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Abstract

We formulate and investigate a bi-intuitionistic extension, BiBBI, of the well known
bunched logic Boolean BI (BBI), obtained by combining classical logic with full intu-
itionistic linear logic as considered by Hyland and de Paiva (as opposed to standard
multiplicative intuitionistic linear logic). Thus, in addition to the multiplicative conjunc-
tion * with its adjoint implication — and unit T*, which are provided by BBI, our logic
also features an intuitionistic multiplicative disjunction V, with its adjoint co-implication
V¥ and unit 1*. “Intuitionism” for the multiplicatives means here that disjunction and
conjunction are related by a weak distribution principle, rather than by De Morgan equiv-
alence.

We formulate a Kripke semantics for BiBBI in which all the above multiplicatives
are given an intuitionistic reading in terms of resource operations. Our main theoretical
result is that validity according to this semantics exactly coincides with provability in our
logic, given by a standard Hilbert-style axiomatic proof system. In particular, we isolate
the Kripke frame conditions corresponding to various natural logical principles of FILL,
which allows us to present soundness and completeness results that are modular with
respect to the inclusion or otherwise of these axioms in the logic. Completeness follows
by embedding BiBBI into a suitable modal logic and employing the famous Sahlqvist
completeness theorem.

We also investigate the Kripke models of BiBBI in some detail, chiefly in the hope that
BiBBI might be used (like BBI) to underpin program verification applications based on
separation logic. Interestingly, it turns out that the heap-like memory models of separation
logic are also models of BiBBI, in which disjunction can be interpreted using a natural
notion of heap intersection.



1 Introduction

Bunched logics, which can be understood as an orthogonal combination of some variant of stan-
dard propositional logic with some variant of multiplicative linear logic [3, 23], have applications
in computer science as a means of expressing and manipulating properties of resource [21, 24, 4].
Most notably, separation logic [25], which has been successfully employed in large-scale program
verification [7, 26, 13] is based upon the bunched logic Boolean BI (from now on BBI) obtained
by combining ordinary classical logic with multiplicative intuitionistic linear logic (from now on
MILL) [12].

BBI has a very simple and appealing Kripke frame semantics: a model of BBI is simply
a certain type of (relational) commutative monoid, and a formula can then be read directly
in such a model as a subset of its elements, typically understood as abstract resources. The
classical connectives have their usual meanings, and the multiplicative MILL connectives (called
multiplicative) are given “resource composition” readings: A multiplicative conjunction of for-
mulas A x B denotes those elements which divide, via the monoid operation, into two elements
satisfying A and B respectively. (In separation logic, * expresses the division of heap memories
into two disjoint pieces.) The unit T* of * denotes the set of units of the monoid, and an
implication (or “magic wand”) A — B denotes those elements that, when extended with an
element satisfying A, always yield an element satisfying B.

For some time following the inception of bunched logic it was unclear whether multiplicative
analogues of other standard logical connectives — particularly disjunction and negation — could
be given a similarly intuitive (and non-trivial) resource interpretation. A first positive answer
to this question came in the form of a complete frame semantics for Classical BI (CBI) [4],
given by extending classical logic with multiplicative (classical) linear logic (MLL) rather than
MILL. Thus in CBI, as in MLL, the multiplicative connectives are related by the expected de
Morgan equivalences. These strong proof-theoretic equivalences have a model-theoretic corre-
late: CBI-models are BBI-models in which every element of the monoid has a unique “dual”
(in a certain technical sense). It is easy to find BBI-models in which such duals do not exist,
and in fact CBI is nonconservative over BBI. In particular, the heap-like models employed
in separation logic are not models of CBI, which unfortunately rules out using the convenient
logical symmetries of CBI to reason about separation logic over these models. This leaves open
the question of whether there might be bunched logics sitting in between BBI and CBI in which
multiplicative disjunction, negation etc. are interpretable but do not obey the de Morgan laws
of MLL. Additionally, one could ask whether any putative such logic might be used to reason
about heap-like models, and thus might have potential applications to separation logic.

