);Te/x] B Ale/x]

Note that the sequent (e, e €); IV [e/x][e/w] F Ale/x][e/w] is the same as

q1

(e,ep € T'[uw/w')[e/wlle/a] - Alw/w[e/w]le/].

So the premise can be proved by two successive applications of the induction
hypothesis to IIj, one using substitution [¢/w] and the other using substitution
[e/x]. Here we can apply the induction hypothesis twice to IT; because substitu-
tion does not increase the height of derivations.
ii. £ =w (so w cannot be ¢).
A. If y # w’, then II has the form:
IT,
(e,z>x);TV[z/w]F Alx/w']
(,w'>z);TVFA
By the induction hypothesis we have the folowing derivation:
1Ty
(e;y>y); Uz/w'|ly/a] b Alx/w][y/z]
The end sequent is equal to the following:
(e, y>y) y/z]ly/w'| & Aly/x]ly/w'].
Then by using Eq;, we construct II’ as follows.
1T
(e, y>y); y/ally/w'] - Aly/a][y/w']
(e, w'>y) Iy/2] b Aly/2]
B. If y = w’, then II has the form:

Eq

1,
(e, x> x); Mz/y| - Alz/y]
(,y>x); IV EFA
By the induction hypothesis, we have the following derivation:
1T
(e.y> )i z/ylly/a] = Alz/ylly/]
Since in the end sequent, we replace every y by x, and then change every x back
to y, the effect is the same as just keeping every y unchanged and only replace
every x by y. Thus the end sequent is equal to:
(e;yey);y/x] = Aly/a]

which is exactly what we need to derive. Therefore we let II' = IT}. Notice that
in this case ht(I') < h¢(II).

Eq
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. z=w'.
A. If y # w and y # ¢, the original derivation is as follows.
15
(e,wpw); T w/z] + Alw/x]
(e,z>w); TV HA
By the induction hypothesis (instead of replacing every = by y, we now replace
every y by w), we have the following derivation:
1Ty
(e wew); IMw/zl[w/y] = Alw/z][w/y]
The end sequent is equal to:
(e, wrw); My/z][w/y] = Aly/z][w/y]
Thus IT" is constructed as follows.

Eq

I
(e, wow); My/z][w/y] + Aly/z][w/y]

(e, y>w);Iy/z] = Aly/a]
B. If y = € and w # ¢, we need to derive the following sequent:

(e,e>w);TV[e/z] b Ale/x]
By induction hypothesis, replacing every w by € in I, then using the rule Eqs,
we get the new derivation:

Eq

I
(e,em€); TV [e/x][e/w] F Ale/x][e/w]
(e,epw);TV[e/x] F Ale/x]
C. If y = w, then the premise of the last rule is exactly what we need to derive.

Eqo

(c) If the last rule applied is Fqs, we consider three cases: z # w and y # w; x = w; and
y = w. These are symmetric to the case where the last rule is F¢;, already discussed
above.

2. y is the label of the principal formula. Most of the cases follow similarly as above, except for
T*L. In this case the original derivation is as follows.

11,
I[e/y] = Ale/y]
IM;y: T*FA

T*L

Our goal is to derive I'[y/z];y : T* F Aly/x]. Applying T*L as in backward proof search, we
get

y/x]le/y] F Aly/z][e/y]

Note that this sequent is equal to I"[e/y][e/x] F Ale/y]le/z], and from induction hypothesis
we know that there is a derivation of this sequent of height less than or equal to ht(II).

3. x is the label of the principal formula.
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(a) For the additive rules, since the labels stay the same in the premises and conclusions of
the rules, even if the label of the principal formula is replaced by some other label, we
can still apply the induction hypothesis on the premise, then use the rule to derive the

conclusion.
For AL,
1T, 1T
I';z: Ajz: BEA ~ Iy/x];y: Ay : BE Aly/x]
I'M;z: ANBFA A IMy/x);y : ANBE Aly/x]
For AR,
I, I,
I'tz: A A I"z:B;A ~
'Fz:AABA N
1Ty 1T
Dly/a] by A A[y/a]  T'[y/a]ty: B;Aly/a] AR
My/z] -y AN B; Aly/a]
For — L,
115} I,
I'Fxz: A A I';z: BFA ~
I''z:A— BFA -1
11} 11},
Uly/a|Fy: A Aly/z]  T'ly/aliy: B Aly/a]
My/zl;y: A— BF Aly/x]
For — R,
I, 1T
[Mae:Abz: B A ~ Uly/aliy: Ak y: B;Aly/a]
Tz Ao Ba O F Dly/al by A— B Aly/a]

(b) For multiplicative rules that do not produce eigenvariables (xR, —« L, T*L), we can pro-
ceed similarly as in the additive cases, except for the T*L rule. For the T*L rule, if the
label « of the principal formula is replaced by some (other) label y, i.e., IT is

IT,
IMe/z]) - Ale/x]
IMz: T*FA
then we then need a derivation of the sequent I[y/z];y : T* F Afy/x]. Using T*L rule
we have:

*

Lly/x][e/y] = Aly/x][e/y]
Lly/xl;y: T F Aly/x]

T*L

41



Note that the premise now is equal to I'[e/x][e/y] - Ale/x][e/y], and can be proved using
the induction hypothesis on II;.

If y = ¢, then I’ is obtained by applying Lemma A.3.1 to II;.

For the multiplicative rules that have eigenvariables (xL and — R), if the label of the
principal formula is replaced by a label other than the newly created labels in the rules,
then we proceed similarly as in additive cases. If the label of the principal formula is
replaced by one of the newly created labels, then we just need to create a different new
label in the new relation.

For %L, we have the derivation:

I,
(y,z>pa);T;y: A;z: BEA
.z:AxBF A ¥

If x is substituted by y (the case for substituting to z is symmetric), then we need a
derivation of I'[y/z];y : A* B Aly/x]. Note that since the *L rule requires the relation
(y, z>x) to be fresh, so in the original derivation y and z cannot be in I' or A. Therefore
by induction hypothesis we must have a derivation II] for

(', 2" va); Ty A2 : BF A,

where y' and 2’ are new labels, such that ht(I1}) < ht(II;). Applying the induction
hypothesis again to IT}, we have a derivation II{ (v/, 2'>y); I [y/z];y' : A; 2" : BF Aly/x],
with ht(I1{) < ht(I1;). Thus the derivation I’ is constructed as follows.
Iy
(v, 2" >y Ty/aly : Az s BE Aly/a]
My/alsy: Ax B+ Aly/a]
The case for —« R is similar. suppose II is:
L
(y,z>2);Tiy: Ab z: By A’
I'Fx:A— B; A’
If x is replaced by y, then we have the following derivation.
1T
(v, y>2);Lly/aliy - A 2" By A'[y/a

— R

Tyfaby: AsBidy/a] "
If x is replaced by z, then we have the following derivation.
1T
(Y, 202 );Tz/z];y : AR 2" B; A'z/x] R
—%

I[z/z]F z: A= B; A'[z/x]
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A.3 Weakening admissibility of LS gg,

Lemma A.3.1. For all structures T', A, labelled formula w : A, and ternary relation (z,y > z),
if T' B A is derivable, then there exists a derivation of the same height for each of the following
sequents:

Nw:AFA F'Fw:A;A (z,y>2); T FA.

