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The Consistency and Complexity of

Multiplicative Additive System Virtual

Ross HORNE!

Abstract

This paper investigates the proof theory of multiplicative additive
system virtual (MAV). MAV combines two established proof calculi:
multiplicative additive linear logic (MALL) and basic system virtual
(BV). Due to the presence of the self-dual non-commutative operator
from BV, the calculus MAV is defined in the calculus of structures —
a generalisation of the sequent calculus where inference rules can be
applied in any context. A generalised cut elimination result is proven for
MAV, thereby establishing the consistency of linear implication defined
in the calculus. The cut elimination proof involves a termination
measure based on multisets of multisets of natural numbers to handle
subtle interactions between operators of BV and MAV. Proof search
in MAV is proven to be a PSPACE-complete decision problem. The
study of this calculus is motivated by observations about applications
in computer science to the verification of protocols and to querying.

Keywords: proof theory, deep inference, non-commutative logic

1 Introduction

This paper provides proof theoretic results supporting a line of work that
makes the case for using systems defined in the calculus of structures for
formal verification of protocols. The companion paper [11] makes the case
for an extension of the calculus BV [20] with the additive operators as a
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foundation for finite session types [24, 26] inspired by the Scribble protocol
modelling language [25]. A session type is a specification of the types of
messages exchanged in a protocol along with control flow information about
the order in which messages are sent and received. Session types can be used
for both the static [37, 29] and runtime [28] verification of protocols.
Advantages of using the session types formalised in the calculus of
structures, highlighted in the companion paper [11], include the following:

e Provability in the calculus of structures provides a natural notion of
multi-party compatibility. Given a multi-set of session types, repre-
senting the local behaviour of participants in a protocol, multi-party
compatibility determines whether the participants can work together
to successfully complete a session (without deadlock due to a hanging
receive with no corresponding send for example).

e Provable linear implications define a subtype relation over session types.
The subtype relation allows not only the types of messages exchanged
to be varied but also for the control flow of messages to be compared.
A participant satisfying a super-type is always capable of fulfilling the
role of any participant satisfying any of the corresponding sub-types.

e A new operator is introduced to the field of session types that is dual
to parallel composition. This new operator can be used to model the
parallel synchronisation of separate inputs, for example.

A further, more objective, justification for the use of the calculus of
structures as a foundation for session types is that the formal model is a
logical system in its own right. We provide this logical system with the
technical name multiplicative additive system virtual (MAV). The calculus
is a combination of two established proof calculi basic system virtual® (BV)
and multiplicative additive linear logic (MALL). However, it is not sufficient
to assume that the proposed combination of these two existing proof calculi
preserve the desirable properties of a proof calculus. Nor is it sufficient just
to cite the techniques employed [20, 46, 49, 22, 9] and hope they work. A
thorough check is required. This paper addresses these issues, so that we
can confidently recommend the use of systems based on MAV, such as the
session type system introduced in the companion paper [11].

2The term virtual refers to an alternative intuition from physics where rules can create
and annihilate virtual particle pairs [4].
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This paper answers two important questions about MAV. Firstly, does
MAV really define a logical system? Secondly, is the complexity bound for
proof search reasonable?

The question of whether MAV really defines a logical system is ap-
proached by proof theoretic techniques. Inside MAV there is an internally
derived notion of linear implication. If MAV is a good logical system, then
implication should at least do the basic things that implication is expected
to do. For example, every logical system agrees that if A holds then A
holds, i.e. A implies A. The other property that is expected of any deductive
system since the notion of a syllogism was introduced by Aristotle in Prior
Analytics [35], is that if A implies B and B implies C, then A implies C.
Considering all logical systems in the broadest sense, any other property that
might be expected of implication is challenged by another logical system
where that property of implication does not hold. Thus the presence of a
notion of implication satisfying these two properties highlighted is an indica-
tor of the consistency of a logical system, where deductive reasoning can be
performed using implication. This paper establishes that linear implication
in MAV obeys these most fundamental properties expected of implication.

MAV possesses a self-dual non-commutative operator — an operator, say
“op”, where “A op B” is not necessarily equivalent to “B op A”, and also the
de Morgan dual of “op” is “op” itself. Contrast this with classical conjunction
A, which has classical disjunction V as its De Morgan dual. A motivating
observation for this work is that, in the original paper initiating investigations
into session types [24], both a self-dual non-commutative operator and a pair
of de Morgan dual lattice operators are employed. In that original paper,
the lattice operators were directly inspired [1] by the additives in MALL, and
are used in session types to control choice or branching in protocols.

Due to the presence of a self-dual non-commutative operator, the
consistency of linear implication is investigated in a generalisation of the
sequent calculus, called the calculus of structures [20]. The sequent calculus,
due to Gentzen [16], is a flexible formalism for expressing proof systems
and establishing consistency results, but is constrained to reasoning in a
shallow structure called a sequent. Tiu [50] established that a calculus with
a self-dual non-commutative operator called BV cannot be expressed without
a technique enabled by the calculus of structures, called deep inference. In
deep inference, rules are applied at any depth within a proposition. The
main contribution of this paper is to establish that techniques developed in
the calculus of structures can be adapted to the system MAV.
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The question of the reasonable complexity of proof search is of course
subjective. This paper establishes that proof search is a PSPACE-complete
problem, ... but is that reasonable? To justify whether the complexity bound
is reasonable, applications should be considered. Concerning the problems
associated with verifying protocols in the companion paper [11], a good
protocol is likely to be of a limited size, so a PSPACE-complete verification
tool is reasonable. In the setting of query languages, PSPACE-complete
problems are common, including the combined complexity of Codd-equivalent
languages [51] such as relational algebra. By the combined complexity we
mean the complexity in terms of arbitrary queries and data. However, other
complexity measures, such as query complezity, that reflect the fact that
the data is large compared to a query and either the data or query is likely
to be mostly static, explain why in practice most queries on a database
run efficiently. Therefore, we argue that for the envisioned applications, a
PSPACE-complete complexity bound for proof search is comparable to what
would be expected for an expressive but finite system.

Section 2 provides background material on the sequent calculus and the
logical system multiplicative additive linear logic. The reader comfortable
with linear logic can skip this section. Section 3 introduces the syntax
and semantics of MAV expressed in the calculus of structures. Section 4
provides the proof theoretic devices that establish the consistency of MAV,
via a generalised cut elimination result. Finally, in Section 5, several proof
theoretic results and known complexity results are invoked to establish the
complexity of MAV.

2 Multiplicative Additive Linear Logic

For reference, we introduce the logical system multiplicative additive linear
logic (MALL) expressed in the sequent calculus. MALL is a sub-system of
linear logic. Linear logic was discovered by Girard [17] when investigating
the separation of the roles of duplication and disposal of formulae, called
contraction and weakening, from the role of negation in proof systems for
intuitionistic logic. By removing the powerful exponential operators that
control the use of contraction and weakening from propositional linear logic,
we obtain a well behaved logical system with two pairs of conjunction and
disjunction operators — the multiplicatives and the additives.

The semantics of MALL can be expressed in a proof calculus called the
sequent calculus. The sequent calculus involves two levels of syntax — the
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object level and the meta level. The object level concerns the propositions
themselves, while the meta level concerns the language for describing proofs.

The meta level sequents. Sequents are meta level constructs that consist
of a bag of propositions separated by commas. Another name for a bag
is a commutative monoid which is a structure satisfying associativity and
commutativity, with a unit. Sequents range over I', A, as defined by the
following grammar, where 1" is any proposition.

Fe=7T|T,T

The following structural congruence (a reflexive, transitive, symmetric re-
lation that holds in any context) over sequents induces the structural rule
exchange, where the exchange rule allows any two formulae inside a sequent
to exchange position. The unit Iis an elegant way of handling empty sequents.
Also, due to associativity, brackets can be omitted in sequents.

(I,A),E=T,(AE) IA=AT r,i=r
r=r ifI’'=Athen A=T fl'=Aand A=F,then'=F

ifI’'=Athen', E=A,F ifI'=Athen E,'=FE,A

Premises and conclusions of rules are considered modulo the structural
congruence over sequents. Three forms of rules are used to define MALL:
axioms with no premise and one conclusion that always holds; and rules
with either one or two premises, where the conclusion holds only if all of the
premises hold. The forms of rules are expressed below.

FD FA IR A
ifIl=l"andA=A"and EFE=F and — then —
- E - E
FI
if T =T"and A = A’ and , then
H F A

1fFEAandEthenE

We are deliberately putting more emphasis than normal on the structural
rule of exchange, since harnessing this structural rule is central to the
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development of non-commutative logic in the forthcoming sections of this
paper. Just removing exchange is insufficient to achieve a consistent non-
commutative logical system. Removing the distinction between the object
level and meta level syntax have been found to be critical [50] for the study of
non-commutative operators in a proof calculus. For ease of comparison with
the following sections a structural congruence style explanation of exchange
is presented, rather than simply stating, as in the presentation by Girard [17],
that exchange permutes all propositions in a sequent.

The object level propositions. Propositions are formed from units,
atoms, negative atoms and binary operators. There is one unit written L.
The grammar for propositions is defined as follows.

Tew=1|al|a|TRQT|T|T|TeT|T&T

The atoms of the calculus are drawn from some set of atomic propositions and
can either be positive a or negative a. The remaining syntactic constructs
can be divided into multiplicative and additive constructs, hence the name
multiplicative additive linear logic. The multiplicatives are the unit I, times
® and par ||. The additives are plus & and with &.

Derived concepts of negation and implication. Notice that in the
syntax of propositions, only atoms are negated or complemented, using an
overline. Negation is extended to all propositions by the following function
that transforms a proposition into the complementary proposition in negation
normal form, where negation applies only to atoms as permitted by the
syntax.

Tol0)=T|U (T0)=Ts0

Q|
Il
Q
-l
Il
—

Tel)=T&T {T&U)=TaT

The above functions state that ® and || are de Morgan dual to each other,
as are @ and &; similarly to the de Morgan duality between and and or in
classical logic. Similarly to classical logic, where classical implication T' = U
is defined as not T or U, linear implication, written V — W, is defined as
V| W.
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Rules for MALL. The propositions of the calculus are characterised by
their deductive rules in Fig. 1.

The rules for multiplicative conjunction, times ®, and additive conjunc-
tion, with &, are equivalent in a classical setting, where the structural rules
of weakening and contraction are permitted. By using the structural rule
of weakening, that allows propositions in a sequent to be forgotten, A ® B
implies A& B would be provable. By using the structural rule of contraction,
that allows propositions in a sequent to be duplicated, A & B implies A ® B
would be provable. However, neither weakening nor contraction are present
in MALL, hence neither of the above two implications hold in general. Hence
multiplicative and additive conjunction are distinguished operators.

The with rule for additive conjunction A & B suggest that both A and
B must hold the same given context. An additive disjunction A & B has
a dual meaning where A or B must hold in the given context. Additive
conjunction and disjunction define greatest lower bounds and least upper
bounds respectively, in the lattice of propositions ordered by implication.

The intuition behind the multiplicative connectives is best understood in
terms of resources and interaction. Both multiplicative conjunction (times ®)
and multiplicative disjunction (par ||) indicate the partitioning of resources.
The difference is that par permits interaction between atoms on either side
of the operator, while times forbids interaction. The interactions are enacted
by the atomic interaction rule where a positive and negative atom may
cancel each other out. The atomic interaction rule has a more general form
than normal that permits any preorder over atoms to be defined, where a
preorder is a reflexive transitive relation. This enables what we will call
subsorting over atoms, that we introduce due to applications of this work to
subtyping [15, 11].

Considering propositions in a sequent as resources, the rules that par-
tition resources are the times rule and the miz rule. The miz rule allows
propositions in a sequent to be partitioned in any way, whereas the times rule
ensures that the partition is chosen such that the two propositions separated
by the multiplicative conjunction remain separate. The presence of the miz
rule simplifies the calculus since there is only one self-dual multiplicative unit
I [17], that we call simply unit. Elsewhere in the literature, presentations of
MALL without the miz rule have two distinct multiplicative units, but most
models of linear logic identify these units [2].
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. Fa<b
— unit atomic interaction
F1 Falb
FT, T FAU T, T, U T FA
times —  par — iz
FO,ATRU FO,T | U FT,A
FT,T FT,U T, T T, U
with ——— left right
FT,T&U FILToU FT,LT®U

Figure 1: The deductive rules of MALL, where I' 21 and A # I in the rule
miz. In atomic interaction, F a < b is a conclusion for any deductive system
defined such that < is a preorder over atoms.

The proof theory. A proof in the sequent calculus is a tree of rules
such that all leaves of the proof tree are axioms. Proofs in MALL enjoy a
cut elimination result, which means that any proof established using the
following cut rule can also be established without the cut rule.

FI,LU FU,A
FT,A

cut

In proof theory, a rule that can be added to a proof system without changing
the propositions that are provable are called admissible. Thus the following
result is a special case of Girard’s cut elimination proof for linear logic [17],
elaborated in several other references [38, 18].

Theorem 1 The cut rule is admissible for MALL. Specifically, if there is a
proof a proposition T using the rules of MALL and cut, then we can construct
a proof of the proposition T using only the rules of MALL.

The proof is constructive since the proof is an algorithm that transforms one
proof into another proof. The cut elimination result can be regarded as a
transitivity property of linear implication in MALL, since a corollary is that:
if T — U and F U — V hold, then - T — V holds.

Several standard properties of MALL will be employed in this work.
Firstly, the following result follows from a straightforward induction and
establishes the reflexivity of implication.
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Proposition 1 For any proposition T, = T, T holds. Consequently, the
following axiom is admissible in MALL.

interaction

T, T

Define a MALL contezt to be a context with one hole { - } constructed
from the following grammar, where ® € {®, ||, ®, &} and T is any proposition
of MALL.

H re={-}Toc{ }|c{ }oT

Note that negation is not part of the syntax of MALL, except over atoms,
so cannot appear in the context. The absence of negation in contexts is
to ensure that contexts preserve the direction of implication. Thereby, the
following proposition follows by straightforward induction.

Proposition 2 If = T — U holds then, for any MALL context C{ }, it
holds that =C{ T } - C{ U }.