In this paper, we give positive answers to both of the aforementioned questions by formu-
lating a so-called bi-intuitionistic version of BBI, based on combining classical logic with full
intuitionistic linear logic (FILL) as considered in [16]. FILL adds the linear disjunction (“par”)
and its unit to MILL; in BiBBI, we write these connectives as ¥ and L* respectively. The
disjunction ¥ (which the reader is invited to read as “mor”) also has a natural adjoint co-
implication which we write as \* (and refer to as “magic slash”). This adjoint was not present
in the original formulation of FILL, but has been considered recently by Clouston et al. in order
to formulate a display calculus for FILL with the cut-elimination property [9]. Here, we include
\" partly for the sake of symmetry, but also because, like in [9], it plays a useful réle in some of
our technical developments.

Provability in BiBBI can be given in the usual way simply by combining suitable Hilbert
systems for classical logic and for FILL. One of our main contributions in this paper is to
formulate a suitable Kripke frame semantics for BiBBI, and to show that provability is sound
and complete with respect to validity in this semantics. Soundness is an easy result, whereas



completeness follows by embedding BiBBI into a suitable modal logic and deploying Sahlqvist’s
well-known completeness theorem for modal logic (see, e.g., [2]). BiBBI is easily seen to be “in
between” the logics BBI and CBI, in the sense that BiBBI is an extension of BBI and CBI an
extension of BiBBI.

We consider a number of variants of BiBBI, based on whether or not various natural logical
principles of FILL are included in our logic. For each such principle, we identify a corresponding
first-order frame condition on the Kripke models of BiBBI which exactly defines the validity
of the principle in any such model (see Table 1 in Section 3). As a helpful side effect, this
enables us to present our soundness and completeness results so as to apply to any variant of
BiBBI. Probably the most interesting principle of FILL is the so-called weak distribution of
multiplicative conjunction over disjunction, given by

Ax(BY C)F(AxB) YV C.

This axiom is of crucial importance in FILL, and consequently in BiBBI, because it provides
the only connection between the (x,—, T*) and (V, \', 1*) fragments of the logic(s). The frame
condition corresponding to the above weak distribution law is surprisingly complicated, and
in Section 4 we undertake a more detailed investigation of the models of BiBBI obeying this
condition. In particular, we find that the heap-like models of separation logic can be extended
to models of BiBBI obeying the weak distribution condition if we interpret the multiplicative
disjunction ¥ using certain natural notions of intersection of heaps. We also present some general
techniques for constructing BiBBI-models obeying weak distribution.

The remainder of this paper is structured as follows. In Section 2 we recall the model-
theoretic and proof-theoretic characterisations of BBI and CBI. We then introduce our biintu-
itionistic bunched logic BiBBI, via both a Kripke frame semantics and a Hilbert-style axiomatic
proof system, in Section 3. In Section 4 we investigate the Kripke models of BiBBI in more
detail, and present some general constructions for BiBBI-models obeying the weak distribution
law. Section 5 gives our completeness proof, and Section 6 concludes.

2 BBI and CBI: an overview

In this section, we recall the basic characterisations of validity (based on Kripke frame semantics)
and provability in the bunched logics BBI [17, 11] and CBI [4].

We assume a denumerably infinite set V of propositional variables, and write P(X) for the
powerset of a set X.

2.1 Boolean BI

Here we briefly recall the syntax, proof theory, and semantics of BBI, as can be found in several
places in the literature. We remark that the metatheory of BBI has been quite extensively
studied from the point of view of completeness [11, 15], expressivity [18, 6], decidability [5, 19],
and proof theory [3, 22, 20].

Definition 2.1. BBI-formulas are built from propositional variables P € V using the standard
formula connectives T, 1, — A, V,— of propositional classical logic, and the so-called “multi-
plicative” connectives, consisting of the constant T* and binary operators * and —.

By convention, — has the highest precedence, followed by *, A and V, with — and — having
lowest precedence.



Definition 2.2. Provability in BBI is given by extending a complete Hilbert system for classical
logic with the following axioms and inference rules for *, — and T*. The “sequent” notation
A+ B is used as syntactic sugar for the formula A — B.

AxBFBx A AFAxTH AxT*F A Ax(BxC)F (AxB)*C

A1+ By AsF By AxBFC AFB—=C
A x Ay - By * By AFB -« C AxBFC

Definition 2.3. A BBI-frame is a a tuple (W, o, E'), where W is a set (of “worlds”), o : WxW —
P(W) and E C W. We extend o pointwise to P(W) x P(W) — P(W) by

W10W2 —def U w1 oWy .

w1 EW1,w2€W2
A BBIL-frame (W, 0, E) is a BBI-model if o is commutative and associative, and wo F = {w} for
all w € W. (By definition, the latter means that J,.,w o e = {w} for all w € W.) We call £
the set of units of the model (W, o, E).