Proof. By induction on ht(II). Since id, LL, TR, and T*R all have weakening built in, the base
case trivially holds. For the inductive cases, the only nontrivial case is for xL and — R, where new
labels have to be introduced. These labels can be systematically renamed to make sure that they
do not clash with the labels in the weakened formula/relational atom. O

This yields the proof for Lemma 3.2 in the paper. Furthermore, we can prove more useful
lemmas based on the weakening property.

We next prove a ‘strengthening’ property, which is the converse of weakening property of deriva-
tion and which will be useful in proving cut-elimination. That is, if a formula is never principal in
a derivation, it can obviously be omitted.

Lemma A.3.2. If w: A is not the principal formula of any rule application in the derivation of
Tiw: AFA (T Fw: A; A resp.), then there is a derivation of T' = A with the same series of Tule
applications.

A consequence of this lemma is that certain formula occurrences to which no introduction
rules can be applied (thus they can never be principal in any derivation) can be removed from a
derivation without affecting the validity of the derivation. Examples of this are formulas € : T* or
2 : T occuring on the left hand side of a sequent.

Lemma A.3.3. IfT;e: T* F A is derivable, then I' = A is derivable with the same series of rule
applications.

Lemma A.3.4. IfT;w: T F A is derivable, then T' = A is derivable with the same series of rule
applications.

A.4 Invertibility of rules in LSpgp;
Proof for Lemma 3.3.

Proof. As the additive rules in LS gp; are exactly the same as those in Negri’s labelled system for
Modal logic or G3c (cf. [18]), the proof for them is similar. The main difference is that the rest of
our rules are of different forms. However, as most of our rules do not modify the side structures,
simply by applying the induction hypothesis and then using the corresponding rule, we get the new
derivation. The cases where the last rule applied is T*L, Eq;, or Eqy follow essentially the same,
except a global substitution needs to be considered, but that is of no harm.

Rules E, A, U, Ac, *R and — L are trivially invertible as the conclusion is a subset of the
premise, and weakening is height-preserving admissible.

To prove the cases for xL and — R, we do inductions on the height n of the derivation. In each
case below, it is obvious that each premise is always cut-free derivable with less or same height as
the conclusion.

The case for xL is as follows.
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(Base case) If n = 0, then the conclusion of *L is one of the conlucsions of id, 1L, TR, T*R,
notice that the identity rule is restricted to propositions, therefore the premise of *L is also the
conclusions of the corresponding axiom rule.
(Inductive case) If n > 0, and the last rule applied is not *L or — R, then no fresh labels are
involved, so we can safely apply the induction hypothesis on the premise of the last rule and then
use the rule to get the derivation. If the last rule is *L or —« R, but the principal formula is in
I' or A, we proceed similarly, and use the Substitution Lemma to ensure that the eigenvariables
are new. If the principal formula is z : A * B, then the premise of the last rule yields the desired
conclusion.

The case for — R follows similarly.

For T*L, again, we do an induction on the height n of the derivation.
(Base case) If n =0, then I'; 2 : T* F A is the conclusion of one of id, LL, TR, T*R, and = : T*
cannot be the principal formula. Note that in the first three cases the principal formulae can be
labelled with anything. Since, in the sequent I'[e/x] F Ale/z], the label x is uniformly replaced by
€, this sequent can be the conclusion of the corresponding rule as well. For T*R, since T* on the
right hand side can only be labelled with €, so replacing x to € does not change its label. Thus this
case is not broken either.
(Inductive case) If n > 0, consider the last rule applied in the derivation.

1. If the principal formula or relation does not involve the label z, then we can apply the
induction hypothesis directly on the premise of the last rule, then use the last rule to get the
derivation.

2. Otherwise, if the principal formula or relation has label z, and the last rule is not T*L, we
proceed similarly, except replacing the label in the principal relation or formula. The detail
is exemplified using *L.

For L, we have the following derivation:
IT
(y,zpa);Tix: TSy : A;z: BEA
Iiz: T52: AxBFA

*L

The condition of the rule xL guarantees that y and z cannot be in I' and A, so we do not
have to worry if they are identical to . By applying the induction hypothesis and then using
the rule, we get the following derivation:

H/
(y,z>€);T[e/x];y: Ay 2z : B Ale/x]
Tle/x];e: Ax BF Ale/x]

*L

Another way to do this is by using the Substitution Lemma, replacing = by €, we get a
derivation to the premise that has a redundant € : T*, since we know that this labelled
formula on the left hand side does not contribute to the derivation, we can safely derive the
sequent without it using the same inference, cf. Lemma A.3.2.

The case where the last rule is — R is similar.

If the last rule is Eq;, we consider the following cases:
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(a)

The label of T* is not in the principal relation (i.e., z # w and & # w’). The original
derivation is as follows.
II
(,wrw);Tw/w;x: T F Alw/w']
(e,w'pw);Tix: T*FA
By the induction hypothesis, we have the following derivation:
H/
(e, wpw); Iw/w][e/z] - Alw/w][¢/x]
Note that since z, w, w’ are all different, the end sequent is equal to the following:
(e,w>w); Tle/z|[w/w'] F Ale/x][w/w']

from which we can use the rule F¢; and derive (e, w’' > w); [[e/x] - Ale/x].

Eq

x = w. The original derivation is as follows.
II
(e,z>a);Tz/w];x: T F Alx/w']
(e,w'pa);Tix: T FA
By the substitution lemma, replacing every x by € in the premise of the last rule, we get
the following derivation:

Eq

H/
(e,eve);T[z/w][e/x];e: T* F Alx/w'][e/z]
The end sequent is equal to:
(e,e>€);Te/z][e/w'];e: T* F Ale/x][e/w]
By Lemma A.3.3, ¢ : T* in the antecedent can be omitted. Apply the Eq¢; rule on this
sequent without e : T*, we finally get (¢, w’>¢€);e/z] F Ale/x].
x = w'. The original derivation is as follows.
II
(e,wrw);Tw/zl;w: T* F Alw/z]
(,zpw); Tz : T FA
By the induction hypothesis, we have the following derivation:
H/
(e,epe); Tw/x][e/w] F Alw/x][e/w]
Now the end sequent is equal to:
(e,e>e); Te/x][e/w] F Ale/x][e/w]
By using the rule Eqy on this sequent, we derive (e, e>w); T'[e/z] F Ale/x].

Eq

The case where the last rule is E¢o is similar to the case for Fq;.

If the last rule is T*L, then the derivation to the premise of the last rule yields the new
derivation.

The invertibility of Fq; and Fgs follows from the Substitution Lemma, as the reverse versions
of these two rules are only about replacing labels. O
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A.5 Contraction admissibility of LSgp;
Lemma A.5.1. For all structures T'; A, and labelled formula w : A, the following holds in LS pp;:

1. If there is a cut-free derivation I1 of T;w : Ajw : A F A, then there is a cut-free derivation
Il of T;w: A A with ht(IT") < ht(I1).

2. If there is a cut-free derivation I1 of T'F w : A;w : A; A, then there is a cut-free derivation
I of T Fw: A; A with ht(TT') < ht(I).

Proof. By simultaneous induction on the height of derivations for the left and right contraction.
Let n = ht(II).
(Base case) If n = 0, the premise is one of the conclusions of id, L L, TR and T*R, then the
contracted sequent is also the conclusion of the corresponding rules.
(Inductive case) If n > 0, consider the last rule applied to the premise of the contraction.

(i) If the contracted formula is not principal in the last rule, then we can apply the induction
hypothesis on the premise(s) of the last rule, then use the rule to get the derivation.