We also know that the fragment MALL is decidable, by the following
result due to Lincoln et al. [33].

Theorem 2 The problem of searching for a proof of a proposition in MALL
is PSPACE-complete.

The above result in the original paper by Lincoln et al. was for MALL without
the miz rule or subsorting for atoms. However, neither the inclusion of the
miz rule nor subsorting of atoms affect the proof of the above proposition,
as long as the decision problem for subsorting of atoms is in PSPACE. Thus
MALL is of the same complexity as intuitionistic propositional logic [43],
relational algebra [51], and the canonical PSPACE-complete problem QBF,
hence there exist mutual polynomial time encodings.

In anticipation of results later in the paper, we establish the following
lemma.

Lemma 1 The following propositions hold in MALL, assuming - a < b.
Fl—alb FTRQWU|V)—(ToU)|V

FI—oI&I FT —-TaoU FU —-ToU
FTU)&T V) =T U&V)

F(PoQ)@ (ReS) (PR &Q]S)
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Proof:
proofs hold.
Fa<b
Fal| b
Fr—alb

Assuming F a < b holds in the subsorting system, the following

F1ooFI
FI1&1
FI-—oI&I

By using the interaction axiom and the rules of MALL the following

proofs can be constructed.

U, U FV,V _ _
FT,T FUeV),UV T o
T TeT).TeU).V FT,ToU FU,T®U
FT -ToU FU—-ToU
FT@U|V)—- (TeU) |V
T, T FU,U FT. T FV,V
FT®U,T,U FTQV,T,V
FTeU)s(TeV),T,U FTeU)s(TeV),T,V
FTeoU)e(TeV),T,U&V
FTU)&(T V) —=T[(U&V)

PR (P|R) QIS @IS
FPe(ReS), (PR FQe (ReS).(@Q9)
FPeQ)®(ReS),(P|R) FPeQ) e (ReS),@|S)
FPoQ)®(RaS), (PR & Q] S)
F(PeQ)e(RaeS) | (PIR)&@Q]S)

By Proposition 1, the above proofs also hold in MALL. O

The above lemma can be considered initially to be examples of proofs
in MALL. However, the above lemma will be used in Section 5, where MALL
is used as a reference to establish complexity results.
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3 Introducing the Non-commutative Operator

By introducing a non-commutative operator in MAV, a new proof theoretic
formalism is required, called the calculus of structures [20]. The calculus of
structures enables certain logical systems that can not be expressed in the
sequent calculus [50], to be treated proof theoretically.

A variety of logical systems, including the calculus BV, have been
studied in the calculus of structures. BV is a conservative extension of
multiplicative-only linear logic (with mix) extended with a self-dual non-
commutative operator called seq. In this work, we consider a conservative
extension of multiplicative-additive linear logic (with mix), as introduced in
Section 2, with the self-dual non-commutative operator seq.

When introducing the calculus of structures [20], Guglielmi makes the
following statements as one of his two major aims, further to the aim of a
deeper understanding of the non-commutative logic called pomset logic [39]
— a logic whose semantics is defined using generalised proof nets:

If one wants to extend pomset logic to more expressive logics,
then the sequent calculus usually is a better formalism than proof
nets, because it is more versatile, for example with exponentials
and additives.

Following the above stated aim, the versatility of the calculus of struc-
tures has been demonstrated by expressing the semantics of BV extended
with exponentials, called NEL — a system that enjoys a generalised cut
elimination result [49, 22], and is undecidable [46].

StraBburger [45] provides a proof of a generalised elimination result for
propositional linear logic, including the additives, directly in the calculus
of structures. StraBburger’s work heavily inspires the proof in this paper.
However, the presence of the non-commutative self-dual operator and also a
self-dual unit considerably complicate the proof in this work. This paper
is the first to explicitly and directly address a proof calculus where the
additives and self-dual non-commutative operator seq coexist, in a system
named multiplicative additive system virtual (MAV). MAV is an extension of
basic system virtual (BV) and multiplicative additive linear logic (MALL).

The syntax of MAV. The syntax of MAV is the syntax of MALL extended
with a non-commutative operator called seq. Seq was introduced in the
system BV. The following grammar defines the syntax of propositions in
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MAV.

= 1 unit

| positive atom

| negative atom

| sequential composition (seq)

| parallel composition (par)

| T®T times

| T@®T internal choice or plus

| T &T external choice or with

We clarify the notation to facilitate comparison with related work. We
use the notation || for par where elsewhere the notion % or square brackets
[, -] is used. This is to draw an intuitive connection between par and
parallel composition operators in process calculi that permit interaction and
interleaving. We use overline @ to denote negative atoms, where elsewhere
at is used. This is to drawn an intuitive connection between negated atoms
and output in process calculi. Also we prefer the semi-colon to the operator
< or angular brackets ( - ; - ) due to the ubiquitous use of the semi-colon for
sequential composition. Work by Bruscoli [6] and forthcoming work by the
authors on weak complete distributed simulation put the process calculus
intuition on a precise foundation.
To reduce the number of brackets in propositions we assume an operator

precedence. We assume that the multiplicatives times ®, par || and seq ;
bind more strongly than the additives plus & and with &.

The semantics of MAV. The semantics of MAV is defined by a term
rewriting system modulo an equational theory. The rewrite rules and equa-
tional theory are presented in Fig. 2. As standard for term rewriting, the
(bidirectional) equations can be applied at any point in a derivation, and
the (unidirectional) rules can be applied in any context, where a context
C{ } is any proposition with one hole { - } in which any proposition can be
plugged, as defined by the following grammar where ® € {;, ||, ®, ®, &} and
T is any proposition.

c{ ye={-}Toc{ }f roT
Thus we have the following implicit rule for applying any rule in any context.

C{T}—C{U}onlyif T— U context closure
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We also have the following congruence relation that serves a similar role
to the exchange rule in the sequent calculus. The main differences compared
to sequents is that exchange can occur deep within any context and can be
applied to par, seq and times structures, not only par structures.

Tiov=r|wl|v)y T|U=U|V T|1=T
Tol)eV=TeUeV) ToU=UV TIi=T

(T;U0);V=T;(U;V) 1, T=T T:1=T

Since equivalence is a congruence — a reflexive, transitive, symmetric relation
that holds in any context — we have the following standard assumptions.

T=T ifT=UandU=V,thenT =V

ifT=UthenU =T ifT=UthenC{T }=C{U}

The equational system ensures that (7, ;,1) is a monoid, and both (7 ||,1)
and (T, ®,1) are commutative monoids. To quotient propositions by the
equational theory defined above, the following congruence rule can always
be applied to any rule.

ifV=TandT — U and U =W, then V — W congruence

The term rewriting system in Fig 2 defines the deductive rules of
multiplicative additive system virtual (MAV). We briefly explain the rewrite
rules.

e The atomic interaction rules enable a negative atom and positive atom
to annihilate each other, whenever the negated atom is a subsort of
the positive atom. The only assumptions are: firstly, to preserve
consistency, the subsorting system must define a preorder (a reflexive
transitive relation); secondly, to preserve the time complexity bound,
the complexity of determining whether one atom is a subsort of another
atom must be in PSPACE.

Permitting any preorder as a subsorting relation enables considerable
creativity. For example, in the companion paper for this work [11],
the authors define atoms such that they carry the type of message
exchanged in a protocol. For example, if sorts are regular expression
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&1 — 1 tidy allb—1Tonlyifka<b atomic interaction
(ToU)||V—TeU|V) swich
(T;O) (VW) — (T [|V); (U W) sequence
TeoU —T left TaeU — U right
(T&U)|V—(T| V)& U | V) eaternal

(T;0)& (VW) —(T&V); (U&W) medial

Figure 2: Term rewriting system modulo an equational theory for MAV.

types for XML [27], the subsorting can be induced by a subtype system,
which defines a preorder hence preserves consistency but increases
time complexity since subtyping is EXPTIME-complete. In contrast,
when sorts are any partial order over finite types (without recursive
types) defined by a finite number of subtype inequalities [14], then the
complexity class is also preserved.

e The switch rule captures the essence of the rule for times in linear
logic. The rule focuses a parallel composition on where an interaction
takes place and forbids interaction elsewhere. A similar rule appears
in categorical models of linear logic [12].

e The sequence rule arises in the theory of pomsets [19]. The rules
also appears in concurrent Kleene algebras [23]. The rule strengthens
causal dependencies. If we consider two parallel propositions to be
two threads, then seq introduced a barrier across two parallel threads
where there is a certain point that both threads must have reached
before either thread can proceed.

e The left and right rules represent an internal choice where we, as
the prover or designer of a runtime, have control over the branch
to select. The external rule represents when we the prover cannot
determine which branch will be selected; hence must analyse both
possibilities as independent branches of the proof in parallel. The tidy
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rule simply acknowledges when two branches in an external choice
have both completed successfully.

We assume that following restrictions, to avoid rules that can be applied
infinitely. The most subtle case below is for the medial rule, which will be
explained when required in the proofs.

e The switch rule is such that T ZTand V # 1
e The sequence rule is such that T"# 1T and W # 1.
e The erternal rule is such that V # 1.

e The medial rule is such that: either P Z1 or R # I, and also either
QFTor S#1L

Since rules can only be applied finitely, proof search is finite. Thereby, MAV
defines an analytic proof system, which is a system that behaves well for proof
search. The exact definition of an analytic proof system varies depending on
the proof calculus, but hinges on the rules being finitely generating. For a
discussion on analytic proof systems in the calculus of structures see [7].
We extend the complementation operator, overline, to all propositions
using the following function that transforms a proposition into its comple-
mentary proposition. The only new case compared to the complementation
operator for MALL in Section 2 is for the non-commutative operator seq.

G=a 1=1 @{Te0)=T|U @T[0)=TeU

P;Q=P;Q (ToU)=T&U (T&U)=TaU

The above function transforms any proposition into a proposition in negation
normal form, where complementation applies only to atoms, as permitted
by the syntax of propositions. We deliberately do not include complemen-
tation for arbitrary propositions in the syntax for propositions, since the
contravariant nature of complementation complicates the rewriting system
without any gain in expressive power [20].

Proofs in MAV. In the calculus of structures a proof is a special derivation
that reduces to the unit, where the unit represents a successfully completed
proof. As a slight abuse of notation, — denotes its own reflexive and
transitive closure.



16 Ross Horne

Definition 1 A derivation T — U of length 0, holds only if T = U. Given
a derivation P — @ of length n and a rule instance Q@ — R, P — R s
a derivation of length n + 1.

If for any derivation T — 1 holds according to the term rewriting
system of MAV, then we write =T, and say that T is provable.

As with MALL, complementation is used to define linear implication in
MAV, where T —o U is defined as T || U. Since linear implication involves
complementation, linear implication is not part of the syntax of propositions
but is a derived concept. The consistency of MAV can be seen as establishing
that the relation defined by all provable linear implications is a preorder, i.e.
a reflexive transitive closed relation.

Reflexivity. Reflexivity of linear implication can be established straight-
forwardly. Since T —o T is defined as T || T, the following proposition is
simply a reflexivity property of linear implication in MAV.

Proposition 3 (Reflexivity) For any proposition T, =T || T holds.

Proof: The proof proceeds by induction on the structure of 7T'.

The base cases for any atom a follows immediately from the atomic
interaction rule. Since subsorting over atoms is reflexive, - @ || a. The base
case for the unit is immediate by definition of a proof.

For the induction hypothesis assume that = T || T and - U || U.
Thereby, the following cases hold.

Consider when the root connective in the proposition is the times
operator. The following proof holds, by switch and the induction hypothesis.

(ToU)|(TeU)= T|U|(TeU)— (T|T)2U]|U)—T1

The case when the root connective is the par operator is symmetric to the
above.

Consider when the root connective in the proposition is the seq operator.
The following proof holds, by the sequence rule and the induction hypothesis.

(T;0) | (T;U)= (T;0) | (T;U)— (T|IT); (T|U) —1

Consider when the root connective in the proposition is &, the external
choice operator. By induction, external, left, right, and tidy, the following
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proof holds.

(T&U) | ( T&U = (TaU)|(T&U)
— (Tel)|T&(TeaU)|U
— T|T&U|U
— I&T— 1

The case for when internal choice, &, is the root connective is symmetric to
the case for external choice.

This completes the case analysis. Therefore, by induction on the size of
the negated proposition, the proposition holds. O

Cut elimination. The main result of this paper is the key result required
to establish that linear implication is a transitive relation. The following
result is a generalisation of a consistency result called cut elimination that
appears commonly in proof theory.

Theorem 3 (Cut elimination) For any proposition T, if C{ T®T },
then = C{ 1 }.

The above theorem can be stated alternatively by supposing that there is a
proof in MAV that also uses the extra rule:

1—T®T (co-interact)

Given such a proof, a new proof can be constructed that uses only the rules
of MAV. In this case, we say that the rule co-interact is admissible.

The proof of Theorem 3 involves a technique known as splitting in-
troduced in [20]. The following section proves the necessary lemmata to
establish the above theorem.

Before proceeding with lemmata, we provide a corollary that demon-
strates that a consequence of cut elimination is indeed that linear implication
defines a preorder. A stronger statement is proven: since implication is
preserved in any context, it is a precongruence.

Corollary 1 Linear implication is a precongruence — a reflexive transitive
relation that holds in any context.

Proof:  For reflexivity, 7' —o T holds immediately by Proposition 3.
For transitivity, suppose that T'—o U and U —o V hold. Thereby the
following proof can be constructed.

T (UeU)||V)—=T|U)e{U]|V)—1
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Hence, by Theorem 3, =T || V as required.
For contextual closure, assume that T — U holds. By Proposition 3,
and switch we can construct the following proof.

{Ti|c{(TeT)||U} —c{T}|c{Ta(T|U)}
—C{T}|C{T}—1

Hence by Theorem 3, - C{ T } || C{ U } as required. O

Disussion on the medial rule. Most rules of the calculus are either
lifted directly from BV or directly from a system for MALL in the calculus
of structures, such as LS [44]. The exception is the medial rule.

(P;Q&(R;S) — (P&R); (Q&S) medial

To consider a situation where this medial rule is necessary consider the
following example propositions, with atoms a to j.