If the binary operation o in a BBI-model M = (W, o, E) satisfies |wy o wa| < 1 for all
w1, we € W, then we say that M is partial functional and understand o as a partial function of
type W x W — W.

Example 2.4. The standard heap model (Heaps, o, {e}) of separation logic [25] is defined as
follows. First, Heaps = Loc —g, Val is the set of partial functions mapping finitely many
locations Loc to values Val. We write dom(h) for the domain of heap h, i.e. the set of locations
on which A is defined. We define h; o hy to be the union of heaps hy and hy if dom(hy) and
dom(hs) are disjoint (and undefined otherwise), and we let e be the empty heap with dom(e) = (.
It is straightforward to verify that (Heaps, o, {e}) is a (partial functional) BBI-model.

Definition 2.5. Let M = (W, o0, E) be a BBI-model. A waluation for M is a function p that
assigns to each atomic proposition P a set p(P) C W. Given any valuation p for M, any w € W
and any L-formula A, we define the forcing relation w |=, A by induction on A:

wkE, P & wep(P)
wil, T & always
wlk, Ll < never
wkE,"A & wk,A
whkp, AiNAy & whk, A and w =, Ay
w|:pA1\/A2 = w):pAlorw|:pA2
wi=, At > Ay & wl=, A; implies w =, A
wkE, T & weE
wkE, A1 x Ay & Jwi,wr € W. w € wy owy and wy =, A1 and wy =, Ao
wil=p, A1+ Ay & Yw',w' e W if w” € wow and w' =, A then w” =, Ay

A is said to be walid in M if w =, A for any valuation p and for all w € W, and BBI-valid if it
is valid in all BBI-models.

Theorem 2.6 (Soundness / completeness of BBI [11]). A BBI-formula is BBI-valid if and only
if it is BBI-provable.



2.2 Classical BI

Here we recall the definitions of provability and validity in the bunched logic CBI [4].

Definition 2.7. CBI-formulas are defined as BBI-formulas (Defn. 2.1), except that they may
also contain the “multiplicative falsum” constant 1*. We write ~A as an abbreviation for
A —«1* and AV B as an abbreviation for ~(~A x ~B).

Definition 2.8. Provability in CBI is defined as for BBI (Defn. 2.2) except that the following
axiom is also included:

~~AE A

Definition 2.9. A CBI-model is given by a tuple (W, o, E,U), where (W, o0, E) is a BBI-model
(see Defn. 2.3), U C W, and for each w € W, there is a unique —w € W (the “dual” of w)
satisfying (wo —w)NU # .

Definition 2.10. A valuation for a CBI-model and satisfaction w =, A of a CBI-formula A by
the world w and valuation p are defined as for BBI (Defn. 2.5), except that we add the following
clause for satisfaction of the multiplicative falsum:

wkE, ' & w¢U

Example 2.11 ([4]). Let {0,1}* denote all infinite strings over the alphabet {0,1} of “bits”.
Writing 0¢ for the infinite string of 0s and XOR for the standard bitwise exclusive-or operation
on infinite bit strings, it is easy to check that ({0,1}*,XOR, {0“}) is a BBI-model.

Now, for any o € {0,1}%, let @ be the bit string obtained from o by flipping each of its bits
from 0 to 1 and vice versa (so e.g. 04 = 1¢). For any o € {0,1}¥, the string 7 is the unique
—o € {0,1}* such that ¢ XOR —¢ = 1¢. Thus ({0, 1}*,XOR, {0¥}, {1¢}) is a CBI-model.

Proposition 2.12. The heap model (Heaps, o, {e}) of BBI defined in Frample 2.4 is not a
CBI-model. That is, there is no set U C Heaps such that (Heaps, o, {e},U) is a CBI-model.

Proof. Suppose for contradiction that such a U exists. Clearly U must be nonempty. In fact
|U| =1, for if uy,us € U then eou; = {u;} CU and eouy = {us} C U, and by the CBI axiom
we then have u; = —e = ug. So U = {u}, say. Note that v € Heaps and thus dom(u) is finite.
Let h be a heap with dom(h) D dom(u) (there are infinitely many such /). Then there exists a
heap —h such that h o —h = u by the CBI-axiom, but it is clear that there is no such heap. [

Given a CBI-model (W, o, E,U), the condition in Definition 2.9 induces a function — : W —
W sending w to —w, and this function is necessarily involutive, i.e. ——w = w for any w € W
(see [4])*. Moreover, it is easy to show that —F = U.