(ii) If the contracted formula is the principal formula of the last rule, we have several cases. For
the additive rules the cases are reduced to contraction on smaller formulae, cf. [18].

For T*L, we have the following derivation:

I
TCle/x];e: T* F Ale/x]
Diz: T52z: T*FA
Note that the only case where T* is useful on the left hand side is when it is labelled with a
world other than e. Since the substitution [¢/¢] does not do anything to the sequent, II can also be
the derivation for I'[e/z] - Ale/z], cf. Lemma A.3.3, which leads to I';z : T* - A.
For *R and — L, we can apply the induction hypothesis directly on the premise of the corre-
sponding rule since the rules carry the principal formula into the premise(s).
For L, we have a derivation as follows.

T*L

II
(z,y>2);T;2: AxBsx: A;y: BFA
I'iz:AxB;z: AxBF A
Apply the Invertibility Lemma on the premise of *L, we have:
H/
(z,yp2); (2, y'>2);Tia’ : Ay« Byx: Ajy: BEA
The Substitution Lemma yields a derivation for (z, y>2); (z,y>2); Tz A;y : Byx: A;y: BE AL
Apply the induction hypothesis twice and admissibility of contraction on relational atoms on this
sequent, to get a derivation for (x,y>z2);T;2 : A;y : B F A. Apply L on this sequent to get
I'z: AxBFA.
The case for — R follows similarly. We have a derivation as follows.
II
(,y>z2);Tix: AFz: Bjy: A= B; A
I'ty: A= B;y: A= B; A
The Invertibility of — R in the premise yields:

* L

— R
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II
(x,y>2); (@, y>2');Tye: Aja’ - Ak z: B2« B; A

We obtain (z,y>z2); (z,y>z);T;x: Ajx: AF 2 : B;z: B; A by the Substitution Lemma. Apply
induction hypothesis twice, and the admissibility of contraction on relations on this sequent, to get
(x,y>z2);52: AF z: BA. Finally, apply — R, to derive I' - y : A— B; A in the nth step. O

A.6 Cut elimination

The proof for Theorem 3.6.

Proof. By induction on the cut ranks of the proof in LSgp;. We show that each application of
cut can either be eliminated, or be replaced by one or more cut rules of smaller cut ranks. The
argument for termination is similar to the cut-elimination proof for G3ip [18]. We start to eliminate
the topmost cut first, and repeat this procedure until there is no cut in the derivation. We first
show that cut can be eliminated when the cut height is the lowest, i.e., at least one premise is of
height 1. Then we show that the cut height is reduced in all cases in which the cut formula is not
principal in both premises of cut. If the cut formula is principal in both premises, then the cut
is reduced to one or more cuts on smaller formulae or shorter derivations. Since atoms cannot be
principal in logical rules, finally we can either reduce all cuts to the case where the cut formula is
not principal in both premises, or reduce those cuts on compound formulae until their cut heights
are minimal and then eliminate those cuts.

(Base case) If at least one premise of the cut rule is id, LL, TR, or T*R, we consider the following
cases:

1. The left premise of cut is an application of id, and the cut formula is not principal, then the
derivation is transformed as follows.

. II
Iiy:Bry:B;z: A A id IMz: AR A ;7
I;T;y: BEy: B; A A e
—id

I;T;y: BFy: B; A A
The same transformation works for LL, TR, T*R in this case.

2. The left premise of cut is an application of id, and the cut formula is principal, then the
derivation is transformed as follows.

. II
Diz:AbFx: A A id Iz: AF A .
DTz A A A o
II
IMiz: AR A/
*********** Lemma 3.2

3. The left premise of cut is an application of TR, and the cut formula is principal, then the
derivation is transformed as follows.
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1I
T'ka:T;A TR IMiz: TEA ~

LT A A cut

*I‘;*F,*':A;*AT Lemma 3.2

As z : T cannot be a principal formula in the antecedent, by Lemma A.3.2 there is a derivation
I of TV = A,
The same holds for T*R.

4. The right premise of cut is an application of id, L L, TR or T*R, and the cut formula is not
principal. This case is similar to case 1.

5. The right premise of cut is an application of id, and the cut formula is principal. This case is
similar to case 2.

6. The right premise of cut is an application of L L, and the cut formula is principal. This case
is similar to case 3.

(Inductive case) If both premises are not in one of the base cases, we distinguish three cases here:
the cut formula is not principal in the left premises; the cut formula is only principal in the left
premise; and the cut formula is principal in both premises.

1. The cut formula is not principal in the left premise. Suppose the left premise ends with a rule

.

(a)

If r is T*L, wlo.g. we assume the label of the principal formula is y (which might be
equal to ). The original derivation is as follows.

15
Cle/yl bz : A; Ale/y] . II,
Dyy: T*Fax: A A I'z: AR A
DTy T A A
By the Substitution lemma, there is a derivation II}, of I'[e/y]; z : A+ Ale/y]. Thus we
can transform the derivation into the following:
1T, 15
Ule/ylFx: A;Afe/y]  T'[e/yliz: At Alle/y]
Cle/yl; Te/yl F Ale/yl; A'le/y]
DT y: T E A A
If z = y in the original derivation, then the new derivation cuts on € : A instead. As
substitution is height preserving, the cut height in this case is reduced as well.

cut

cut

T*L

If r is Fq, and the label z of the principal formula is not equal to w’, the original
derivation is as follows.
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T,
(e,wrw); Tw/wkFz: A; Alw/w'] £ 11,
(ewbw)lFa: A4A B AR A
(e,w' pw); T T E A A/
This cut is reduced in the same way as the T*L case, where we get IT} from the Substi-
tution Lemma:

cut

I I
(e,wpw); Tw/w]Fx: A; Alw/w'] Nw/w;z: A Alw/w']
(e,w>w); Tw/w']; TV w/w] F Alw/w']; Allw/w') 5
(,w'bw); T F A A/

If x = w’, then we cut on w : A instead in the reduced version.

cut

(c) If r is Eqq, the procedure follows similarly as the case for Eq; above.
(d) If r is a unary inference except for T*L, Eq, and Eqo, then the original derivation is as
follows.
I1,
TWFa:A A , II,
F'kxz:AA IMiz: AR A/
;T A A
Then we can delay the application of cut as follows.
H1 H2
I Fao: A A Iz: AR A
Fl; F/ F Al; A/
;T A A
Note that as all our rules except T*L, Eq;, and Fqs do not modify side structures,
I and A’ in the premise of r are not changed. The cut rank of the original cut is
(Jz : Al,|TI1| + 1 4 |II3|), whereas the cut rank of the new cut is (|x : Al, || + [II2]), so
the cut height reduces.

cut

cut

(e) If r is a binary inference, we can transform the derivation similarly.

L 115
' Fax: A A Tobx: A A, , 113
T'ka: A A I'Miz: AR A/
cut
;T A A
1, I, 10, I,
M bkx: Ay A IMz: A A Toba: A A IMz: A A

ToT F Ay A cut ol F Ay A cut

NN, "

The cut rank of the original cut is (|z : A|, max(|]IL1], |IIz|) + 1 + |II3]), and that of the
new two cuts are (Jz : A, |II;| + |Hs|) and (|z : Al,|Ha| + |II5]) respectively. Thus the
cut heights are reduced.
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2. The cut formula is only principal in the left premise. We only consider the last rule in the
right branch. The proof of this case is symmetric to those in Case 1.

3. The cut formula is principal in both premises. We do a case analysis on the main connective
of the cut formula. If the main connective is additive, then there is no need to substitute any
labels.