QE (a;(b;c&d;e)) | (f;(G:h&isy))
RZ (a;(b®d);(cde)®(f;(gai); (ha)))
SE ((a;(bad)®(f;(g®i); (che) @ (hdj))

Now notice that, without the medial rule the following implications are
provable: - Q — R and - R — S. Therefore, for a system satisfying cut
elimination and hence with a transitive implication, we would expect that
F @Q —o S holds. However, if we exclude the medial rule from MAV then
F @Q —o S does not hold.

If we include the medial rules in MAV, then we can establish the
following proof of - @ — S, where firstly the medial rule is applied twice
inside @), secondly the sequence rule is applied twice, and finally reflexivity
of implication is applied twice.

QIS— (E;(E&E) (c&e)) I 7,(( &) (h&])))
| (((a;(b@d)@(f;(gDi); (cde)®(hd])))

— ((@; (b&d)) | (f: (&) |l ((a; @ d) @ (f3(991))
(€&e) || (h&j) | (c@e)® (he )

s 1

Thus the medial rule is sufficient to achieve transitivity of implication in
this case. The fact that it is sufficient in all cases is of course established by
the main cut elimination result of this paper.
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4 Splitting, Context Reduction and Elimination

Proofs of generalised cut elimination results in the calculus of structures can
be achieved through several means. Several approaches were investigated in
obtaining the current proofs presented. Before proceeding further we briefly
explain why the current approach has been adopted.

For classical propositional logic, a graphical normalisation approach,
called atomic flows [21], has been developed. Atomic flows are graphs that
track the contraction and interaction of atoms in proofs. Unfortunately,
atomic flows have not yet been successfully adapted to logics based on linear
logic, such as MALL. This is likely to be because current work on atomic
flows relies on an interplay between interaction and contraction that cannot
be exploited when, as in linear logic, contraction applies only to the additives
while interaction applies only to the multiplicatives. However, we suspect
that further insight into cut elimination can be gleaned from adapting atomic
flows. The hint that such an approach may be possible is that the medial
rule that mysteriously appears in MAV, arises naturally when contraction is
reduced to an atomic form [44].

Another approach, used for the non-commutative exponential system
NEL [49] is to apply a technique called decomposition that decomposes a
proof into normal forms where rules are applied in a certain order. The
decomposition result for NEL is complex. The proof requires a vast case
analysis and a complex termination measure. Part of the difficulty with
decomposition is that it is related to results in proof theory that are known
to be difficult, such as interpolation [36]. Thus proving a decomposition
result in order to prove cut elimination is likely to be tackling a harder result
than necessary.

Thus our approach proceeds by proving the splitting lemma more
directly [22], without a decomposition result. However, the decomposition
technique influences the approach in this work, since the splitting proof
handles operators in a specific order — firstly the with operator is treated,
secondly the multiplicatives are treated simultaneously, finally the plus
operator and atoms are handled. This suggests that there is probably also a
proof using the decomposition technique.

The main challenge in this section is devising a termination measure
that handles a key case where the associativity of seq and the one-way
distributivity of with over seq interact badly.
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4.1 Branching and Splitting

The reason that proofs in MAV are more complex than BV, which is NP-
complete [30], is the presence of the with operator &. The presence of with
operators can result in an exponential number of independent branches
to fully explore during proof search. However, in MALL, each independent
branch of a proof is polynomial in the size of the syntax tree of the proposition
proven. This is the basis of the argument that MALL is in PSPACE, as
expressed in Theorem 2. A similar argument applies to the system MAV, as
applied in Section 5.

The trick to control the complexity of normalisation is to hide indepen-
dent branches of a proof. To illustrate the technique, we provide an example
of a derivation before proving the lemma in general. Consider the following
annotated derivation, assuming the following subsorting over atoms: F a < c,
Fb<c,Fa<d Fb<d.

(a&D) || (c& (d@e)

L A

In the above derivation, one of the with operators is highlighted in bold &
and the term to the right of the operator is underscored. This indicates
that we aim to hide the right branch of that operator, leaving only the
part of the proposition not underlined, as performed by a function ¢ over
propositions. The function ¢ is defined as follows, where ® € {;, ||, ®, ®, &}
is any (non-bold) binary connective and k € {a,a,1} is any atom or constant
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proposition.
L(T&U)=T C(ToU)=0T)oLU) k) =k

By applying the function ¢ to the propositions at each step in the above
proof and by removing steps that become redundant, we obtain the following
valid proof.
al (c&(dde)) — al (c&d)
— (@&l d
— L& (a| d)
— I1&I—1

Notice in the example derivation above that there are two with operators
initially, indicated by & and &, where we do not want to delete the right
branch of the later. Also notice that, in the course of a derivation the
bold external choice or with is duplicated by the external rule acting over a
non-bold with operator, hence there may be multiple bold occurrences of
with in a proposition.

By generalising the above observations, the following lemma is obtained.
The lemma states that we can split a proof involving the with operator &
into two proofs.

Lemma 2 (Branching) Ift-C{ T & U } then both=C{ T } andt-C{ U }.

Proof: The proof works by constructing two proofs such that the respective
left and right formula of the with connective are removed. To do so, we
remove deductive rules that either involve the with connective concerned, or
appear inside the branch to be removed. We provide only the case where
the left branch is selected, the other case is symmetric.

The induction hypothesis is that if 7" has a proof of length n, then we
can construct a proof of ¢(T"). The base case is when ¢(T") = T (e.g. when
T =1), in which case we are done. The inductive cases are listed below.

Consider when the bottommost rule of a proof involves a bold with as
follows:

C{T&D{U}} —C{T&D{V})

where C{ T & D{ V' } } has a proof of length n. Hence, by the induction hy-
pothesis, - £ (C{ T & D{ V } }) holds. Furthermore, ¢ (C{ T & D{ V } }) =
C(C{T&D{U}}). Hence ¢ (C{ T & D{ U } }) holds, as required.
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Consider when the bottommost rule of a proof involves a bold with as
follows:
HT&U)V—C{(T[V)&U|V)}

where C{ (T'|| V)& (U || V) } has a proof of length n. By the induc-
tion hypothesis, = ¢(C{ (T'|| V) & (U || V) }) holds. Furthermore, it is
clear that ((C{ (T | V)& (U ||V)}) = £(C{ (T'&U) ||V }). Thereby
FL(C{ (T & U) || V }) holds, as required.

Consider when the bottommost rule of a proof involves a bold with
operator as follows:

HT;0) &V W)} —C{(T&V); (U&W) }

where C{ (T'& V') ; (U & W) } has a proof of length n. By the induction
hypothesis, - £ (C{ (T'& V) ; (U & W) }) holds. Furthermore, it is clear
that ((C{ (T &V);(U& W) }) = L(C{(T;U)& (V ;W) }). Thereby
FO(C{ (T;U)& (V ;W) }) holds, as required.

Consider the case where C{ 1& 1 } — C{ I }, where - C{ I } has a proof
of length n. By the induction hypothesis, - ¢ (F C{ T }) holds. Furthermore
0(C{1&1})=1¢(C{1}); hence - ¢ (C{1&1}) as required.

In all other cases, C{ T } — C{ U }, by any rule, such that C{ T }
has a proof of length n and also ¢(C{ T }) # ¢(C{ U }). By induction,
F(C{ U }) holds. Therefore, by applying the same rule, we can obtain a

proof of £ (U).

All cases are exhausted, thereby if - 7" holds then - ¢(T') for any length
of proof. Whence, by assuming that C{ T'& U } holds, we can construct
aproof of £ (C{T & U }) =C{ T }. A symmetric argument using a right
projection on the bold with operator constructs a proof of C{ U }. O

Killing contexts. To handle branching caused by the with operator,
all independent branches of a proof must be tracked until they are all
completed. To track independent branches of a proof search, similarly to
StraBBburger [45, 9], we require the following notion of a killing context.

Definition 2 An n-ary killing context T{ } is a context with n holes such
that:

o ifn =1, then T{ } = { - } where { - } is a hole into which any
proposition can be plugged;
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e ifm >1andn > 1, then if T°{ } is a m-ary killing context and
T } is an n-ary killing context, then T°{ Y&T{ }is a (m+n)-ary
killing context.

Killing contexts have several nice properties. Firstly, if you fill all holes
with the unit, then the resulting proposition is provable. Secondly, killing
contexts distribute over parallel composition, as expressed in the following
lemma.

Lemma 3 For any killing context T{ }, - T{1,...,1} and the following
derivation holds.

TH T{ Ul,UQ,Un}—>T{TH Ul,TH UQ,T” Un}

Proof: The proofs follow by straightforward inductions over the structure
of a killing context.

There are two base cases. When the killing context is the top only
T|| T— Tand T — I, as required. When the killing context is one hole
only T [|{U }={T| U }and {1} =1, as required. Now assume that by
the induction hypothesis the following hold for killing contexts 7*{ } and
T2{ },and also - TH{1,...;1 }and - 7T2{1,...,1}.

T|THU,...., U} —TYHT|UL,....,T || Up}
TH7-2{ Um—l—l;--';Um—i-n} Hﬂ{T” Um+17"’7TH Um+n}

Hence, by distributivity the following derivation can be constructed.

T” (Tl{ Ul""’Um}&TQ{ Um+17"->Um+n })
— T THUL, ..., Un Y&T | T Upst, -, Upgn }
— TYHT|U,..., T | Un }&THT || Unst,-- s T || Unin }

Furthermore, 71{1,..., 1} & 72{1,...,1} — 1&1 — 1 holds. a

For readability of large formulae involving an n-ary killing context,
T{ } and family of n propositions Uy, Us, ..., Uy, we introduce the shortcut
notion. 7{ U;: 1 <i <n } is a shortcut for 7{ Uy, Us,...,U, }. In special
cases, we also use the notation 7{ U;: i € I } where I is a finite subset of
natural numbers indexing U;.

The following lemma is used for the most troublesome case in the
splitting lemma. It is critical for coping with the sequential operator in
the precence of the additives — the only case of the splitting lemma that
demands the medial rule. The case analysis considers carefully the restiction
on the medial rule, by using the obseration that (P ;1)&(Q ;1) = (P & Q) ;1
and hence the medial rule is not required in such cases.
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Lemma 4 Assume that I is a finite subset of natural numbers, P; and Q;
are propositions, fori € I, and T{ } is an n-ary killing context. There exist
killing contexts T°{ } and T'{ } and sets of natural numbers J C I and
K C I such that the following derivation holds.

T{P;Qi:icl}—TYP:jeJ};THQr: ke K}

Proof: Proceed by induction on the structure of the killing context.
For the base, case consider the killing context consisting of one hole, hence
{P;Q}={P};{Q}, as required.

Now consider the case for a (m + n)-ary killing context defined as
follows.

THP;Qi:icl}&THP;Qiicl}

There are three cases to consider. If P, = 1, for all i € Iy U I, then the
following equivalence holds.

TH{P;Qi:icl }&TH P Qiicl}
=1;7Y Qi€ }&THQiieh }

Similarly, if Q); =1 for all ¢ € Iy U I, then the following equivalence holds.

TUP;Qiicl }&TH P;Qiich }
ETO{BiiEIQ}&Tl{PiIiEIl};I

Otherwise, by induction we have the following derivations where Jy C Iy,
Ko Cly, J1 €L and Ky C 1.

THP:Qiicl} —To{Pirjedo} s T Qe ke Ko}
THP;Qi:iceh}y—THP:jed}; T Qr kekK )}
Hence by the medial rule the following derivation can be constructed as

required, since either TO{ Pj:j € Jo } Zlor Tg{ P;: j € J; } #1 and also
cither T{ Q: k€ Ko } #lor TN Q: k€ Ky } #1

THAP;Qiicl }&THP;Qiicl}
— (T{ Pj:jedo }sTH{ Qrike Ko })&
(To{ Pj:je i }s T Qr: ke K1 })
— (TH{ Pisj € }&TH{ Pirjei});
(ﬁ{@k:kGKo}&ﬂl{Qk:kEKl })

Notice that 7T2{ } & TgH{ } and T°{ } & Ti{{ } are two killing contexts
and JoU Jy C Ip U} and KgU Ky C Iy U I as required. O
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The size of a proof. As an induction measure in the splitting lemma, we
will require a measure of the size of a proof. To define the size of a proof we
require the following definition of the size of a proposition. The size of the
proposition is defined using multisets of multisets of natural numbers with
a particular ordering. Multiset orderings are an established technique for
proving the termination of procedures [13].

The multiset of multisets employed here is more complex than the
multiset ordering for LS [46] (a formulation of MALL in the calculus of
structures), due to subtle interaction problems between the unit, seq and
with operators. In particular, applying the structural rules1; P=P =P ;1
and the medial gives rise to the following rewrite.

KP&QI={(P;N&(;Q) } =C{(P&D);(1&Q)}

In the above derivation, the units cannot in general be removed from the
proposition on the right hand side; hence extra care should be taken that
these units do not increase the size of the proposition. This observation
leads us to the notion of multisets of multisets of natural numbers defined
below.

A multiset of natural numbers is a set of natural numbers where numbers
may occur more than once. To define the multiset ordering, we require the
standard multiset (disjoint) union operator U and a multiset sum operator
defined such that M + N ={m+n: m € M and n € N}.

We also define the following two operators over multisets of multisets
of natural numbers. If M and A are multisets of multisets, then we define
pointwise plus and pointwise union as follows.

MBN ={M+N,M € M and N € N'}
MUN={MUN,M € M and N € N'}

The following function defines the multiset of multisets representing the
size of a proposition.

1 = {{0}} lal = [al = {{1}}

Pl Ql=|PIB|Q| P&Q|=|P®Q|=|PlU|Q|
| P| ifQ=1
PRQ|=|P;Ql=1 |Q| ifP=1

|P|U|Q| otherwise
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Over multisets of natural numbers, we define a multiset ordering M < N
defined if and only if there exists an injective multiset function f: M — N
such that, for all m € M, m < f(m). Strict multiset ordering M < N is
defined such that M < N but M # N.