Using this definition, and extending — pointwise to sets in a similar way to o (see Defn. 2.3),
we obtain the following clauses for satisfaction of multiplicative negation ~ and disjunction V:

whkE,~A & —wk, A
wk, AVB & Yw,wy € W.if we —(—w;y 0o —wy) then wy =, A or we =, B

Theorem 2.13 (Soundness / completeness of CBI [4, 3]). A CBI-formula is CBI-valid if and
only if it is CBI-provable.

Proof. Tt is shown in [4] that a display calculus for CBI is sound and complete for CBI-validity,
and in [3] that provability in this display calculus is equivalent to provability in the minimal
system we present here. (In [3], a particular presentation of classical logic is chosen, but clearly
any sound and complete presentation suffices.) O

'Tn [4] the function — : W — W is given as part of the model, but in fact U determines — (and vice versa).



Theorem 2.14 ([4]). CBI is a non-conservative extension of BBI. That is, there are BBI-
formulas that are CBI-valid but not BBI-valid.

3 BiBBI: Bi-intuitionistic Boolean bunched logic

In this section we introduce our bi-intuitionistic Boolean bunched logic, BiBBI. This logic ex-
tends standard BBI with the multiplicative disjunction ¥, together with its adjoint multiplicative
co-implication \ (a.k.a. “magic slash”) and the multiplicative falsum 1*. These connectives are
here given an essentially intuitionistic interpetation, in analogy to their readings in FILL [16];
in particular, * and ¥ are not connected by de Morgan equivalences.

Below, we define a suitable notion of a Kripke model for BiBBI, and then set out the
interpretation of formulas in these models, along similar lines to the semantics of BBI in CBI in
Section 2. Our choice of models and interpretation is designed to achieve several complementary
objectives:

1. BiBBI is an extension of BBI (i.e., for BBI-formulas, validity in BBI implies validity in
BiBBI). Furthermore, when a suitable “classicality” axiom is added to BiBBI, it collapses
into CBI (see Proposition 3.7). Thus, BiBBI can be seen as an intermediate logic between
BBI and CBI.

2. Our interpretation of multiplicative disjunction ¥ in BiBBI is dual to the interpretation
of multiplicative conjunction *, in the sense that ¥ can be read as a binary box modality
in modal logic [2], while x can be read as a binary diamond modality.

3. For each natural logical principle governing the behaviour of ¥, \' and 1* (drawn from the
axioms of FILL), one can write down an equivalent first-order condition on BiBBI-models
(see Table 1).

4. Finally, for any variant of BiBBI obtained by taking some combination of logical axioms
from Table 1, we achieve a suitable soundness and completeness result for that variant
with respect to the associated class of models.

Definition 3.1. A BiBBI-formula is defined as a BBI-formula (Defn. 2.1), except that it may
also contain the multiplicative constant 1*, and the binary multiplicative connectives \" and V.
That is, BiBBI features the following multiplicative connectives:

T*7*74)’6)J_*7\*/7 \* *
As in CBI, we write ~A as an abbreviation for A — 1*.

Next, we present a basic characterisation of validity for BiBBI-formulas and an associated
notion of basic provability. Then, we extend these characterisations to deal with various further
logical properties, which we regard as a sort of “logical buffet” from which we can obtain a logic
by choosing the principles we wish to include. However, we include commutativity of ¥ as a
basic principle for technical convenience, since a non-commutative ¥ naturally leads to both V
and L* splitting into two connectives (acting on the left and right of V).

Definition 3.2. A basic BiBBI-model is given by (W,o, E,v,U), where (W,o, F) is a BBI-
model, U C W and vV: W x W — P(W) is commutative. We extend V pointwise to sets in a
similar manner to o:

W1VW2 —det U w1Vw2.

w1 EWr,wa€Wo



A valuation for a basic BiBBI-model M = (W, o, E, V,U) is defined as in Definition 2.5. Satis-
faction w |=, A of a BiBBI-formula A by the valuation p and world w is given by extending the
forcing relation in Definition 2.5 with the following clauses for 1*, ¥ and \:

wkE,* & w¢U
wk, AVB & Ywi,wy € W. we w Vwy implies wy =, A or wy =, B
wkE, A\VB & J v eW v ew vwandw” =, Aand w' ¥, B

Similarly to BBI and CBI (see Section 2), a BiBBI-formula A is valid in M if w =, A for all
w € W, and BiBBI-valid if it is valid in all BiBBI-models.