For A,
1L, I, I3
z: A A I'z:B;A IMiz: Ajz: BEA'
AR , — AL
'kFax:ANB;A I'Miz: ANBFA
LU F A A cut
H2 HS
I1; 'kz:B;A I'M;z: Ajz: BEA' .
'kx: A A DTz AR A A ; cu
TLUEAAN
;T F A A e
For —,

Hl H2 H3
IMz:AbFxz: B} A’ B Thx: A A I;z:BEA I -
I'tz:A— B; A’ - Iize:A—- BFA ; -

T;TF A A .
Hl H3
II, I'Mz: A+ x:B; A I'iz:BFA ;
F'kx: A A DTz AR A A . u
DT EAAN
;T A A erma

For both A and —, cut is reduced to applications on smaller formulae, therefore the cut rank
of the cut reduces.

There is an asymmetry in the rules for T*. That is, the left rule for T* requires that the label
w of T* cannot be €, whereas the right rule for T* restricts the label of T* to be € only. As a
consequence, when the cut formula is T*, it cannot be the principal formula of both premises
at the same time. Therefore the cases for T* are handled in the proof above.

When the main connective of the cut formula is * or — , the case is more complicated. For
*, we have the following two derivations as the premises of the cut rule:

H1 HZ

T,y 2); z:A;2: A* B, z, Yy 2); y:B;z: Ax B;
I'k+ A Ax B; A '+ B AxB; A
(z,y>z);T'Fz: Ax B; A

* R

and
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I3
(', >2); T2 Ajy - BEA'
I'Miz: AxBF A

*L

And the cut rule gives the end sequent (z,y > 2);T;TV F A; A’. The cut rank of this cut is
(|A % B|,max(|]T1],|a]) + 1 + [TI3| + 1).

We use several cuts with smaller ranks to derive (z,y> 2);T; TV - A; A’ as follows.
Firstly,

3
11, (', y' > 2); T’ - Ay - BEA/
(z,y>2);Thx: Az Ax B A I';z: Ax B+ A’ *

(,yp2); ;T Fa: A; A A cut

The cut rank of this cut is (|4 * B|, |II1| 4 |II3| 4+ 1)), thus is less than the original cut.

The second cut works similarly.

I3
I, (@', y' >z); T2’ Ay BE A/ I
(x,y>2);TFy:B;z: AxB; A IMiz: Ax BF A’ . ¥
(x,y>2); ;T Fy: B; A; A au
The third cut works on a smaller formula.
I3
(,y>2); ;T Fa: A A A (r,y>z);Tx: Ajy: BE A/ .
cu

(z,y>2); (z,y>2); T Ty« BEAALA

The cut formula is x : A, thus the cut rank of this cut is less regardless of the height of the
derivations.

Note that in the II3 branch, the =L rule requires that the relation (2’ y’>2) is newly created,
so ' and y’ cannot be € and they cannot be in I'V or A’. Therefore we are allowed to use the
substitution lemma to get a derivation IT; of (x,y>2);IV;x : A;y : B A’ by just substituting
a2’ for x and ¢’ for y.

Finally we cut on another smaller formula y : B.

(z,y>2); 05T F oyt By A A (z,y> 2); (x,y>2); ;T Ty - BE A A A
(z,y>2); (x,y>2); (2, y > 2); T; T; TS T T A A A A A

cut

The cut rank of this cut is less than the original cut. We then apply the admissibility of
contraction to derive (z,y> 2);T; TV H A; A/,

The case for — is similar. The two premises in the original cut are as follows.
1Ty
(2, y>2'); T2’ : A2 By A’
I"'y: A— B; A/

—« R
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and
HQ H3
z,y>2); Ty A— Tz A; z,y>z); Ty A— B; 2 :
Diy: A=« BFax: A A Iiy: A=« B;z: BFA
(z,y>2);Ty: A=« BF A

—x L

And the cut rule yields the end sequent (z,y> z); ;T F A; A’. We use two cuts on the same
formula, but with smaller derivation height.

I
(', y>2'); T2t AR 2 By A IL,
I'Fy: A= B; A’ R (z,y>2);T;y: A=« Bt x: A; A
(z,y>2);T; T Fa: Ay A A cut
I,
(', y>2'); T2t AR 2 By A I3
I'y: A= B; A I (z,y>2);T;y: A= B;z: BF A cut

(z,y>2);T;T;2: BF A; A
Then we cut on a smaller formula z : A.
I
z,y>z); DT o Ay A A z,y>z); ;e A z: By A
Yy Yy
(z,y>2);(x,y>2); ;T T F 2 By A A A

cut

Again, in the original derivation, ' and 2’ are fresh in the premise of — R rule, thus by the
Substitution Lemma we can have a derivation I} of the sequent (x,y>z);TV;z: AF z: By A/,
with 2’ substituted to x and 2’ substituted to z.

Then we cut on z : B.
(z,y>2);(z,y>2); T T F 2 By A A A (z,y>2);T;T;2: BE A A
(x,y > 2); (2, y > 2); (x,y > 2); ;T TG T T F A A A A A

cut

In the end we use the theorem of admissibility of contraction to obtain the required sequent
(z,yv2);T; TV F A AL

O

A.7 Permutation of structural rules in LS gp;

Proof for Lemma 4.1.

Proof. To prove this lemma, we need to show that if a derivation involves the structural rules, we
can always apply them exactly before *R and —« L, or before zero-premise rules. We show this
by an induction on the height of the derivation. Since we do not permute structural rules through
zero-premise rules, the proof in the base case and the inductive step are essentially the same. Here
we give some examples of the permutations. Assuming the lemma holds up to any derivation of
height n — 1, consider a derivation of height n.

52



1. Permute the application of Fq; or Fqs through non-zero-premise logical rules except for *R
and —« L. Here we give some examples, the rest are similar.

(a)

Permute Fqs through additive logical rules is trivial, this is exemplified by AL, assuming
the label of the principal formula is modified by the FEqy application. The original
derivation is as follows.

1I
(e,eve€);T[e/w];e: Aje: B Ale/w]
(e,;epe);T[e/w];e: AN BFE Ale/w)
(,epw);Tw: ANBEA
The derivation is changed to the following:
II
(e,ee€);T[e/w];e: A;e: BE Ale/w]
(e,epw);Tiw: Ajw: BEA
(,epw);Tw: ANBEA

Eqo

AL

Permute Eq; through T*L, assuming the label of principal formula is w. The derivation
is as follows.

1I
(e, > e); Pw/w']le/w] = Alw/w'][e/w]
(e,wp>w); Tw/w;w: T* F Alw/w'] ;—qlL
(,w'pw)Tiw T FA
We modify the derivation as follows.
1I
(e,epe€); Tle/w'][e/w] F Ale/w']|[e/w] Fay
(e,;epw);Tle/w'] F Ale/w'] Ter

(e,w'pw)Miw : T FA
Notice that the premises of the two derivations below II are exactly the same. The
application of Fgq; in the original derivation is changed to an application of Eqy in the

modified derivation. However, this does not break the proof, as the induction hypothesis
ensures that either of them can be permuted upwards.