We now define a different multiset order over multisets of multisets of
natural numbers. Given two multisets of multisets M and N, M T N holds
if and only if M can be obtained from A by repeatedly removing at least
one multiset N from N and replacing N with zero or more multisets M;
such that M; < N. M C N is defined when M C N or M = N.

Most of the following properties, required in proofs, are standard for mul-
tisets. The properties concerning multisets of multisets of natural numbers
are treated more carefully.

Lemma 5 The following properties hold for multisets of natural numbers
K, M and N and multisets of multisets of natural numbers K, M and N .

M+N=N+M (K+M)+N=K+(M+N)
MUN=NUM (KUM)UN=KU(MUN)
K+ (MUN)=(K+M)U (K +N)
M+{0}=M M<MUN M<M+{1} {0}<M
if {{0}} © M and {{0}} C N then MUN C MBN
KUMUN) = (KUM)U(KUN)
KB(MUN) = (KBM)U(KBN)

KBMUN) = (KBM)UKBN)
Furthermore, < and C are a precongruences.

Proof: Most properties are standard for multisets. We provide only
proofs for the final four properties, which involve interactions between the
two distinct multiset orderings.

Firstly, assume that {{0}} C M and {{0}} C V. Hence either {{1}} C
M or {{0,0}} C M and also either {{1}} T N or {{0,0}} C N. For any
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M € M and N € N, we have that
MeMUN and Ne MUN

and also
M+NeMBN

Now, there are four cases to consider. If {0,0} < M then N < NUN =
{0,0} + N < M + N; and similarly if {0,0} < N then M < M + N.
If {1} < M then N < {1} + N < M + N; and similarly if {1} < N
then M < M 4+ N. In all cases M < M + N and N < M + N. Hence
MUNC MBN.

Secondly, consider every M € M, N € N/, K € K, in which case the
following hold.

MUKe MUK)UWNUK) and NUK € MUK)U (N UK)
and also
MUKe MUN)UKand NUK € ( MUN)UK

Hence  MUK)UWNULK)=MUN)UK.

Thirdly, consider distributivity of H over LI. In this case the following
resoning holds, as required.

MBEK)UWNBK)= {M+K)U(N+K): M e M,NeN,K €K}
= {(MUN)+K:MeM,NeN,KeK}
= (MUN)BK

Fourthly, consider when M € M, N € N/ and K € K. In this case the
following holds
M+KeKBMUN) and N+ K e CB(MUN)
and also
M+Ke(KBM)UKBN) and N+ K € (KBM)U (KBAN)

Therefore CH (M UN) = (KBM)U (KBN). ]
The key property of multisets is the distributivity of 4+ over U, from
which we can establish (P & Q) || R| = |(P || R) & (Q || R)|. Thus, although
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the abstract syntax tree grows when the external rule is applied, the multiset
defined size of the proposition remains bounded by the size of the conclusion.
The following four lemmas formalise the property of rewrite rules that
rewriting reduces the size of the proposition, where Lemma 7 and Lemma 8
emphasise the strict multiset inequality in these cases.

Lemma 6 If P = Q then |P| = |Q)|.

Proof:  Consider the cases for the unit hold by the following reasoning,
using Lemma 5.
[P [ 1] = |P[B{{0}} = |P|

1 Pl=[P;1 = [P&1 = |P|

For commutativity the following arguments hold for par and times
respectively.

P Ql=[PIBIQ|

{M+N:Me|P|,Nec|Q[}
= {N+M:Mel|P|,Ne|Q}=|Q&B|P|=|P]Q

[PoQ[=I|PlU|Q[=[QIU|P|=[Q® P

Associativity properties hold by extending associativity of multisets to
multisets of multisets.

(Pl Q) R

(1P| B|Q) B[R]

{M+N)+K: Me€|P|,Ne€|Q|,K € |R|}
= {M+(N+K): M€|P|,N€|Q|,K € |R|}
|IPIB(IQIBIR|) =P | (Q R)

If any one of P =1, Q =1 or R =1hold, then |(P; Q) ; R| =|P; (Q; R)|
by definition. If P Z T and @ # T and R # I, then the following equalities
hold.

(P Q); Rl = (IPIUIQ)UIR| = [PIU(IQIUIR]) = [P; (Q; R)|

The same associativity argument works for the times operator. O

Lemma 7 Assuming that P Z 1 and R # 1, the following strict multiset
inequality holds.

C{Pe@[R)Cic{(PeQ) | R}
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Proof: If @ # 1, then, since R # T we have {{0}} C |R| and hence
|P| = |P|E{{0}} C |P|B|R|; and therefore the following holds by Lemma 5.

[P (@[ R)= |PIU(QBIR])
(IPIBR[)U(IQB[R])

(IPIUIQDBIR|=[(P®Q) | R|

i

If @ =1 then, since {{0}} C |P| and {{0}} C |R|, the following holds by
Lemma 5 and Lemma 6.

[P@ (| R)|=[PIUIR C|PIBR|=|(P o) | R|
a

Lemma 8 Assuming that QQ Z 1 and R # 1 the following strict multiset
inequality holds.

L (PR (@IS et (P;Q) |[(R;9) )
Proof: If Q #Tand R #1, then the following holds by Lemma 5.

(P R): (@I S)= (PIBIR)U(QIBIS])

(IPIE[R)U(QIBIS)U(IPIES|) U (Q|B|R])
(IPlUlQN B (IRIU|S]) = [(P; Q) B (R 5)]

o

If @ =Tand R #1, then, since {{0}} C |R|, and hence |S| = |S|E{{0}} C
|S| B |R|, therefore by Lemma 5 and Lemma 6 the following strict inequality
holds.

(P R); (]| S)l = (|P|B[R|)UIS]|
C ([PIB[R]) U (|S[8 [R])
C

[PIB(RIUIS]) =[(P;)HE(R]S)]
A symmetric argument holds when Q) Z1 and R = 1.
If @ =1and R =1, then {{0}} = |P| and {{0}} C |S|; hence the

following strict inequality holds by Lemma 5 and Lemma 6.

[P0 @S =IPIUlS|C[PIBS]=[(P;1) | (1;95)]

Lemma 9 If P — Q, then |Q| C |P].
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Proof: The proof proceeds by induction on the number of rules in a
derivation. The base case holds, by Lemma 6.

Consider the case for the switch rule, in a derivation of the following
form, where P #1and R # L.
S—=C{(PeQ) R} —C{P2(QIR)}
By Lemma 7, |C{ P® (Q || R) }| C [C{ (P® Q) || R }| and, by induction,
IC{ (P®Q) [l R }| E [S]; therefore [C{ P& (Q || R) }| E |5].
Consider the case for the sequence rule, for a derivation of the following
form, where P 1 and @ # 1.
T —C{(P;Q)[[(R;9)}—C{(PIR);@QIS)}

By Lemma 8, [C{ (P || R); (Q || S) }H T |C{ (P;Q) | (R;S) }| and, by in-
duction, [C{ (P; @) || (B; S) }| E |S|; therefore |C{ (P || R); (Q || S) }| E
|S], as required.

Consider the case for the medial rule, for a derivation of the following
form, where either P Z 1 or R # I and also either Q ZT or S # L.

T—C{(P;Q&(R;S)}—C{(P&R);(Q&S)}
For when all of P, (), R and S are not equivalent to the unit.

(P& R); (Q&S)| = (IPIUIR)U(QIUIS])

(IPTUlR) U (jQIUIS]) L ([PIUS) U (jQ| U |R)
(IPTUlQD U(IR[ULS]) = [(P; Q) & (R ;5]

i

For when exactly one of P, Q, R and S is equivalent to the unit, all cases
are symmetric. Without loss of generality suppose that S =1 (and possibly
also @ =1). By Lemma 5 and Lemma 6 the following holds.

(IPUIR) U (|QIU{{0}})
(IPUlR) U QU |R])
(IPIUIQD VIR = |(P; Q) & (R ;1)

(P& R); (Q&T)|

[

There is one more form of case to consider for the medial: either P # I,
Q=1L,R=Tand S#ZLor P=1,Q #1, R#1and S =1 We consider
only the former case. The later case, can be treated symmetrically. Since
P#1and S #1, {{0}} C |P| and {{0}} C |S|. Therefore, |P|L {{0}} C
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|P| U |S| and |Q| U {{0}} C |P|U |S|. Hence, we have established that
(1P| U{{0}}) U (1QI L {{0}}) C |PIU|S].

Note that the restriction on the medial rule either P ZT or R # 1 and
also either Q £ 1 or S # 1 excludes any further cases. Hence we have estab-
lished that C{ (P& R); (Q & S) } CC{ (P; Q)& (R;S) } and since, by in-
ductionC{ (P; Q)& (R;S) } C |T|wehavethat C{ (P& R); (Q& S) } C
|T| as required.

Consider the case for the external rule, in which case we have a derivation
of the following form, where R # 1.

S—=C{(PLQ)| R} —C{(PR)&(QIR)}
Now, by Lemma 5 we know that the following multiset equality holds.

(P&Q) | Rl= (IPIUIQ)BR
= (PIBR)U(QIBR) =|(P | R)&(Q | R

Hence, |C{ (P || R)& (Q || R) }| = |C{ (P& Q) || R }| and also, by induc-
tion, [C{ (P& Q) [| R }| E [S], hence [C{ (P || R) & (Q || R) }| E |5] as
required.

The cases for the rules tidy, left, right, atomic interact are relatively
straightforward to establish by using Lemma 5, since the following multiset
inequalities hold.

C &t fcla&ka [PICPOQ [QC|PaC]

Hence the lemma holds by induction on the length of the derivation. O

We now define the size of a proof = P using a pair consisting of the
size of the proposition, |P|, and the number of rules applied in the proof
of the proposition. The pairs representing the size of a proof are ordered
lexicographically.

Definition 3 Consider a proof of proposition P that applies m rule in-
stances. The size of this proof is given by the pair (|P|,m). Suppose that
the size of a proof of Q is (|Q],n) then we say that (|P|,m) < (|Q|,n) if
and only if |P| T |Q| or |P| =|Q| and m < n.

Termination Lemmas. The following notable lemma, will be used to
deal with a troublesome case concerning the interaction between associativity
of seq and partial distributivity of the additives. For now, consider Lemma 10
as a substantial example of applying the above lemmata for multisets.
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Lemma 10 Assume that Ty £ 1, Ts £ 1 and, either U 1 or V £ 1, and
the following derivations hold.

W—)T{P17Q11§Z§n}

There are two symmetric cases to consider. For the first case, also assume
that the following derivation holds for every i.

VIQ — T{ R ;Si:1<j<m;}
In this case, the following two strict multiset inequalities hold.
@) | (W1 Py T R 1< g <mi }))
Cl(To;Tas o) | (U V) | W

To | TH{S:1<j<m }|C|(To; T To) | (U V)| W)

For the second case, symmetric to the above. Instead assume that the
following derivation holds for every .

UllP— T{ R;;S:1<j<m; }
In this second case, the following two strict multiset inequalities hold.
T ) (T s < <me }s @l V)))|
Cl(To;Tas o) | (U5 V) | W]

To | T{ Ri:1<j<m; }|C|(To; T To) || (U;V) || W]

Proof: Consider the case when U #Z 1T and V' # 1. By definition, the size of
the proposition on the left is as follows.

ME(Ty; Ty o) || (U V) (| W] = (1To s Th| U TR B U 5 VIS [W]

Since W — T{ P;; Q;: 1 <i <n }, by Lemma 9, the following inequality
holds.

Pl | 1P Qi =IT{R;Q:1<i<n}C[W|

1<i<n
Hence, since C is a precongruence the following inequality holds.

(ITo; UL B|U; VI8P ; Qil EM
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Now since V' || Q; — 7"{ R;- ; S;: 1<j5<my }, by Lemma 9, the follow-
ing inequality holds.
IT{ Ry; Si:1<j<m }|CTIV|Qi
Hence the following multiset inequalities hold.
U [BlciviglQl ad ) [S]CVIBQ
1<j<m; 1<j<m;

We can therefore establishes the following strict multiset inequality, by
Lemma 5.

‘TQ |7 st 1< <m H
T2 B |V] 8 [Q
(ITo; | U|T) B |U ; VIB|P;; Qi| EM

M1

For the other strict multiset inequality, observe that the following strict
multiset inequality holds.

([To; W) BIU; VIB|F; Qi & M
Hence it is sufficient to establish that the following multiset inequality holds.
(To ;) | (U | P) s T Ri:1<j<m; })| E(|To; TW)B|U ; VIEBIP; ; Qi
To establish this consider three cases:
e when U ZTand V #1;
e when U =Tand V #1;
e when U #land V =1L

At this point, consider when U # 1 and V' # 1. By repeatedly applying
distributivity of B over U and since |P| C |P; Q| and |Q| C |P; Q|, by
Lemma 5, the following holds.

To; Tl B (UTU V) BP; ;5 Qi

= |To; Ti|B((|UIB P ; Qi) U (VB P 5 Qil))
3 [To; 1 B((UI BB U (VI BIQi)



34 Ross Horne

Since C is a precongruence the following multiset inequality is established,
as required.

‘(TOQTI)H ((UHPz')STi{Rz':lngmi})‘
= |Ty; @ | (UIBIRHU | |RY

1<j<my

To; T B (U8 [F]) U (VI8 [Qi]))

M

At this point, consider when U =T and V # I, for which we must
consider three sub-cases:

e when P, #Z1and Q; Z;
e when P, =1,
e when P, #1and Q; =1L

If P, 21 and Q; # I then by Lemma 5 the following multiset inequality
holds, as required.

To ; Th| B V8 (|75 U [Qsl)
= |To; | B((VIBI[R) U (VIB|Q:])
J |To; Ta| B (P U (VB Qi)
2 Ty @ (|RIU|T R 1<j <m })

’(To;Tl) | (T { B 1< <m }))

If P; = 1 then by Lemma 5 the following multiset inequality holds, as required.
To s 1| B [V] 8B |Qi
2 T T BT RSt 1< g <m
= @) | T{ R 1< <mi ||

If Qi =Tand P; #1, hence |P;|U|V| C |P;|B8|V| by Lemma 5, the following
multiset inequality holds, as required.