Definition 3.3. Basic provability in BiBBI is given by extending the proof system for BBI (see
Definition 2.2) with the following axioms and inference rules:

Monotonicity: Residuation: Commutativity:
Ai+By A2+ B AFBYC AN BE

el AVBFC AVBFBYV A
A1V Ay - By ¥V By AN BEC AFBYC

Theorem 3.4 (Basic soundness). If a formula A is provable in the system for basic BiBBI
(Definition 3.3) then it is valid in all basic BiBBI-models.

Proof. By soundness for standard BBI (Theorem 2.6) it suffices to show that the axioms and
rules in Definition 3.3 preserve validity in an arbitrary basic BiBBI-model (W, o, E,v,U). We
distinguish a case for each rule.

Monotonicity: Assume that the premises A; F By and As - By are valid. Then, assuming
w =, A1 V As, we must show that w |=, By V Bo, i.e. that w € wy V wy implies wy =, By
or wy =, By. Assume w € wy V we. Since w =, A1 V As, either w =, A or w =, As.
Using validity of the two premises of the rule, either w =, By or w |=, B, as required.

Residuation: We just show soundness of one of the rules here; the other is similar. Assume that
the premise A \" B+ C is valid. Then, assuming w =, A, we must show w |=, BV C.
That is, assuming w € w; V wg, we must show either w; =, B or ws =, C. Thus,
we assume wi ¥, B and must show ws =, C. Since, collecting assumptions, we have
w € wy V wy with w =, A and wy ¥, B, it holds that ws =, A \' B, whence w; =, C as
required by the validity of the rule premise.

Commutativity: Follows immediately from commutativity of V. O

Definition 3.5. A wariant of BiBBI is obtained by adding, for any combination of “principles”
from Table 1, (a) the logical axiom A for that principle to the basic BiBBI proof system in
Definition 3.3, and (b) the frame condition F(A) for that principle as an additional condition
on the basic BiBBI-models in Definition 3.2.

Proposition 3.6. In any variant of BiBBI obeying both weak distribution and unit contraction,
we have the following multiplicative analogue of the usual disjunctive syllogism:

Ax(~AY B)F B

Proof. First, A — 1*F A — 1* is trivially provable. Thus, by residuation and commutativity
of x, we obtain A * (A — 1*)F 1* which is equal to Ax~AF 1*. Since B+ B is trivially
provable, we obtain (A x ~A) ¥ B+ 1* ¥ B using BiBBI’s monotonicity rule for ¥. Now, as
1* ¥ B B is an instance of the unit contraction axiom and A * (~A ¥ B)F (A% ~A)V B is
an instance of the weak distribution axiom, we obtain A x (~A ¥V B) F B by transitivity. O



Principle Axiom A |Frame condition F(A)

Associativity AV (BYOYF(AVB)YC |w V (wy Vws)=(w; Vw) V ws
Unit expansion AFAYV LI* wVv U C{w}

Unit contraction AV 1*F A wewvU

Contraction AVAEFA weEwWwVw

Weak distribution |A*(BVC)F (A*B)VC |(z10x2)N(y1 V y2) # @ implies
Jw. y1 € xyow and x2 € W V Yo

Classicality ~~AR A F—w. (wo—w)NU #0

Table 1: Optional axioms of BiBBI and the corresponding first-order frame conditions (from
which we suppress outermost universal quantifiers over the model domain).

The interpretations of 1* and ¥ in BiBBI are (partially) justified by the following proposition,
which shows that BiBBI with classicality is exactly CBI.

Proposition 3.7. The following relationships hold between BiBBI and CBI:

1. For any BiBBI-model (W o, E, Vv U) satisfying classicality in Table 1, (W, o, E,U) is a
CBI-model.

2. Any CBI-model (W o, E,U) can be viewed as a BiBBI-model (W,o, E, vV, U), by taking
wy V wy = —(—wy 0 —ws). This model satisfies the frame conditions for classicality,
associativity, unit expansion / contraction, and weak distribution.