Also, the label of principal formula in the rule T*L cannot be the one that is replaced
in the rule Eqy below it, this is the reason we do not exemplify this situation using Egs.
Permute Fqs through *L, assuming the label of principal formula is z, and it is modified
by the Eqo application.
II
(x,y>e);(e,eve);Te/z];x: Ajy: BE Ale/z]
(e,e>e);T[e/z];e: Ax BF Ale/z]
(e,e>2);T52: AxBFA

Since x and y are fresh labels, they will not be affected by Fqgs. Thus the derivation can
be changed to the following:

*

Eqo
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IT
(x,y>e);(e,eve);Te/z];x: Asy: BE Ale/z]
(z,y>2);(e,e>2); T2 Ajy: BEA
(e,edy);Tyz: AxBEFA
Since Fq; and Fqy only globally replaces labels, their action can be safely delayed through

all the rules other than xR and — L. The applications of these two rules after the last
*R or «L will be delayed until the zero-premise rule is necessary.

Eqo

xL

2. Permute the applications of E, U, A, and Ac through non-zero premise logical rules other
than *R and — L. Again, we give some examples, the rest are similar.

(a)

Permute E through T*L, assuming the label of the principal formula is y. The original
derivation runs as follows.

1I
(e,x>2); (z,e> 2); Ie/y] - Ale/y]
(y,z>2);(x,y>2);T;y: T*FA
(x,ypz);T;y: T*EFA

The new derivation is as follows.

I
(6, 2> 2); (2, > 2); Tle/y] - Ale/y]
(x,e>2);Tle/y] F Ale/y]
(,y>2);T;y: T*EFA
This shows that if the logical rule only does substitution, delaying the application of
structural rules makes no difference.

T*L

Permute U through *L, assuming the label of the principal formula is z. The original
derivation is as follows.

II
(z,y>2);(z,e>2); T2 : A;y: BEA
(z,e>2);T52: AxBFA
I'iz:AxBFA

xL

The new derivation is as follows.
II
(z,e>2); (z,y>2); T2 Ajy: BEA
(r,y>2);T;2: AxBFA
I'z: AxBEFA

Since the labels x and y are all fresh labels, it is safe to change the order to rule appli-
cations as above.

*L

Additive logical rules are totally independent on the relational atoms, so those cases are
similar as the one shown above, except that those rules do not add relational atoms to
the sequent.

O
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A.8 Soundness of LS4y,

Theorem A.8.1. If there is a derivation I1 for a sequent T = A in LSG g, then there is a derivation
IT" for the same sequent in LSppg;y.

Proof. By induction on the height n of II.

1. Base case: n = 1. In this case the only rule must be a zero-premise rule. If the rule is LL or
TR, then we can use the same rule in LSppy, since they are the same. Otherwise, suppose
the rule is id, then II reads as follows.

G g (w1 =ws)
Tywy : PHwy: P;A

id

Since G kg (w1 = wy) is true, there is a sequence o of Eq;, Eqs applications such that S(G, o)
is defined and w16 = w20, where 6 = subst(c). Therefore we can construct II" are follows.

id

T'0;wi6: PFwsb: P; Af

Noa

Iiwy : PHwy : P; A
If the rule is T*R, II is:

gl—E('lUZE)
F'Fw: T A

T*R

We construct IT' similarly, as w8 = € after the application of o.

TOFwh: A0 "
e
TFw:T%A

2. Inductive cases: suppose every sequent that is derivable in LS%5; with height less than n is
also derivable in LS ppy, consider a LSGp; derivation of height n. We do a case analysis on
the bottom rule in the derivation.

(a) If the rule is AL, AR, - L, — R, xL, *R, FE or U, we can use the same rule in LS gpy,
since nothing is changed.

(b) If the rule is T*L, then IT must be the following:

1
(,wre);T'HA
Diw: T*FA o

By the induction hypothesis, (e, w>€); T F A is derivable in LS pp;. Applying Lemma 3.1
(substitution for labels in LS ppr) with [¢/w], we obtain (¢, e>¢€); T'[e/w] - Ale/w]. Thus
we construct IT" as follows.
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1T
(e,e>€); Tle/w] F Ale/w]
(w,epw); Tyw: T*F A
Dw: T*FA
(c) If the rule is *R, II runs as follows.
1T, II;
(v,yb2');Thx: Ajz: Ax By A (r,y>2");Thy: B;z: AxB; A

(z,y>2');TF2: Ax B;A
The condition on the xR rule is G Fg (2 = 2). Let o be the sequence of Eqi, Eqs
applications such that S(G, o) is defined and, z6 = 2’0 holds, where § = subst(c). Also,
applying the induction hypothesis on IT; and Ily, we obtain the LS pgp; derivations for

each branch respectively. Then with the help of the Substitution lemma, we get two
derivations as follows. Note that we use dashed lines when applying the Substitution

U

*R

lemmas.
1Ty
(z,y>2');Thax: A;z: Ax B; A
777777777777777777777 Lemma 3.1
(z6,y0>2'0);TOF x0 : A; 20 : A* B; A
and

777777777777777777777 Lemma 3.1

(z0,y0>2'0);TO F yb : B; 20 : Ax B; A
Then we can apply *R and obtain (z0,y0>2'0);T F 20 : Ax B; Af. Then by applying o
we obtain the end sequent as follows.
(z0,y0>2'0);T F 20 : Ax B; A6
‘o
(z,y>2');TF2z: Ax B; A
The case for — L is treated similarly.

(d) If the rule is A, the treatment for the equality entailment is the same. II is in the
following form:

L
(w05 2); (g, 00 w); (2,95 2); (vo /i TFA  Grp (x =)
(x,y>2); (u,v>2');TFA
Let S§(G, o) yield z6 = 2’0, where 6 = subst(c), we obtain II" as follows.
I

A

77777777777777777777777777777777777 Lemma 3.1

(uf, wh > 20); (yb, v > wh); (x0,yd > 20); (ud, v > x'6); T - A
(26, y0 > 20); (ub, vo>2'0);TO - Ab

A

‘o
(x,y>2);(u,v>a’);THA
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The case for Ag is similar.

A.9 Completeness of LSy,

To prove the completeness of LSGg;, firstly we add Eq; and Eqs in LSGp; and show that the
resultant system has the same power as LSpp;. Then we prove the admissibility of Eq; and Eqgs
in LSEBBI'

Lemma A.9.1. If a sequent T’ = A is derivable in LS gpr, then it is derivable in LSS5+ Eq1+Eqo.

Proof. By induction on the height of the LS gp; derivation. Since with EFq; and Fgs, most of other
rules become identical, the only non-trivial case is T*L.
In LS ppg;, the derivation runs as follows.
II
Dle/w] F Ale/w]
Thw: T*FA
By the induction hypothesis, there is a derivation for I'[e/w] - Ale/w] in LSGg; + Eq1 + Eqo.
Therefore we construct the derivation as follows.

H/
Tle/w] F Ale/w]
(e eve)Tlefw] - Alejw] 7"
(e,wre);THA o
Diw: T*FA o

Lemma A.9.2. If Glz/y]; (e,x > z) Fg (wi[z/y] = wax/y]) then G;(e,y>x) FE (w1 = ws).

Proof. Let G' = G; (e,y > x) and S(G'[x/y],0) yield (w1[z/y]0 = walzx/y]f), we show that G’ g
(z = y) by following;:

G'lz/y)6 Fp (wilz/y]0 = walz/y]0)
G'lafy] i (wilofy) = walafy)
Gi(eyva)bp (z=y)

Now we show that Eq; is admissible in LS%p;.

Lemma A.9.3. If (e, z>x); T[z/y] F Alx/y] is derivable in LSG g, then (e, y>x);T'F A is derivable
in LSGg;.