To s Th| B [P 8 V]
3 |To; B (RIUV])
3 Ty Th| @ (|P¢|U"T’{ Ri:1<j<m }()

= |@sm) | (P T R 1< <m })]
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This completes all sub-cases for when U =T and V # 1.

In the third and final case consider when U Z I and V = 1. In this case,
there are three sub-cases to consider.

e when P; #1and Q; #;

owhenPZ-EIandTi{ R;-:lgjgmi};él;
owhenTi{ Ré:lgjgmi}zI;

Consider the sub-case where P; Z1 and @Q; #Z I, in which case the following
multiset inequality holds, as required.

(@) | (W IRy T Ris1 <5 <my })]
= ITy; 118 ((U|8|R) U ‘T{ Ri:1<j<m }D
To s T B ((|U| 8 |F5]) U [Qq])
To s T| B ((|U 8 |F]) U (JU| B Qi)
To ; Ta| B|U| B (|5 U Qi)

[ Irm

Consider the sub-case where Ti{ R;'»: 1<j<m } #1and P, =1. Hence

U U Ti{ Ri:1<j<m, }‘ C yU\aa]Ti{ Ri:1<j<m }
since also U # 1. Thereby the following multiset inequality holds, as required.

, by Lemma 5

’(TOQTl) | (USTi{ Rj:1<js<m })‘
ool @8 (JUIU [T Ris1 <5 <mi })
T Tl (U8 |7 Ris1<j<m }|)

To ; Th| B (|U| B Qi)
7o ; 11| B |U| B Q]

(1 1m

Consider the sub-case where Ti{ R;: 1<5<m; } =1, in which case the

following multiset inequality holds since |P;| T |P; ; Q;| by Lemma 5, as
required.

|(To; Th) | U || B
= |To; Th| B |U| B |
C Ty TIBUIBIR;Q
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This completes the sub-case analysis of the case when U ZT and V =1
Thereby all cases have been considered for the first part of the lemma.
The analysis of the second part of the lemma is symmetric to the first. O
We will also require the following lemma for the most involved case
concerning times in the proof of splitting.

Lemma 11 For the following assume that T # 1 and U # 1 and also the
following derivations hold.

RZ—>7;0{ P;’O I Q;’Ozlgjgm?}
vusi—ml{ pit Hle;1gkgml}

(2

For any i, j and k, the following two strict multiset inequalities hold.

:,0 6,1
T PO P

CITU) | VW
U1 clTeu) |V IIW]

Proof: Since T # 1 and U # 1, by definition.

ME|TU) |V W]=(T|u|U))B[V|8[W]

Since W — T{ R; || Si: 1 <i<mn }, by Lemma 9, and by Lemma 5 we
have the following.

R BISICIT{ R || Si: 1<i<n}| W]
Hence, since C is a precongruence we have.
(ITIU|U) BIVIB R B[S| E (T [U]) B |V]8B[W]

Now since V' || S; — ’7;1{ P,i’l I QZ’I: 1<k<m} }, by Lemma 9 and
Lemma 5 we have.

e

c[m{ et sk mt e s,

Similarly, since R; — 7;0{ P;’O I Q?O: 1<ji<m) }, by Lemma 9 and
Lemma 5 we have.

2,0 4,0
][

C

7;0{ PP 1< j<m! H C |Ry|
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Since C is a precongruence the following multiset inequality must hold.

7,0
(rjuu) e |P;

@@ | P |8]Qi| c (Tiu ) 8 VI & R B s

Hence we have the following two strict inequalities, since M — M U N by
Lemma 5, as required.

| P C M

.
@ [P

i,0 i,0
c (TIuiv) e P8 |Q;

@ ‘PZ’I‘ @ ‘Q}f

cC M
O

vl 8|Qi| @ o)

c (Tlu ) 8| P B Q)

@ ‘Pgl‘ @ ’Q}'f

The splitting technique. The splitting proof technique was established
in the calculus of structures to prove cut elimination for the calculus BV [20],
and has been extended to other systems [22, 40]. Splitting works strictly in
a shallow context, which is a context like a sequent, where the object-level
operator || and meta-level operator comma collapse to one operator.

Splitting says that you can pick any proposition in a shallow context,
which we call the principal proposition, and rewrite the rest of the shallow
context into a form consisting of several independent branches, tracked by a
killing context, where in each branch a rule for the principal proposition can
be applied, e.g. the sequence rule for seq, or the left and right rules for plus.

The splitting is divided into the remaining lemmas in this sub-section
(Lemmas 12, 13 and 14). The multiplicative operators ® and ; must be
treated together since they involve a mutual recursion, Lemma 2 and the
lemmas regarding multiset orders. The remaining splitting lemmas for plus
(Lemma 13) and atoms (Lemma 14) can be treated independently, since
they each rely only on Lemmas 2, 12 and simple properties of multisets.
Notice that the splitting lemmas for plus and atoms are weaker than the
splitting lemma for the multiplicatives, since the termination measure for
the multiplicatives is used in the other two proofs, but not vice-versa.

The proof of each splitting lemma proceeds by induction on the size
of a proof in MAV. In each splitting lemma, there are three forms of cases
to consider. When the principal proposition is actively involved in the
bottommost rule in the proof, we call it the principal case. When the
principal proposition is inside the part of the proposition modified by the
bottommost rule in a proof, but the root connective of the principal formula
itself is not touched, we call it a commutative case. The final form of case
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is when a rule is applied entirely inside or independently of the principal
formula, which we call a deep inference case.

Lemma 12 (Splitting multiplicatives) The following statements hold.

o IfF (S®T) || U, then there exist propositions V; and W; such that
FS | Viand T || W;, where 1 < i < n, and n-ary killing context
T{ } such that U — T{ Vi || Whi,...,V, || Wy }.

o If-(S;T) || U, then there exist propositions V; and W; such that
FS||Viand =T || W;, where 1 < i < n, and n-ary killing context
T{ } such that U — T{ Vi ;Wy,...,V,; W, }.

Furthermore the size of the proofs of S || Vi and T || W; are less than the
size of the proofs of (S®T) || U and (S;T) | U.

Proof: The proof proceeds by induction on the size of proofs of the
forms (S;7T) || U and (S®T) || U. The size of proofs is given by the
lexicographical order of the size of the proposition and the number of rule
instances, as in Defn. 3. The base case is when the length of such proofs are
0, hence S =1, T =1and U =1L In this case the following derivations of
length zero, I=1| Tand I =1;1, satisfy the induction invariant.

Principal times case: Consider the principal case for times. The principal
case, when times is actively involved in the bottommost rule, is a proof that
begins as follows, where Ty ® Uy Z I and also V' # I, otherwise the switch
rule cannot be applied, and also Ty ® 171 # T and Uy ® Uy # 1 otherwise
splitting follows by a trivial equivalence:

(T0®T1®U0®U1) HV||W—>(T0®U0®((T1®U1) H V)) HW

such that - (To ® Up @ (11 ® Uy) || V)) || W. Furthermore, since To®@Uy # 1
and also V # 1, the following strict inequality holds by Lemma 7.

(o U (i@ U) | V) IWIC|(ToeTiUoe Up) ||V || W]

Therefore the size of the proof is reduced and hence the hypothesis may be
applied.

By the induction hypothesis, there exist R; and S; such that - (Tp ® Up) ||
Riand F (T @Uy) || V || Si, for 1 < i < n, and an n-ary killing context
T{ } such that the following holds.

W —T{Ri|S....Rn | Sn}
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Furthermore |(To ® Up) || R;i| and [(Th ® Uy) || V' || Si| are bounded above by
(T Uy (Th@U) | V) | W]

Hence, by the induction hypothesis twice more there exist propositions
P, QY0 Pt and Qp' such that - Ty || P}, - Up || Q°, F Ty || P* and
H U || QZI, for 1 <j <mf and 1 < k < m}, and m?-ary killing context
T72{ } and m}-ary killing context 7;'{ } such that the following derivations
hold.

Ri— TP IQ 1 <j<m? }

VIS — THR QM <k<m!
Thereby the following derivation can be constructed, by Lemma 3.

— T{ R ||V]Si:1<i<n}

T P?’0||Qi,’0;1<j<m0}
J J —J =" .
— T || - Pi’1||Q11 1<k:<m1} 1<i<n
7 k k —= v =1
i,0 i,0 )
— L ﬁ%}?|ﬁ%:1gggmg} 1<i<n
B K e o
o P P Q1 Qy .
— TS T, Pl or1<i<m 1<i<n
1 <k<m]

Now observe that the following proofs can be constructed.

(et | P Pyt — (To || P°) @ (T ]| B') —

oo Un) 1@ 1@ — (T | Qi) @ (Va1 @4') — 1

Furthermore, since Ty ® T1 # 1 and Uy ® U; # 1 by Lemma 11, we have the
following strict multiset inequalities.

(XX AN DS

Cl(TheToUU)| V| W

(W) Q1 Q| clmeTietya ) | V| W)

Thereby the size of either of the above two proofs is strictly less than the
size of any proof of (Tp ® Th @ Uy @ Uy) || V' || W, as required.
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Principal seq case: Consider the principal case for sequential composi-
tion. The difficulty in this case is that, due to associativity of sequential
composition, the sequence rule may be applied in several ways when there
are multiple sequential compositions. Consider a principal proposition of
the form (T ; T1) ; T», where we aim to split the formula around the second
sequential composition. The difficulty is that the bottommost rule may be an
instance of the sequence rule applied between Ty and 17 ; T>. Symmetrically,
the principal formula may be of the form Tp ; (73 ; T3) but the bottommost
rule may be an instance of the sequence rule applied between Tg ; 77 and T5.
In the following analysis, only the former case is considered. The symmetric
case follows the same pattern.

Consider when the principal proposition is of the form (T ; T1) ; Ts
and the bottommost rule in a proof is of the following form, where Ty # 1,
Ty # 1, otherwise splitting is trivial, and either U Z I or V' # I otherwise the
sequence rule cannot be applied:

(To; T ) | U V)W — ((To [ U) 5 (Ty 5 T2) [| V) [| W

such that (7o || U); ((Th ;T2) || V)) || W has a proof. By Lemma 8§,
(T | U) (T2 ) [ V) | W] [(To s Th s To) || (U3 V) || W] hence the
induction hypothesis may be applied.

By the induction hypothesis, there exist P; and @; such that - Tj ||
Ul P and F (T1 ;1) | V || Qi for 1 <i <n, and an n-ary killing context
T{ } such that the following holds.

W —T{P;Q1,...,P ;Qn}

where furthermore (T3 ; T2) | V || Qi| E [(To || U) ; (T1 5 T2) || V) [| W1,
hence the induction hypothesis is enabled again.

By the induction hypothesis, there exists R; and S; such that - 77 || R;
and =Ty || S}, for 1 < j < m;, and my-ary killing context 7'{ } such that
the following derivation holds.

VI|Qi — T{R;Si,....R, ;S }

Furthermore, by Lemma 3 there exist killing context 7¢{ } and 7{{ } and
sets of integers J C {1,...,n}, K C{1,...,n} such that.

TH{ R ;S R, S, —Ti{Ri:jeJ };TH{ S, ke K}
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Thereby, the following derivation can be constructed.

U)W — UsV)[[T{ P Q1. Pas Qn
— T{ U V) (P;Q1),.., (U V) || (P @Qn) }
— T{UNP);V[Q1), s (Ul Fn); (VI Qn)}
—>T{(UHPl);Ti{R;'.;S;:lgjgm,-}:1§i§n}
_)T{ (U;\Pl);m{R;:jeJ};Tf{S,g:keK} }
1< <n

Furthermore, the following proofs can be constructed.

T2||Ti{5§:1§j§mi}—> Ti{TQHS;-:lSjSmi}
— THL1<j<m;}—1

(@ 1) | (W1 P T R 1 <5 < })
— G (T T Ris1 <5 <mi })
— BT, R 1< <m,
— Ti{TIHRé.:lgjgmi
— THL1<j<m} —1

By Lemma 10, we know that the size of the above two proofs is strictly less
than the size of any proof of (Tp ; Th ; To) || (U ; V) || W.

Commutative cases: The commutative cases to consider are for &, ®
and ; where the principal proposition is involved in the bottommost rules,
but the principal proposition is not modified. There are six cases to consider,
three each for ® and ; as the root connective of the principal proposition.

We present the commutative cases for & distributing over the principal
proposition. Notice that killing contexts are necessary due to an application
of the external rule in the context of another operator, thereby branching
the proof search.

Consider the commutative case for & where T'® U is the principal
proposition. The bottommost rule is of the following form.

ToU) |(VEW)Q— (ToU)[|V&TU)|[W)]Q

such that F (T@U) | V& (T ®U) || W) || Q holds.
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By Lemma 2, - (T®U) | V || Q and also - (T®U) | W || Q.
Furthermore, by Lemma 5, (T U) |V || Q| C |((T@U) || (V&W) || Q|
and |(T@U) | W[ Q| C |(T®U)| (V&W)] Q| hence the induction
hypothesis is enabled.

Therefore, by the induction hypothesis twice, there exist R? and S?
such that = 7 || R? and + U || S?, where 1 < i < m, and le- and S’jl such
that = T || le and - U || S}, where 1 < j < n, and m-ary and n-ary killing
contexts 7°{ } and 7'{ } respectively such that the following holds.

VIQ — T RY|S)LRY|SS,....RY || S}
WIQ — TYRI;SLRL|SS....RL| S}

TIRENTU) V[ Qland U [|SYET@U) |V ] Q|
and |T || RY E (T U) | W || Q| and [U | }| S (T2 U) | W Q.
Thereby the following derivation can be constructed, as required.

Furthermore,

V&w) e
— V[Q&W | Q
—)7-1{ V1 H Rl,...,Vm H Rm}&TQ{ W1 H Sl,...,Wn H Sn}

Notice that 71{ } & T2{ } is an (m + n)-ary killing context satisfying the
induction invariant.

Consider the commutative case for & where T' ; U is the principal
proposition. The bottommost rule is of the following form.

T VEW)Q— ((T;U) | V&T:;U)[W)I]Q

such that = ((T'; U) || V& (T ; U) || W) || Q holds.