3. When CBI-models are identified with BiBBI-models as above, CBI-validity (Defn. 2.10)
coincides with validity in the corresponding variant of BiBBI.

4. Any CBI-formula that is valid in a variant of BiBBI without contraction is also CBIl-valid.
Proof. 1. Immediate by construction.

2. Let (W,o0, E,U) be a CBI-model. It is immediate that (W,o, E,v,U) is a basic BiBBI-
model, with commutativity of V an easy consequence of the commutativity of o. We have
to check that (W, o, E, v, U) is indeed a model of BiBBI satisfying the required properties.

Next, we have to check that (W, o, E, v,U) satisfies all of the frame conditions mentioned
above. Classicality is exactly the CBI-model axiom, so is trivially satisfied (and conse-
quently we have ——w = {w} for any w € W and —F = U, cf. [4]). For associativity, we
check as follows:

wy V (wy V ws) = —(—wy 0 ——(—wq 0 —ws))
= —(~wy o (—w2 0 —w3)) (since ——X = X)
= —((~w1 0 —wz) o —w3) (by associativity of o)
= —(——(~w1 0 —wg) o —w3) (since ——X = X)

= (wl VU)Q) V ws



Next, we check the unit contraction and unit expansion axioms simultaneously:
UvVvw=,cy —(~uo—w)
—(Uyer(—uo —w))

= —((Uuer —u) 0 —w)
= —(Fo—w) (since UueU —u=-U=E)

— {—-w} = {w}

Finally, we must verify the weak distribution axiom. Suppose (1 o 22) N (y1 V y2) # 0.
That is, for some z € x1 0 x5 we have z € —(—y; 0 —y2), or equivalently —z € —y; 0 —yq,
which is again equivalent (see [4]) to y1 € z o —ys. Putting everything together and using
associativity of o, we get y; € x1 o (3 0 —y2). Thus, for some w € xs o —ys, we have
y1 € x1 o w. But, using the same properties as before, w € z9 o —ys is equivalent to
—Z9 € —w o —yo and then to x9 € —(—wo —ys), i.e. x2 € w V yo as required. This
completes the verification of the frame conditions.

3. Just observe that the clauses for satisfaction of L* coincide in the forcing relations for
BiBBI and CBI, and that by inserting the definition of Vv into BiBBI's clause for ¥, we
obtain exactly the usual CBI clause for V.

4. Let A be a CBl-formula valid in a contraction-free variant of BiBBI. Let M be a CBI-
model. Using part 2 of the proposition, we can extend M to a BiBBI-model M’ satisfying
all properties in Table 1 except contraction; therefore, M’ is a model of the required BiBBI
variant. By assumption, A is valid in M’ (w.r.t. the contraction-free BiBBI variant). By
part 3 of the proposition, A is then valid in the CBI-model M, as required. O

Theorem 3.8. For each principle listed in Table 1, the logical axiom A corresponding to that
principle defines the corresponding frame condition F(A). That is, for any basic BiBBI-model
M, the axziom A is valid in M if and only if M has the property F(A).

Proof. Let M = (W, 0, E,v,U) be a basic BiIBBI-model. We distinguish a case for each principle
from Table 1.

Associativity: (<) Assuming V is associative, we have to show AV (BYV C)F (AV B)V C is
valid in M. So, assuming w =, AV (B V C), we have to show that w =, (A YV B) V C.
This means, assuming w € u V v, we have to show that u =, AV Borv |, C. Ifv =, C
we are done. Otherwise we have v}, C' and must show u |=, AV B. Thus, assuming
u € a V b, we have to show a |=, A or b |=, B. Now, collecting assumptions and using
associativity of v, we have:

we(@vb)Vo=aV (bVo)

That is, we have w € a V x for some x € b V v. Since w }=, AV (B V C') by assumption
and w € a V z, we have either a =, Aor z =, BV C. If a |=, A we are done. Otherwise,
since z =, BV C and € b V v and v ¥, C, we have b |=, B as required.