Proof. We show that Fq; can always permute up through all other rules, and eventually disappear
when it hits the zero-premise rule. Since Lemma 4.1 is sufficient to show the permutations through
nagative rules, here we particularly show the cases for positive rules.
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1. First let us show the cases for the zero-premise rules. 1L and TR are trivial, as they are
applicable for an arbitrary label. The permutation for id runs as follows, where G is the set
of relational atoms in (e,y > x);T.

Gle/yl te (wilz/y] = walz/y))

(e,z>x);T[x/yl;wilz/y] : PEwslx/y]: P;A ;ql
(e,y>x);Tiwy : PHws: P;A

By Lemma A.9.2, if Gz/y] Fr (wi]z/y] = walz/y]) then G Fg (w1 = ws) (note that this
is because (e,y > x) € G). Therefore we can apply id directly on the bottom sequent, and
eliminate the F'q; application.

The case for T*R is treated similarly. As we have shown, structural rules can permute through
T*L, AL, AR, — L, — R, xL and — R, so these cases are left out here.

2. Permute Eq; through F, assuming the label being replaced is y. The original derivation is as
follows.

II
(w,z,>2); (2, w> 2); (e, w>w); T{w/y] F Alw/y]
(z,wp 2); (e, w>w); T{w/y] F Alw/y]
(z,y>2);(e,y>w);THA

The permuted derivation is as follows.

11
(w,z,>2); (2, w> 2); (e, w>w); T{w/y] b Alw/y]
(y, x> 2); (z,y> 2); (6, y>w); T = A
(z,y>2); (e, y>w);THA

3. Premute Eq; through U, assuming the replaced label is . Then the derivation runs as follows.

II
(w,e>w); (e, w>w); Plw/z] b Alw/x]
(e,w>w);Tw/z] b Alw/x]
(e,zpw);THA

U

We modify the derivation as follows.

II
(w,e>w); (e, w>w); Plw/z] b Alw/x] .
(x,e>x);(,zpw); T FA
(e,zpw);THA

q1

Note that we can also generate (w, e>w) directly using the U rule, but the effect is the same.
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4. Permute Fq; through *R. Suppose the principal relational atom of E¢; is not the same as
the one used in %R, let G be the set of relational atoms in (e, w>w')(x, y>2z'); T, the derivation
runs as follows. Here we write (I' F A)[x/y] to mean that replace every y by z in the entire
sequent. The equality entailment is G[w’/w] Fg (z[w'/w] = 2'[w’/w]) (to save space, we do
not write the constraint in the derivation).

*R

((e,w' b w)(z,y>2');TF 2z : Ax B; A)[w' /w]
(,wrw)(z,y>2');THz: Ax B; A

The two premises of the xR rule application are listed below.

((e,w'bw); Ga,y>2');THax: A;z: Ax By A)[w' /w]
((e,w' b w); (z,y> 2’ );THy: Byz: Ax By A)[w /w]

By Lemma A.9.2, since G[w'/w| bg (z[w'/w] = 2/ [w' /w]), and (e,w>w’) € G, G g (2 = 2')
holds. Therefore we have the following two derivations:
((e,w'bw); Ga,y> 2" ;TR A;z: Ax B A)[w' /w]
(e,wrw);Gr,yp 2’ );ThHa: Ajz: A= B; A

Eqy

and

((e,w'pw'); (z,y> 2 ); Ty Byz: Ax B A)w' /w] .
(e,wpw);(x,y> 2 );THy: B;z: Ax B; A

then we use the xR rule, where the equality entailment is G kg (2 = 2’), to obtain the end
sequent (e,w>w')(x,y>2');TF2z: Ax B;A.

If the principal relational atom is used in the %R rule, the permutation is analogous. The
permutation through — L is similar.

5. Permutation through A. We show the case where the principal relational atom in Fgq; is not
in A, the other cases are similar. The original derivation is as follows.

((e,w>w); (u,wr 2); (y,v>w); (T, y>2); (w,v>z'); T F A)w/w] N
((e,wpw); (zyy>2); (u,v>2'); T F A)|w/w'] -
(e, w' b w); (z,y>2); (u,v>a’);TFA

The condition on the A rule is Glw/w'] Fg (z[w/w'] = 2'[w/w']). By Lemma A.9.2, G Fg
(z = 2’) holds. Therefore the derivation is transformed into the following:

((e; w" > w); (u, w 2); (y, > w); (2, y > 2); (w, v>2'); T A)[w/w']
(e, w' > w); (u,we2); (y,vew); (z,y > 2); (w, o a’); THA
(e, w' > w); (x,y>2); (w,v>a’); T+ A

A

The condition on the A rule is G g (z = ). A¢ is treated similarly.
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Lemma A.9.4. If (e,y>y); Tly/z] b Aly/x] is derivable in LS%g;, then (e,y>x); T F A is derivable
in LSGp;-

Proof. Symmetric to the proof in Lemma A.9.3. O
Theorem A.9.5. If a sequent is derivable in LS ppr, then it is also derivable in LSGp;.

Proof. Immediate by Lemma A.9.1, A.9.3, A.9.4. O

A.10 Substitution lemma for LS4y,

This section proves the substitution lemma for the intermediate system LS%g;, as this will be used
in some proofs.

Lemma A.10.1. If G Fg (z = y) then for any substitution [s/t], where t # €, G[s/t] bg (x[s/t] =
yls/t).

Proof. Let (G, 0,¢$) be the solution to G kg (z = y), we prove this lemma by induction on the
length of o.

1. Base case, o is an empty sequence. In this case, the sequence of substitutions ¢ is also empty,
therefore x = y. As a result, it must be the case that z[s/t] = y[s/t], so G[s/t] kg (z[s/t] =
y[s/t]) trivially holds.

2. Inductive case, assume |o| = n. Let us look at the first rule application in o. Assume this
rule is Eq; (the case for Eqy is symmetric), and the principal relational atom is (e, u>v), then
o is as follows.

Gotr (o =yo)

G'[v/u]; (e,v>0) FE (z[v/u] = ylv/u]) pos
G e,udpv) g (z=vy)

(a) If w =t and v = s, then the premise of the last rule application is already what we need.

(b) If u = t and v # s, we obtain the desired entailment as follows (I H[z/y] stands for
applying the induction hypothesis with the substitution [z/y], we use double line to
mean that the premise and the conclusion are equivalent).

ITH[v/s]
G'lv/ullv/s]; (e, v>v) P (x[v/ullv/s] = y[v/ul[v/s])
G'ls/ullv/s]; (e, v>v) Fi (2[s/ullv/s] = yls/ul[v/s])

Gls/ui(eso0) Fr lsful = ofs/ul)
(¢) If u = s, we prove the substituted entailment as follows.
IH(v/t]
G'lv/ulfv/t]; (e, v v) b (z[v/ul[v/t] = y[v/ul[v/1])
G'lu/tllv/ul; (e, vev) Fp (@lu/t][v/u] = ylu/t][v/u])

G'[u/t]; (e,urv) b (x[u/t] = ylu/t])
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Note that under this case if v = t, the proof is just a special case of the one above.
(d) If v = t, the case is shown below.
TH[s/v]
ul[s/v]; (e, s> s) P (x[v/u][s/v] = y[v/u][s/v])
vlls/ul; (e, s> 5) P (x[s/v][s/u] = yls/vlls/u])
G'[s/v]; (e,u> s) g (2[s/v] = y[s/v])
(e) If v = s, the proof is as follows.