By Lemma 2, - (T; U) |V || Q and - (T ; U) || W || Q. Furthermore,
by Lemma 5 we have that [(T;U) ||V || Q| C (T ;U) || (V& W) || Q| and
(T U)W QC|(T;U)| (V&W)| Q|, hence the induction hypothe-
sis is enabled.

Therefore, by the induction hypothesis, there exist R? and S? such
that = T || RY and - U || S?, where 1 < i < m, and le- and R]l such that
AN le- and - U || Sjl, where 1 < j < n, and m-ary and n-ary killing
contexts T%{ }, TH{ } respectively such that the following derivation holds.

VIIQ — T RY;SY,RY;SY,..., RS ;S5 }
W|Q — TYRI;S,R,;S),...,RL;SL}
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Furthermore, |T || RY| T [(T:U) | V| Ql, [U || S?| T [(T:0) [V | @],
TR ENT;U) W QL U SH ENT;U) || W Q, hence strictly
bounded above by |(T; U) || (V& W) | Q|-

Thereby the following derivation can be constructed.

(V&W) | Q
— V[IQ&W | Q
— T RY; S0, .. R SO V& T R SE... RS}

Notice that T1{ } & T2{ } is an (m + n)-ary killing context satisfying the
induction invariant.

We present the cases where the sequence rule and switch rule commute
with the principal proposition without direct involvement in the root connec-
tive of the principal proposition. The cases are presented where the principal
proposition moves entirely to the left hand side of seq operator. The cases
where the principal proposition moves entirely to the right hand side of the
seq operator, and the cases for times, are similar to the cases presented
below; as are the commutative cases for the switch rule. Simply exchange
seq for times and par at appropriate points.

Consider the commutative case for sequential composition in the pres-
ence of principal proposition 1" ; U, where the seq connective in the principal
proposition is not active on the sequence rule. In this case, the bottommost
rule in a proof is of the following form, where T'; U Z T and P # L.

(T;0) (VP WQ— ((T;U)|VIW);P)lQ

such that = (((T'; U) || V || W) ; P) || Q holds. Furthermore, by Lemma 8,
(T D) | VW) P) QI [(T5U) || (V5 P) || W || Ql, hence the in
duction hypothesis is enabled.

By the induction hypothesis, there exists R;, S; such that - (T"; U) ||
VI|IW| R;and - P || S;, for 1 <i < n, and n-ary killing context 7{ }
such that the following derivation holds.

Q_>T{ Rl;Slv"-’Rn;Sn}

Furthermore, [(T; U) [| V | W | R E [((T; U) [| V | W) ; P) || Q[ hence
the induction hypothesis is enabled again.

By the induction hypothesis, for 1 < i < n, there exist propositions
P]?, Q; such that - T || P]? and F U || Q; hold, for 1 < j < m,, and killing
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contexts 7{ } such that the following derivation holds.

VIWI R — T{ P;Q,.... P s @, }

Furthermore the following strict multiset inequalities hold.
TP |(T;0) [ (VP | W Q

U Qi ci(T;U) | (V;P) W] Q|
Hence the following derivation can be constructed, as required.

VP [ W]e
— (V5 P)[[W ([ T{ R1;51,...,Rn; 50 }
— T{ Vi P)[[ W[ (R1;5),....(ViP)[| W (Rn;Sh) }
— T{WVIWI[R); (P S1),-.o. (VW[ Rn); (P Sn) }
— T{VIWIRy,....V|W| Ry}
—>T{Ti{ID;;Q§-:1§j§mi}:lgign}

The case for the sequence rule commuting with the principal proposition
T ® U is similar to the above case. Also the cases for the switch rule
commuting with seq and times as the principal proposition, follow a similar
pattern.

Deep inference cases: The remaining cases are the deep inference cases,
where the bottommost rule does not interfere with the root connective of
the principal proposition. We provide one illustrative case where sequential
composition is the principal proposition and the rule applies only outside
that connective. Assume that the following application of any rule is the
bottommost rule in a proof.

(T:O)I{V Y —= (T;U) [ { W}

such that = (T'; U) || C{ W }. By the induction hypothesis, there exist
n-ary killing context 7{ } and propositions @; and R; such that - T || Q;
and - U || R;, for 1 < i < n, such that the following holds.

C{ W}—>T{ Ql ;Rl""7Qn;Rn}
Hence, the following derivation holds, satisfying the induction invariant.

C{Vv}— c{W}
— T{Q1;R1,...,Qn; Ry}
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A similar proof holds for any principal proposition.

Alternatively, the bottommost rule may appear inside the context of
principal proposition without affecting the root connective of the principal
proposition. We provide one illustrative case where sequential composition
is the principal proposition. Assume that the following application of any
rule is the bottommost rule in a proof.

CHTH V)W —({U V)W

such that F (C{ U }; V) || W has a proof of length n. Hence by induction,
there exist n-ary killing context 7{ } and propositions P; and @); such that
FC{U}| P and -V || Q; hold and have a proof no longer than n, for
1 <4 < n, and furthermore the following holds.

W—>T{ Pl;Ql7"'aPn;QTL}

Hence we can construct the following proof of length no longer than n + 1,
for all 4, as required.

C{T}| P —C{U}|P—1

A similar proof holds for any principal proposition.
Thereby, all cases for the splitting lemma for multiplicatives have been
considered. O

Lemma 13 (Splitting plus) If - (T'@ U) || V, then there exist proposi-
tions W; such that either =T || W; or = U || W; where 1 < i <mn, and n-ary
killing context T{ } such that V.— T{ Wy, Wa,..., W, }.

Proof: The proof is by induction on the size of the proof of the proposition
to which splitting is applied, where the size of a proof is as in Defn. 3.
Consider the base case for the plus operator. The cases for the left rule and
right rule are symmetric. Without loss of generality, consider when the left
rule is the bottommost rule in a proof as follows.

(Tol)|V—T|V

such that = T" || V, which immediately satisfies the conditions of the lemma.

The three commutative cases for &, ; and ®, are similar to the commu-
tative cases in Lemma 12.
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Consider the commutative case for & when @ is the principal operator.
In this case, the bottommost rule in a proof is of the following form.

ToU) | (VEW)[PIQ — (TaoU)[VIP&TaU)[W]|P)|Q

such that - (T @ U) |V | P& (T aU) || W || P) || Q.
By Lemma 2, - (T @ U) ||V | P||Qand - (T & U) || W || P || Q hold.
Furthermore, the size of the above proofs are bound as follows, by Lemma 5.

(ToU)[VIPIQIC(TeU) || (VEW)|PI]Q
(TeU) [WIPlQC(TaU)|(VEW)|P]|Q

Hence by induction there exists m-ary and n-ary killing contexts 7{ }
and T2{ } respectively and propositions R; and Sj, where 1 <14 < m and
1 < j < n, such that the following derivations hold:

WIPIQ— T*{S....5}

and either - T' || R; or - U || R;; and also either = T || S; or - U || S;.
Hence the following derivation can be constructed, as required.

VEW)[PIQ— V[PQ&W|PQ
— TYRy,. .. Ry Y&T* S1,....5 }

Notice that T1{ } & 72{ }is an (m + n)-ary killing context satisfying the
induction invariant.

Consider the commutative case for seq in the presence of principal
proposition 7' @ U. There are two cases to consider, when the principal
proposition ends up on the left or right of the seq operator. Consider the case
where the operator ends up on the left of seq. In this case, the bottommost
rule in a proof is of the following form, where P # L.

To) | (VWP — ((Tal) |V IW);P)|Q

such that F (T® U) ||V || W) ; P) || Q holds. Furthermore, by Lemma 8
(T&U) |V IW); P) | QIC(T&U) || (V; W) || P Q| By Lemma12,
there exist R; and S; such that H (T @ U) || V | W || R; and - P || S;, for
1 <4 < n, and n-ary killing context 7{ } such that the following derivation
holds.

Q—)T{ Rl ;Sl,...,Rn;Sn}
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Furthermore, also by Lemma 12, the following multiset inequality holds,
enabling the induction hypothesis.

(ToU) [V IWIRIE((TeU) [V IW);P)|Q

By the induction hypothesis, for 1 < i < n, there exist propositions P; such
that either - T || P; or U || PJ’ holds, for 1 < j < m;, and killing contexts
T{ } such that the following derivation holds.

VIW|R —T{P,. . P}
Hence the following derivation can be constructed, as required.

(VswW) [ Pll@Q
— (VW) ||P||T{R1;51,...,Rn;Sn }
— T{V ;W) PR ;S1,....(V ;W) || P| Ry;Sn}
— T{ VI W[ R);(PS1),....(V]WI| Run); (P Sn) }
— T{V W[ Ri,....V[W]| Ry }
— T{TY PP YT PP )

The other commutative cases for the sequence rule and switch rule are similar
to the above case.

The remaining cases are deep inference cases, where the bottommost rule
does not interfere with the root connective of the principal proposition. We
provide one illustrative case where plus is the root connective of the principal
proposition and the rule applies only outside that connective. Assume that
the following is the bottommost rule in a proof of length k + 1.

ToU)[[{V}—=(TaoU)|c{W}]

such that = (T';U) || C{ W } has a proof of length k. By Lemma 9
(TeU)||[C{W HC|(TaU)| C{V }|, hence the induction hypothesis is
enabled.

By the induction hypothesis, there exist n-ary killing context 7{ } and
propositions P; such that either =T || P, or = U || B;, for 1 < i < n, such
that the following holds.

C{W3}—T{P,. . P}

Hence clearly, the following derivation holds, satisfying the induction invari-

- {Vy— c{W}
— T{ Pl,...,Pn}



48 Ross Horne

Alternatively, the bottommost rule may appear inside the context of
principal proposition without affecting the root connective of the principal
proposition. We consider the case for when the rule is applied on the left
of &. Assume that the bottommost rule of a proof of length k£ + 1 is of the
following form.

CH{TiaV)[W—({U}aV)|W

such that = (C{ U } @ V) || W has a proof with k rule instances. Further-
more, by Lemma 9, |((C{U }a V) |W|C |[(C{T }® V) | W|, hence the
induction hypothesis is enabled.

Hence by induction, there exist n-ary killing context 7{ } and proposi-
tions P; such that either C{ U } | P, or -V || P;, for 1 <14 < n, such that
the following holds.

W-—T{P,...,P}

Hence either = V' || P; holds, or the following proof of C{ T' } || P; holds, for
all 4, as required.

C{T V| P—C{U}| P —1

A symmetic proof holds for a rule applied in the right branch of &.
All cases for the splitting lemma for plus have been considered, thereby
the lemma follows by induction on the size of the proof. a

Lemma 14 (Splitting atoms) The following statements hold.

e For any atom a, if - a || T, then there exist atoms by, ba, ..., by such
that a < b;, for 1 <i < n, and n-ary killing context T{ } such that
T—>T{ bi1,b2,...,b, }

e For any atom a, if b a | T, then there exist atoms by, ba, ..., b, such
that b; < a,ﬁwlfre 1 SJ < n, and n-ary killing context T{ } such that
T—)T{ bi,ba,...,b, }

Proof: Proceed by induction on the size of the proof, as defined in
Defn. 3. Consider the base case for atoms. The case for positive and negative
atoms are symmetric in the direction of subsorting. Consider the case for
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negative atoms and suppose that the bottommost rule in a proof is an atomic
interaction as follows, where a and b are atoms such that F a < b.

allb||U—U

where - U. Hence, the derivation b || U — b can be constructed as required.

Consider the commutative case for & when an atom « is the principal
proposition. In this case, the bottommost rule in a proof is of the following
form.

al|(T&U)[VIW —=(a|T|VE&alU[V)|W

suchthat F (a || T || V&a || U || V) || W holds. By Lemma 2, Fa || T | V ||
WandFa | U ||V || W hold. Furthermore, the following strict multiset
inequalities hold, by Lemma 5.

la [TV IWIC el (T&U) | V| W]

e [TV IIWIE |a| (T&U) [V [ W]

Hence, by induction, there exists m-ary and n-ary killing contexts 7{ }
and 7'2{ } respectively and atoms b; and cjwherel<i:<mand1<j<n
such that the following derivations hold:

VIPIQ— THbi...,bm }
WIP|Q— T*er....,cn}

and furthermore - b; < a and F ¢; < a for all i. Hence the following
derivation can be constructed.

(T&U) [ VIW-— T|V[W&U|V|W
— THb,... by F&TH e, o0 }

Notice that 7'{ } & T2{ } is an (m + n)-ary killing context satisfying
the induction invariant. The case for negative atoms is symmetric in the
direction of the subsorting relation.

Consider the cases for the multiplicatives commuting with an atom.
Firstly, consider the commutative case for seq in the presence of principal
proposition a. In this case, the bottommost rule in a proof is of the following
form, where U # 1.

al (T;O)[[VIW — (@ T]V); U)W
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such that - ((a || T || V) ; U) | W holds. Furthermore, by Lemma 8, the
following strict multiset inequality holds.

(@ [ TIV);U) [ WIC a | (T5U) |V [ W]

By Lemma 12, there exist P; and Q; such that - a || V || T || P; and
HU || Qi for 1 < i < n, and n-ary killing context 7{ } such that the
following derivation holds.

W—>T{ Pl,QhaPnaQn}

Furthermore, |a ||V || T || | C |((a | T || V) ; U) || W|, enabling the induc-
tion hypothesis.

By the induction hypothesis, for 1 < ¢ < n, there exist atoms bé. such
that bé» < a, for 1 < j < m;, and m;-ary killing contexts 7¢{ } such that
the following derivation holds.

VT Piﬁﬁ{a,@,...,biiw}
Hence the following derivation can be constructed.

(T;u) | vIw
— (T U) [V T{Prs Q..o P Qn }
— T{ @O VP Q) (T U) [V (Pas Qn) }
— T{ TNV IP);(U;Q), ... (TIV[FPn);:(Us;Qn)}
— T{T| VJE,...,T” V| P}
— T{ T LB b TR B
By construction, % < a for alli and j and 7{ T'{ },...,7"{ } } isa
>, ms-ary killing context, as required. The second commutative case for seq
and the commutative case for times are similar, and the cases for negative
atoms are symmetric.