G'w
Gg'[s

T

/
/

[H[v/1]

G'lv/u][v/t]; (e,v> ) Fp (zv/u][v/t] = y[v/u][v/t])

G'lv/tv/ul; (e,vev) Fp (zv/tv/u] = y[v/t][v/u])
G'lv/t]; (e, uvv) kg (z[v/t] = y[v/t])

(f) If [s/t] and [u/v] are independent, then we can switch the order of substitution, and
derive the entailment as follows.

Eq

[H[s/1]
G'lv/ulls/tl; (e,v>v) FE (zfv/ulls/t] = ylv/u][s/t])
G'[s/t][v/ul; (e,v > v) b (x[s/t][v/u] = y[s/t][v/u])

Eq;

G'ls/t); (e,urv) Fp (x[s/t] = yls/1])
O

Since substitution does not break the equality entailment, we can show a substitution lemma
for the system LS%g;.

Lemma A.10.2 (Substitution in LSGp;). If there is a derivation for the sequent T'F A in LSGg;
then there is a derivation of the same height for the sequent U'ly/x] = Aly/x] in LSGg;, where every
occurrence of label x (x # €) is replaced by label y.

Proof. The proof is basically the same as the one for LS gy, since there are a lot of common rules.
For the rules that are changed, the case for T*L is similar to those cases for additive rules. The
proof for the rest of changed rules are straightforward with the help of Lemma A.10.1. O

A.11 Soundness of LSBBI

Theorem A.11.1. If there is a derivation II for a sequent G||T' F A in LSBBI, then there is a
derivation II' for the sequent G;T'F A in LSGg;.

Proof. The soundness proof for this system is rather straightforward. To prove this, we show that
each rule in LS% 25 can be simulated in LSGp;. To do this, one just need to unfold the structural

rule applications into the derivation. For instance, we can simulate the id rule in LSy Bpr by using
the following rules in LSGg;:

S(g,U) }_E (w1 = ’wg)
S8(G,0);T;wy : PFwy: P;A

id

el
G:Iywy : PRwy: P; A
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The above works because the id rule in LS gBl requires G Fr (w; = wsy), which by definition
ensures that S(G,0) Fg (w3 = wy) holds. The case for T*R works similarly. One thing to
notice is that structural rules only add relational atoms into the current set, so except for G is
becoming a bigger set, all the other structures in the sequent remain the same after the sequence o
of applications. Let us examine the simulation of *R in LSGg;.

S(G,0);TFa': Ajw: Ax B; A S(G,0);TFy : Biw: Ax B; A
S(G,0);TFw: AxB;A

*R

o
G I'Fw:AxB;A
The condition of the xR rule is S(G,0) kg (w = w’). Since the LSgB[ rule requires G Fg

(x,y>w), which by definition ensures that there is a solution (G, o) such that (2, y'>w’) € (G, 0),
and the following holds:

S(G,0) g (x=1')
S(G,0)Fe (y=1)
S(G,0) g (w=w")

The last relation entailment is enough to guarantee that the xR rule is applicable. To restore
each branch, we need the Lemma A.10.2 (Substitution lemma for LS% ;). Here we use double line
to indicate the premise and the conclusion are equivalent. Let us look at the left branch. By the
first relation entailment, there is a sequence ¢’ of Eqq, Eqy applications so that x6 = z’6. Therefore
we can construct a proof for the left branch as follows.

S8(G,0);TFx: A;w: Ax B; A

77777777777777777777 Lemma A.10.2

S(G,0)0;TOF x6 : A;wh : Ax B; A
S(G,0)0;T0F 2’6 : A;wh : Ax B; A

ZU/

S(G,0);TFa: A;w: Ax B; A
The case for — L is analogous. The rest rules are the same as in LS%g;, thus we conclude that
the rules in LS gBI are sound. O

A.12 Completeness of LSgBI

The completeness proof runs the same as in LSGg;: if we add the structural rules E, U, A, Ac
in LS gBP then it becomes a superset of LS%p;. Then we prove that these rules are admissible in
LS‘;fB] by showing they can permute through xR, — L, id, and T*R.

First of all, let us show that when we add E, U, A, A¢ (from LS%pg;) to LSgBI, its rules can
simulate those ones in LSGp;. As most of the rules are identical, the key part is the show the
relation entailment is as powerful as the equality entailment. This is “built-in” the definition, so
there is no surprise.

Lemma A.12.1. If G g (w1 = ws), then G br (w; = w2).

Proof. Let o be an empty list of rule applications, then S(G,0) = G. Therefore by definition
G Fr (w1 = ws). O
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If we change Fr to kg in LSan every rule is the same as the one in LSGp;. Therefore
LS‘QgBI +E+U+ A+ Ac is at least as powerful as LSGp;.

Lemma A.12.2. The rules E, U, A, and Ac are admissible in LS‘;fBI.

Proof. We show that the said rules can permute upwards through id, T*R, *R and — L, the other
cases are cover by Lemma 4.1. We only give some examples here, the others are similar. The heart
of the argument is that the application of structural rules are hidden inside the relation entailment,
so we do not have to apply them explicitly.

Permute E through id, the suppose the original derivation runs as follows.

G; (y, x> 2); (z,y>2) Fr (w1 = w2)
G (y, x> 2); (z,y> 2)||T;wy : PHwy: P;A
G (z,y> 2)||T;wy : PFwy: P;A

The permuted derivation is:

id

E

G; (z,y>2) Fr (w1 = w2)
G;(z,y> 2)||T;wy : PFws: P;A

id

Assume G; (y,z > 2); (z,y > 2) Fg (w1 = ws) is derived by applying a sequence o of structural
rules. Then S((G; (z,y > 2)),0’) can prove G; (z,y > 2) Fg (w1 = wa), where o’ is E({(z,y> 2)},0)
followed by o. That is, the application of E is absorbed in Fg.

Permute A through id, the argument is similar. The original derivation is:

G; (u,wp 2); (y,v>w); (z,y > 2); (u,v>z’) Fr (w1 = w2)

id
G; (u,wp 2); (y,v>w); (z,y > 2); (w,v>a’)||Tiwr : PHws : P;A
A

G; (z,y>2); (w,v>a’)||T;wr : PHws : P;A

The condition on the rule A is G;(z,y > 2); (u,v>2’) Fg (x = 2’). Then we can omit the
application of A, since G; (u,w > 2); (y,v > w); (x,y > 2); (u,v>2") Fr (wy = we) implies G; (z,y >
2); (u,v>2') Fr (w; = ws), one just need to add the A application ahead to the sequence of
structural rules that derives the former relation entailment to get a new sequence of rules to derive
the latter one. O

A.13 The Proof of the Heuristic Method

In the following proofs we use the tree representation of a set of relational atoms. Given a labelled
binary tree tr as defined in Section 6, we say another labelled binary tree tr’ is a permutation of
tr if they have the same root and same multiset of leaves. A permutation on ¢r is generally done
by applying the rules E, A on Rel(tr). Figure 11 gives some examples on tree permutations. In
Figure 11, (b) is permuted from (a) by using E on (d,e>b), whereas (c) is permuted from (a) by
using A on the two relational atoms in the original tree.

Lemma A.13.1. Let tr be a labelled binary tree with a root labelled with r and a multiset of
labels L for the leaves. If there is a labelled binary tree tr' with the same root and leaves labels

respectively, then there is a variant tr” of tr' and a sequence o of E, A rule applications such that
Rel(tr'") C S(Rel(tr), o).
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Figure 11: Examples of tree permutations.