The remaining deep inference cases are when a rule appears in the
context of the proposition. Assume that the following is the bottommost
rule in a proof that applies k + 1 instances of rules.

al[C{V }—allC{W}

such that - a || C{ W } holds by applying k instances of rules. By Lemma 9,
la ||C{ W } C|a| C{V }|, hence the induction hypothesis in enabled.
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By the induction hypothesis, there exist atoms b; such that - b; < a, for
1 <4 < n, and n-ary killing context 7{ } such that the following derivation
holds.
C{W } — T{bi,bg,....b, }

Hence clearly, the following derivation holds, satisfying the induction invari-
ant: C{ |4 } —)C{ w } —)T{ bl,bz,...,bn }

We have covered all cases for the splitting lemma for atoms, thereby
the lemma follows by induction on the size of the proof. a

4.2 From a Shallow Context to a Deep Context

The context reduction lemma enables a implication that holds in a shallow
context to be extended such that it holds in any context. Notice that the
shallow context, consisting of only the par connective, is analogous to a
sequent which is a context defined only by the meta-level connective comma.
The proof of the context reduction lemma involves a stronger intermediate
induction invariant from which the lemma follows directly.

Lemma 15 (Context reduction) If+ T || V implies = U || V, for any
V, then t=C{ T } implies = C{ U }, for any context C{ }.

Proof: Firstly we establish, by induction on the size of the context, the
following stronger property. If = C{ T }, then there exist U; for 1 <i<mn
and n-ary killing context 7{ } such that - T || U;; and, for any proposition
V there exists W; such that either W; =V || U; or W; =1 and the following
holds:

C{ \%4 } —)7—{ Wi, Wo, ..., W, }

The base case is when the context is of the from { } || P, where the hole
appears directly inside a parallel composition, in which case we are done.

Consider the case for a context of the form (C{ } ® U) || P such that
F(C{T}®U)]| P. By Lemma 12, there exist n-ary killing context 7{ }
and propositions ); and R;, for 1 < i < n, such that

P—)T{ Ql ” Rl)""QTL || Rn}

and - C{ T } || Q; and F U || R; hold.
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By the induction hypothesis, for every ¢ such that 1 < ¢ < n, there exist
mg-ary killing context 7°{ } and propositions I/VJZ such that = T || VV]’ holds,
for 1 < j < my; and, for any proposition V, for 1 < j < m;, there exists S}
such that either S} =Tor S; =V || W} and the following derivation holds:

C{VINQi—T{5s,....5 }
Hence we can construct the following derivation for any proposition V.

C{V}IeU)|P— {V}oU)|T{Q|Ri...,Qu| Ru}
— T{C{V}IeU)[Qi[R:1<i<n}
— T{C{VIIQ)®U|R):1<i<n}
— T{{V}[Qi:1<i<n}
— T{TH{Si. ..., S }:1<i<n}

The final proposition above consists of a (3, m;)-ary killing context and
propositions S; such that either Sji» =1Ior Sji- =V W; for all 4, j. Thereby,
the induction invariant is satisfied. The two cases for when the hole appears
on the left or right of a sequential composition are similar to the above case
for times.

Consider the case for a context of the form (C{ } & U) || P such that
FC{T}&U)| P. By Lemma2, -FC{T } || Pandt U | P hold.

Hence, by the induction hypothesis, there exist killing context 7{ }
and propositions V; for 1 < i < n such that - T || V;; and, for all propositions
W, for 1 < i < n, there exists S; such that either S; =Tor S; = W || V; and
the following derivation holds:

C{W}|P—T{S1,....,5 }
Hence we can construct a derivation as follows for all propositions W.

C{Wi&U)|P— C{W}|P&U|P
— C{W }| P&t
— T{S1,...,5 &I

where T{ } & { -} is a (n + 1)-ary killing context and S,4+1 = I, thereby
satisfying the induction invariant. The case when the hole appears on the
right of an external choice is similar.

Consider the case for a context of the form (C{ } & U) || P where
F(C{T}aU)]| P. By Lemma 13, there exist killing context 7{ } and V;
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for 1 <i < n such that either - C{ T } || Vi or = U || V; and the following
derivation holds:

P—T{Vi,....,Vs, }
Now, by the induction hypothesis, if - C{ T" } || V; holds, then there exist
T{ } and propositions WJZ for 1 < j < m; such that - T || W;, and, for
any proposition @ for 1 < j < m;, there exists S; where wither S} =1 or
S;=@Q || W} and the following derivation holds:

C{QYNVi—TYS,....5, }
Hence we can construct the following derivation for any proposition Q.

Cc{erel)|P— CH{Q}IaU)[T{Vi,...,Vn }
— T{{Q}aU) | Vi,....{Q}®U) || Vo }
— T{Rl,...,Rn}

where R; is defined as follows.
R:{Il | U
! T Si,....,5, } otherwise
The above is well-defined since if - U || V; holds, then
C{Qrel)|Vi—U|Vi—1=R,
and, if = U || V; does not hold, then - C{ T } || V; must hold; hence the

following derivation can be applied:
Cclrel)|Vi— {QMVi—TH{S....5 } =R

Hence the induction invariant is satisfied.

Having established the stronger intermediate lemma, assume that for
any local proposition U, S || U implies - T' || U, and fix any context
C{ } such that - C{ S } holds. By the above intermediate lemma, there
exist n-ary killing context 7{ } and, for 1 < ¢ < n, P; such that either
P; =1 or there exists W; where P, =T || W; and + S || W;, and furthermore
C{T}— T{ P,...,P, }. Since also - T || W; holds for 1 <1i < n, the
following proof can be constructed.

C{T}— T{P,....,P,}—T{1...;1} —1
Therefore - C{ T' } holds as required. O

Note that the above lemma corrects a flaw present in the corresponding

lemma in [9]:Lemma 14. In particular, the possibility that W; =1 in the

induction invarient is required to handle the additives, even if the operator
seq is removed.
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4.3 Co-rule Elmination and Cut Elimination

By a complementary rule, or co-rule, we mean a rule where the direction of
rewriting is reversed and complementation is applied to both propositions in
the rewrite rule. Given a rule of the form P — @), its co-rule is of the form
@ — P. The full list of co-rules are presented in Fig. 3. Note that switch
is its own co-rule.

The following results show that the rules complimentary to those that
appear in Fig. 2 are admissible in MAV. The proofs of the following lemmata
follow from applying splitting exhaustively and finally applying the context
lemma (Lemma 15). Note that admissibility results for two rules — the
co-rules for the left and right rules, co-left and co-right respectively — were
proven directly in Lemma 2.

Lemma 16 (Co-tidy Elimination) If+-C{1®1}, then -C{1}.

Proof: Assume that - (I&1) || T holds. By Lemma 13, there exist
killing context 7{ } and propositions U;, for 1 < i < n, such that - 1| U;
or 1 || U; hold, hence - U; holds, and the following derivation can be
constructed.

T—>T{ U,Us,....U, }

Hence the following proof can be constructed, as required.
T—>T{ Ui,Us, ..., U, } —>T{ I,I,,,'jI}_>I

Hence 1| T holds. Therefore, by Lemma 15, for any context FC{ 1 &1 }
yields = C{ 1 }, as required. O

Lemma 17 (Co-external Elimination)
IfFEC{T@UaV)}, then-C{ (T@U)® (T®V) }.

Proof:  Assume that - (T’ U)® V) || W holds. By Lemma 12, there
exist killing context 7{ } and propositions P; and @, for 1 < i < n, such
that H (T'@ U) || P and -V || Q; and the following derivation holds:

W—T{P|[Q1....P|Q}

Now, by Lemma 13, for every 4, there exists killing context 7¢{ } and
propositions Ré-, for 1 < j < my, such that either - T || Ré- or U | Ré-
holds and the following derivation holds:

P, — TY{ R,Ry,....R }
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1&T—1 tidy alb—Tonlyifa<b atomic interaction

(TeU)||V—TeU|V) swich

(T;U) (VW) — (T [ V); (U W) sequence

TeU —T left TaeU —U right

TI|NU&V)— (T||U)&(T||V) external

(T;0)& (VW) — (T&V); (U&W) medial

I—1@I  co-tidy I—a®bonlyifa<b atomic co-interaction

(TV);(UW)— (T;U)(V;W) co-sequence

T—T&U co-left U—T&U co-right

(TRU)®(TeV)—TxUaV) co-external

(ToeV); UaW)— (T;U)®(V;W) co-medial

Figure 3: Term rewriting system modulo an equational theory for SMAV.
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Notice that if - 7" || R; holds then the following derivation can be constructed.

(TeVeUsV)|| R Q— (ToV)|R|Q
— (TIER) (v ]Q)
— 1

Otherwise - U || R; holds, hence the following derivation can be constructed.

(TeVeUaV)IR|Q — (UaV)| Rj|Q
— (VIR) W)
_ I

Hence we can construct the following proof, as required.

TeVeUV)| W
— (TRVeUV) || T{P|Q....P | Qn}
— ToVaeUV)|T{T{ R, R, ...,R, }|Qi:1<i<n}
—TeveUeV) | T{T{R|Q:1<j<m }:1<i<n
— T, (TeVeUV) || TH R Qi:1<j<m :1<i<n
—T{T{(TeveueV)|R|Q:1<j<m |:1<i<n
— T{TH{u1<j<m}:1<i<n}
— 51

Hence F (T®@ VU ®V) || W holds. Therefore, by Lemma 15, for any
context FC{ (T@U)®V }yieldsFC{T®V &U RV }, as required. O

Lemma 18 (Co-seqence Elimination) If-C{ (T';U)® (V ; W) } then
FC{(T®V); UaW) }.

Proof:  Assume that - ((T'; U) ® (V ; W)) || P holds. By Lemma 12,
there exist n-ary killing context 7{ } and QY and Q}, for 1 <i < n, such
that = (T; U) || QY and - (V ; W) || Q} and the following derivation holds:

P—T{QVQLQ3)aQs....Q0 | QL }

Hence by Lemma 12, for k € {0, 1} there exists mF-ary killing context T.*{ }
and propositions R‘i ; and Sk for 1 < j < mF, such that - T || Rg,j and

INE i

U || 5’2]- and -V || Ril’j and - W || Si{j and the following derivation holds:

i

Q 7; { Ri,l ’ Si,l’RiQ ’ Si,2 e 'aRi,mi ’ Si,mi }
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Hence we can construct the following proof.

(TeV); UeW)) | P

— (TeV); UeW) [ T{QV QL3 @}....Q5 | Q) }
TO{ R 80 1<j<ml )
—(ToV); UaW)ITY | T Ry she1<k<m! )
1< <n
RO. . SO
- 1,5 0 74,5
7;0{ (1<) <my }
T '
—(@eV);@eW) [T T\ I (B sk)
:1<k<m]
1<1<n
0 . qo0
(}E” 7S¢,j> )
70 1 .ql
' 7;1 ( | Rz‘,k7Si,k
— (TeV); UasW) T c1<j<m?
| 1<k<m}
1<1<n
R, | BLy)
T ng”Sil,k)
— (TeV); UasW) T c1<j<m?
| 1<k<m}
1<1<n
( (TeV); (UsW))
) T (B 1R 5 (8% 108))
— Ty t1<j<mf
1<k<m}
1< <n
(ToV) | R, | Riy)
Ty (e s s,
—7 1<j<md
1<k<m}
1<1<n J
(
TR, @ (VIRL)):
il T (U18Y) e (WS
—T 1<j<ml )
1<k<m}
1< <n
—T{ T T n1<i<md }:1<k<m! }:1<i<n }
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Hence - (T ®V); (U®W)) || P holds. Therefore, by Lemma 15, for
any context FC{ (T; U) @ (V ;W) } yields FC{ (T ®@ V) ; (U W) }, as
required. O

Lemma 19 (Atomic Co-Interact Elimination) If-C{ a®b }, where
Fa<b, then -C{1}.

Proof: Assume for atoms a and b, where - a < b, F (a®b)o || T.
By Lemma 12, there exist n-ary killing context 7{ } and formulae U;
and V; such that - a || U; and - b || Vi, for 1 < i < n, such that
T — T{U || Vi,Uz || Va,... }. By Lemma 14, for every 4, there exist my-
ary killing contexts TO{ } and atoms c? such that c7 <aforl1<j< m

0
such that U, — ’7;0{ ci,...,cq-ni } By Lemma 14, for every i, there

exist m}-ary killing contexts 7;/{ } and atoms d¥ such that - b < d¥ for
1<k < ml1 such that V; — ’7;1{ al},...,d;n’1 } Also, since cZ < a and
Fa <band b < dF by the transitivity of < for atoms, - C’Z < d¥. Thereby
the following derivation holds, by repeatedly applying the external rule.
T'— T{U[[V1,Uz || Va,... }

T{{cdi1<j<m PITH{d1<h<ml }i1<i<n}
T{ﬁl{ﬂ{cj 1<j<m}”dk 1<k;<m}} 1< }
T{Tl{’]—o{cj”dk'1<]<m}'1<k<mzl} 1< }
T{TH T n1<i<md b 1<k<m}}:1<i<n }—>1

| /\

LD

Hence - T holds. Therefore, by Lemma 15, for any context C{ }, if
FC{ a®b } holds, then - C{ 1 } holds, as required. O

Proof of Theorem 3. Theorem 3 follows from the above co-rule elimina-
tion results, by induction on the size of the proposition eliminated. Thereby
we establish the consistency of the system MAV. The conclusion of the proof
of Theorem 3 is provided below.
Proof:  The proof follows by inductively applying co-rule elimination on
the structure of a proposition T appearing in a provable proposition of the
form C { TeT }

The base cases for any atom a follows since subsorting over atoms is
reflexive hence if F C{ @® a } then - C{ 1 } by Lemma 19. The base case
for the unit is immediate.
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As the induction hypothesis in the following cases assume that, for any
contexts, - C{ T®T } yields C{ 1} and - D{ U® U } yields D{1 }.

Consider when the root connective in the formula is the times oper-
ator. Assume that - C{ T@U ® (T || U) } holds. By the switch rule,
H C{ (T ® T) I (U ® U) } holds. Hence, by the induction hypothesis twice,
FC{ 1} holds. The case for when parallel composition is the root connective
is symmetric to the case for times.