Proof. Prove by induction on the width of the tree tr. We show that any distinct permutation(i.e.,
they are not variants of each other) of a tree can be achieved by using the rules £ and A. Base case
is when there are only two leaves in ¢r. In this case, there is only one relational atom in Rel(tr),
thus clearly there is only one distinct permutation of ¢r, which can be obtained by applying E on
Rel(tr).

The next case is when there are 3 leaves in the tree, meaning Rel(tr) contains two relational
atoms. In this case, it can be easily checked that there are 12 distinct permutations of ¢r, all of
which can be derived by using F and A.

Inductive case, suppose the lemma holds for all trees with width less than n, consider a tree tr
with width n. Suppose further that the root label of ¢r is r, it’s two children are in the relational
atom (wq,ws > 1), and the multisets of leaves labels for the subtrees of wy and wy are Lq, Lo
respectively. Let ¢r’ be a permutation of ¢r with the same root label and leaves labels, and in ¢r’ the
two children of the root label are in the relational atom (w3, w4 >7r). Suppose the multisets of leave
labels for the subtrees of w3, wy are Ls, Ly respectively. Apparently, since Ly U Ly = L3 U Ly = L,
every label in Ls is either in L; or in Lo. Let L' = Ly N L3 and L' = Loy N L3, then L' UL"” = L3
and (L1 \ L')U (Ly \ L") = Ly. By the induction hypothesis on the subtrees of w; and ws, there
exist ws, wg, wr, ws s.b. (ws, we>w1), (wr, ws>wsy) hold, and the subtrees of ws, we, w7, ws give the
multisets of leaves L', (L \ L'), L", (L2 \ L") respectively. Then we use the following derivation to
permute the tree:

n

(", w" > r); (we, wg >w"); (ws, wr >wW"); -

A
ws, wy > w”

( )
(ws, wy > w)
( )
( )

s (w2, ws >w'); (ws, wr > wa);
(

E x 2

/ . 1 /
(’LU67U/[>7’, wg, w l>’lU), ’

A

)

)
(w', we > 1); (W', ws >w');
)i ( ;
wg, w' > 1)

E

7 . . :
wg, w' > 1); (wa, ws >w'); (w7, wg > wa); -+

)

(
( A

(we, w5 le); (w7,w8 > ws); (wlan ‘>T)7

E
(ws, wg > w1 ); (wr, wg >wa); (W, wa >T);+ -

Now the subtrees of w” and w’”’ has the same multisets of leaves as w3 and wy respectively. Again

by the induction hypothesis on the subtrees of w” and w’, we obtain a tree tr’’ which is a variant
of tr'. O

Proof of Lemma 6.1.
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Proof. The lemma restricts the labels of internal nodes to be free variables that are created after
all the labels on the left hand side. Additionally, each free variable is only allowed to occur once
in a tree. Therefore given a set G of relational atoms as the left hand side of those constraints,
and any sequence o of structural rule applications, the free variable labels for internal nodes can
be assigned to any labels occur in §(G,0). By Lemma A.13.1, there exists a sequence o of E, A
applications which converts the tree on the left hand side to a tree which is a variant of the one
on the right hand side, thus those constraints can be solved by assigning the free variables in the
internal nodes to the corresponding labels. O

A.14 Proof of Formulae in the Conclusion

In this section we show the proofs of the four formulae in the conclusion. We extend LS gp; in the
obvious way to handle the additive connectives — and V, where -p =p — L and pVq = =(—pA—q).
Thus we obtain the left and right rules for —, Vv as in the classical setting. To save space, we shall
write " to mean the rule r is applied n times, and write r1; 75 to mean apply r; then apply r2 on
a sequent, when the order of rule applications does not matter.

1. To prove the formula (F « F) — F, where F = —(T— = T*), we use the following derivation
in LSBB[:

(W, w" >e); (V,c >w);(b,ec>w); (b,c>a);- - "

(w', ¢ >w); (w,b' >e);- -

E2

(d,w' >w); (bye>w); (b, wee);--- A

(b/,’wDE);(E,bDM);(C/,Cl>€);---
(b, @); (7, b5 0 (¢, e €); (e, e b 0 -
(bye>a); (b b>e);(cyede);a: T— =Ty T,/ : Tk

* T2

(bye>a); (U, b>0"); (e );a: T——T50 T, T;07 : T* " Tk T L2
(Breba) (0,650 (¢ ebd)a: T Tt Tod  TF Y T T )
(byeba)a: T—~T Fb: T— =T c: T—x—T°" L R**R

(byepa);b: (T =T );e: ~(T—x =T ) Fa:=(T—-T")
a:FxFkFa:F
Fa:(F+xF)—F

*L

— R

The correct relational atom that is required to split a : T—« =T* is (w”,a>€). However, in
the labelled sequent calculus we can only obtain w”,w’ >e. Although w’ and a both have
exactly the same children, but the non-deterministic monoid allows the composition b o ¢ to
be multiple elements, or even @) in M. Thus we cannot conclude that w’ = a. This can be
solved by using P to replace w’ by a, then use E to obtain (w”,a>¢€) on the left hand side of
the sequent, then the derivation can go through:

(W', ave); - ske:T* TR

-L
(w’,a>e); - e T (W’ ave); - Fw” T
(w'ave); - sa: T—x=T5Y : T,/ : Tk

TR
— L

2. The trick to prove (= T*— L) — T* is to create a relational atom (w, w>w’), as shown below.
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(e,epw); e T TR

T*L
(w,wew);-jw: T Fw: T* R i
(wywpw ;- Fw: =T Sw: T - (wyw>w); 5w LFw: T I
—*
(wywd>w);w: =T = LFw: T*
w:-T "= LbFw:T" R
Fw: (=T = 1) —=T"
3. The proof for (T* A ((p*¢q)— L)) = ((p— L) V (¢g— L)) is as follows.
cseciqblcigye id cesatplaipy - i
*R 1L
(a,cpe);---;a:p;ciqghe:pxg;--- et LB I
—k

(e;e>e);(a,e>e);(a,edbd);(cevd);e: (pxqg)— Lia:pjec:qghb: Lyd: L
(a,c>e);(a,edb);(c,epd)je: (pxq)— Lia:pjc:qgbb: L;d: L
(a,e>b);(c,edd);e: (pxqg)— L;a:p;eiqghb: Lid: L
e:(pxq)—« LFe:p—x Lie:qg—x L

— R?

T*L
AL; VR
— R

w:Thw: (prg)—=LEw:ips Liw:g— L
w: T A((pxq)—* L) Fw: (p— L)V (g— L)
Fw: (T*A((p*q)— L)) = ((p—* L) V (g— L))

4. The proof for =(T* AAA (B *—=(C— (T* — A)))) in LSpp is as follows.

(c,bpe€);(a,be);e: Aja: Byje: Che: A i
(¢,brd);(a,bre);e: Aja:B;e:Cid: T Hd: A
(¢,b>d);(a,bre);e: A;a:Bje: CHd: T = A

(a,bp€);e: Aja:BFbO: C— (T = A)

(a,bre);e: Asa: Byb: —(C— (T = A)) F
e:Aje: Bx—=(C— (T" — A))

w: TS5w: Ajw: Bx—(C— (T" = A)) +

w: T"NAAN(B*x-(C— (T = A))) F

Fw:=(T*"ANAA(B*x~(C— (T* = A))))

T*L
- R
—+ R
-L

T"L
AL

-
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