Consider when the root connective in the formula is parallel composition
operator. Assume that C{ (T;U)® (T;U) } holds. By Lemma 18,
H C{ (T ® T) ; (U ® U) } holds. Hence, by the induction hypothesis twice,
FC{ 1} holds.

Consider when the root connective in the formula is the & opera-
tor. Assume that - C{ (T & U)® (T ®U) } holds. By Lemma 17, it
holds that  C{ (I'&U)®T® (T'&U)®U }. By Lemma 2 twice, -
C { TRToU®U } holds. Hence by the induction hypothesis twice, -
C{1®1 } holds. Hence by Lemma 16, - C{ T } holds, as required. The case
for when internal choice, @, is the root connective is symmetric to the case
for external choice.

This completes the case analysis. Therefore, by induction on the size of
the proposition T, if F C{ T®T } holds, then = C{ T } holds. a

The above proof follows a similar pattern to Proposition 3, except that
a co-rule elimination lemma is applied at each step. The above theorem is
constructive, hence a cut elimination algorithm can be extracted from this
proof that could be machine checked.

A symmetric term rewriting system. Note that no elimination result
for the co-medial rules was required to establish cut elimination (Theorem 3).
The co-medial rule can be eliminated directly using Corollary 1.

Lemma 20 IfFC{ (T;U)® (V ;W) } then-C{ (T®V); (U W) }.
Proof:  Assume that - C{ (T"; U) & (V ; W) }. The following proof holds
in MAV.

(T;U)e (VW) —-(TaV);(UaWw)

— (T 0) I (TeV);UeW)) & (VW) [ (TeV); (UeaeW))
— ((T;0) (T 0) & (VW) || (Vs W)

— I&T—1

Hence, by context closure in Corollary 1, the following is provable.

FC{(T;U)a (VW) —oC{(TaV);UaW)}
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Furthermore, by transitivity in Corollary 1, a proof of the following can be
constructed in MAV, as required: - C{ (T & V); (U W) }. ]

Co-rules are interesting in their own right, since derivations extended
with all co-rules coincide with provable linear implications. Suppose that
SMAV is the system MAV extended with all co-rules. The following corollary
is an immediate consequence of Theorem 3, the proof being standard for
related calculi with a cut elimination result.

Corollary 2 FV —o U if and only if U — V in SMAV.

The advantage of the former definition of linear implication, using provability,
is that MAV is in some sense analytic [5, 7], hence the length of derivations
is bounded. In contrast, in SMAV many co-rules can be applied infinitely.

5 The Complexity of MAV

We explore some immediate consequences of cut elimination. Firstly, we
prove that MAV is a conservative extension of MALL with mix. Secondly,
this observation is used to establish the complexity class of MAV.

5.1 A Conservative Extension with the Operator Seq.

To establish that MAV is a conservative extension of MALL, we must establish
that, for any proposition 7" in MALL, i.e. without the seq operator, - T
holds in MAV if and only if - T holds in MALL. The proof is divided into
the following two lemmas.

Lemma 21 For any proposition T in MALL, if =T holds in MALL, then
F T holds in MAV.

Proof: The proof is by induction on the depth of the proof tree in
MALL. For sequents define the following transformation for proposition T'
and sequents I and A.

[TT=7 Al =TI [A]

Consider the base cases. F @, b follows from the atomic interact axiom
in MALL only if a < b holds, hence [a,b] — T by the atomic interact rule
in MAV. If - I, then trivially I is provable.

Consider the inductive case for times. If H I') A, T ® U follows from
proofs of H ', T and = A,U in MALL, then by the induction hypothesis
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[T, T] and [A,U] are provable in MAV. Hence the following proof can be
constructed in MAV.

[C,AT@U] — [I,T]®[A, U] —1

Consider the inductive case for par. If = I',T || U follows from +
I',T,U, then by the induction hypothesis [I", T, U] is provable in MAV, and
furthermore [I', 7, U] = [I', T || U], hence we are done.

Consider the inductive case for mix. If - I', A follows from a proof of
FT and - A, then by the induction hypothesis [I'] and [A] is provable in
MAV. Hence the following proof can be constructed in MAV: [T, A] — L

Consider the inductive case for with. If - I', T & U follows from proof
of FT',T and F I', U in MALL, then by the induction hypothesis [I", 7] and
[T, U] are provable. Hence the following proof can be constructed in MAV.

C,T&U] — [I,T] & [I,U] — 1&1 — 1

Consider the inductive cases for plus. Without loss of generality consider
the left rule. If - I';T @ U follows from a proof of - I',T, then by the
induction hypothesis [I", 7] is provable in MAV. Hence the following proof
can be constructed in MAV.

[, ToU] — [IT] —1

Hence, by induction on the depth of a proof tree in MALL, if - I', then
[T] is provable in MAV. Since [T] = T, we are done. O

Notice that in a proposition that does not involve seq operator, the seq
operator can be introduced in an intermediate state of the proof by a rule
of the following form C{ (T;1) || 0;U) } — C{ (T ||1); (1| U) }, where
T #1and U # 1. The proof of the following proposition checks that such
scenarios do not increase the number of propositions from MALL that are
provable in MAV.

By applying Theorem 1, we can establish the following contrapositive
to Lemma 21.

Lemma 22 For any proposition T' in MALL, i.e. without the seq operator,
if =T holds in MAV, then =T holds in MALL.

Proof: The trick is to define a function s(T") over propositions, that
transforms every occurrence of seq to par, as follows, where ® € {||,®, ®, &}
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is any binary connective.

s(T;U)=UT) | LU) s(ToU)=UT)olU)

s(I)y =1 s(a) =a s(@)=a

We now aim to establish that if - 7" holds in MAV, then F s(T') is also

provable in MALL. By establishing this stronger property, the lemma follows

since for propositions P in MALL, s(P) = P since seq never occurs in MALL.
Firstly, observe that the following equivalences hold.

o s(T;U);V)=s(T;(U;V)),
o 5(1;7T)=s(T),
o s(T;1)=s(T).

Therefore if T'= U, then s(T) = s(U).
The base case is when T' = I is a proof of length 0 in MAV. In this
s(T) =1 hence the following is a proof in MALL.

Fs(T)
Now consider proofs in MAV of length n + 1 of the following form.
W=C{U}—C{V}—I1

where C{ V' } has a proof of length n and U — V is one instance of any
rule in MAV.

For rules other than sequence and medial, observe that s(U) — s(V)
follows by applying the same rule. For example, for the switch rule the
following holds.

s(P®Q) [ R) = (s(P) ®s(Q)) || s(R)
— s(P) @ (s(Q) || s(R)) = s(P® (Q | R))

Furthermore, for all such rules, =V — U by Lemma 1.
Consider now the cases of the sequence rule. The following follows by
applying associativity and commutativity of par.

s((P5 Q) | (B;9)) = (s(P) [| s(Q)) || (s(R) [| 5(5))
= (s(P) [ s(R)) || (s(@) I s(9)) = s((P || B) ; (@ || 5))
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Thereby - s((P || R); (Q ]| S)) — s((P; Q) || (R;S)) holds in MALL.
Consider also the case of the medial rule. In this case, observe that the
following holds by definition.

S(P&Q); (RES)) —s((P3 R)&(Q; 8))
= (sPY@s@) @ (s @5(9) || (s(P) || s(R) & (5(Q) || 5(5))

Thereby F s(P& Q) ; (R& S)) — s((P; R) & (Q ; S)) holds in MALL by
Lemma 1.

Notice that in each case we have established that F s(V) — s(U) holds
in MALL and hence F s(C{ V' }) — s(C{ U }) holds by Proposition 2. Also
observe that since C{ U } = W we have that s(C{ U }) = s(W) and hence
Fs(C{ U }) —o s(W) holds in MALL.

Now, by the induction hypothesis, s(C{ V' }) is provable in MALL, hence
the following proof can be constructed for W using the rules of MALL and
the cut rule.

s(C{V}) Fs(C{V}),s(C{U})
Fs(C{U}) Fs(C{U }),s(W)
Fs(W)

Hence, by Theorem 1, we can construct a proof of s(W) in MALL. O

5.2 Seq Preserves the Complexity Bound.

Proof search in MAV, like MALL, is a PSPACE-complete decision problem.
Lemmas 21 and 22, establish that provability in MAV is PSPACE-hard. It
remains to establish that proof search in MAV is in PSPACE, as sketched in
the following proposition.

Proposition 4 Proof search in MAV is in PSPACE.

Proof: The trick is to observe that branches of the proof separated by the
with operators can be evaluated separately, in the sense that we can fix one
branch of each with operator and never apply any rule inside the context of
that branch. The following measure verifies that such derivations that forbid
deductions in the context of one branch of a with operator are polynomial
in length. For any proof, for a formula of MAV that does not involve the &
operator, define the measure p(7") to be the sum of the following:

e the number of occurrences of the @ operator in T'.
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e the cardinality of the multiset relation 4, defined such that for two
occurrences of atoms a and b in T, a +% b if and only if there is no
C{ }, U and V, such that a occurs in U and b occurs in V such that
T=Cc{U;V }.

e double the cardinality of the multiset relation ~, defined such that for
any two occurrences of atoms a and b in T, a ~ b if and only if there is
C{ }, U and V, such that a occurs in U and b occurs in V such that
T=c{U|V}

Every rule that is not applied inside a forbidden branch of a with operator
strictly decreases the above measure. Hence a proof of any proposition T'
of size n that does not involve the & operator is of length no greater than
1(T), where p(T) = O(n?).

Now suppose that = T is any proof in MAV. There are at most 2"
independent branches in T' to check where n is the number of & operators
that occur in the formula, obtained by hiding one branch of each with
operator. FKach of these independent branches can be investigated in parallel
in a universal fashion by an alternating Turing machine [8]. An accepting
state is reached when a proposition is equivalent to the unit. Since the
alternating Turing machine finishes in polynomial time, and AP=PSPACE,
we are done. a

Note the parallelism induced by independent branches could be illu-
minated further by the proposed formalisms that are more explicit about
concurrent proof search in deep inference, such as formalism B [47]. It
may also be interesting to revisit the above problem in the context of the
interactive proof class IP [42, 34].

The following is the main complexity result of this paper.

Theorem 4 Proof search in MAV is PSPACE complete.

Proof: By Lemma 21 and Lemma 22, the identity embedding of a propo-
sition of MALL in MAV, reduces the problem of provability of a proposition
in MALL to provability of the same proposition in MAV. Since by Theo-
rem 2, provability in MALL is PSPACE-complete, provability in MALL is
PSPACE-hard. Since, by Lemma 4, provability in MALL is in PSPACE;, the
problem is PSPACE-complete. O

The suitability of this complexity bound depends on the application,
e.g. to verifying protocols or to querying provenance, as discussed in the
introduction. Reductions to established PSPACE-complete problems, such
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as certain decision problems for QBF and relational algebra, suggest a path
for the implementation of tools based on MAV.

6 Conclusion and Future Work

This article is a companion paper for a conference paper [11] that observes
connections between operators that appear in the proof calculi BV and MALL
and operators that appear in session types. These observations lead to the
system MAV investigated in this work. Further to the rules directly from
BV and MAV, a rule relating seq from BV and with from MALL called the
medial rule is required. This paper establishes proof theoretic results that
are of primary importance when introducing a new proof calculus.

The main result is the generalised cut elimination result in Theorem 3.
By using cut elimination, many results can be established including the
transitivity of an internal notion of linear implication (Corollary 1), the
completeness of the symmetric extension of MAV (Corollary 2), and several
results concerning session types that appear in the companion paper [11].
This main result follows from a technique developed in the calculus of
structures called splitting. Novel features include the handling of subsorting
for atoms, and the direct splitting of proofs into independent branches to
control the size of the proof search (Lemma 2). The most challenging case is
the principal case for seq in Lemma 12. This particular case is challenging
due to interactions between seq and with, which do not co-exist in any other
published proof calculus, although the problem was acknowledged several
years previously [45]. A termination measure defined over multisets of
multisets of natural numbers is introduced. The preservation of the measure
by the problematic case involves the substantial case analysis in Lemma 10.

The secondary result, in Theorem 4, establishes that proof search in MAV
is PSPACE-complete. This result is included for a more complete picture,
and to suggest an implementation path for a tool that decides provability
by using a reduction to an established PSPACE-complete problem.

In the literature, Ruet [41] presents a cut elimination result for a logical
system in which the additives and both commutative and non-commutative
multiplicatives co-exist, called NL. A distinction between NL and MAV is
that NL has a pair of De Morgan dual non-commutative operators and two
multiplicative units; whereas MAV has a single self-dual non-commutative op-
erator and a single self-dual multiplicative unit. A stronger difference is that
the non-commutative operators in NL are subject to “seesaw” and “entropy”
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rules that together make these operators cyclic in the sense that propositions
can be ordered but the last proposition in a structure is effectively ordered
directly before the first, forming a cycle. Such a cyclic non-commutative
logic has been proposed as an approach to quantum logic [52]. However, the
cyclic non-commutative operators of NL do not meet the requirements of
explicitly ordering events in a finite session of a protocol, as explained in
the companion paper that motivates MAV [11].

The reason for such a thorough proof theoretic treatment of MAV is that
we propose MAV for a range of applications in computer science. Applications
include the verification of propocols using session types, as proposed in the
companion paper [11], and query languages for partially ordered structures
such as provenance diagrams [10, 31]. To be able to use MAV in confidence,
the fact that it is a consistent logical system in a well understood complexity
class, increases confidence that MAV is a “good” model to use in some
objective sense.

The consistency of the system suggests that MAV is a solid starting point
for future investigations into more expressive proof calculi. We know that
the induction measure for splitting presented is not sufficient to handle the
additive units, for which the induction measure would need to be revisited.
However, we know that the techniques presented here adapt to an extension
of MAV with first-order quantifiers. MAV is a finite calculus in which only
finite structures can be presented. In future work, we aim to investigate
extensions for second-order quantifiers [48] and infinite structures [3] that
are likely to be undecidable [46, 32].
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