(=) Assuming that AV (BV C)F (AV B) ¥V C is valid in M, we must show that v
is associative. Since V is commutative by definition, it suffices to show for arbitrary
w,x,y € Withat (wva) VyCwV (z Vy) Let z € (wV x)Vy,so that there exists
uw €W withz€uvVyandu e wV z. Let A, B, C be propositional variables and define a
valuation p for M by:

p(A) =W \{w}  p(B)=W\{z}  p(C)=W\{y}



Now, since u € w V x but wk, A and z ¥, B, we have u¥, AV B. Similarly, since
zeuVybutuk, AV B and y¥, C we have z ¥, (AV B) V C. Since the associativity
axioms AV (BV C)F (AV B) V C is valid in M, we must have z ¥, AV (B V C). This
implies there exist wy, wo, w’,w” € W with

z€wy Vwy and wy ¥, A and wy € w' V w” and w' ¥, B and w" ¥, C

That is, z € w V wg and we € x V y for some wy € W, which means z € w V (z V y).
This completes the case.

Unit expansion: (<) Assuming that w v U C {w} for all w € W, we have to show that
A AV 1* is valid in M. So, assuming that w =, A, we have to show w =, AV L1*.
This means showing, assuming that w € wy V wy, that either w, =, A or wy =, 1*. If
wy =, L* then we are done, so assume that wo ¥, L*, which means wy € U. In that case,
w € w VU C {w}, which implies wy = w and thus w; =, A as required.

(=) Assuming that A+ AV 1* is valid in M, we have to show that w v U C {w} for
any w € W. Let ¢ € w Vv U, which means z € w V u for some v € U. We have to
show that © = w. Let A be a propositional variable and define a valuation p for M by
p(A) = W\ {w}. Since z € w V u but w¥, A and u ¥, L*, we have z ¥, A ¥ L*. Since
AF AV 1* is valid in M, we have z ¥, A, i.e. = w as required.

Unit contraction: (<) Assuming w € w V U for all w € W, we have to show that AV 1* - A
is valid in M. So, assuming that w =, A V L1*, we must show w =, A. As w € w V u
for some w € U and w =, AV L*, we must have either w =, A or u =, 1*. The latter is
impossible, so w |=, A as required.

(=) Assuming A ¥ 1* - A is valid in M, we have to show that w € w v U for any w € W.
Let A be a propositional variable and define a valuation p for M by p(A4) = W \ {w}. By
construction, w ¥, A. Since AV 1* - A is valid in M, we have w ¥, A ¥V L*. This means
there exist x,u € W such that w €  V v and 2 ¥, A and uF, 1*. That is, w € w V u
for some u € U, i.e. w € w V U as required.

Contraction: (<) Assuming w € w V w for all w € W, we have to show that AV A+ A is
valid in M. Assuming that w =, AV A, since w € w V w we immediately have w |=, A
as required.

(=) Assuming that AV AF A is valid in M, we have to show that w € w V w for any
w € W. Let A be a propositional variable and define a valuation p for M by p(A) =
W\ {w}. By construction, w ¥, A. Since AV A+ A is valid in M, we have w k¥, AV A.
This means there exist wi, w2 € W such that w € w1 V we and wy ¥, A and w, ¥, A.
That is, w = w1 = we, and so w € w V w as required.

Weak distribution: (<) Assuming that the weak distribution frame property holds in M, we
have to show that A (B V C)F (A% B) V C is valid in M. So, given w =, A* (B V C),
we must show that w |=, (A * B) ¥ C. This means showing, assuming that w € wy V ws,
that either wy =, A* B or wy |=, C. Since w =, A x (B V C), we have w € 1 oxy where
z1 =, A and z3 =, BV C. Collecting assumptions, we have (zq o 22) N (w1 V ws) # 0,
so by the weak distribution frame property there exists y € W such that w; € x1 oy and
xo € y V wy. Now, since 9 € y V wq and x =, BV C we must have either y =, B
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or we =, C. If wy |=, C, we are done. Otherwise, since w; € z; oy and z1 =, A and
y |=p B, we have w; =, A * B as required.

(=) Assuming that A+ (BV C)F (A* B) V C is valid in M, we have to show that the
weak distribution frame property holds in M. That is, supposing z € (z1022)N(y1 V y2),
we have to find a w € W such that y; € z1 ow and 29 € w V ys. Let A, B,C be
propositional variables and define a valuation p for M by

p(A) = {z1} p(B) ={weW |z2 €w V ys} p(C) =W\ {y2}
Now observe that by construction of p we have the following;:

Vwy € W. xg € wy V yo implies wy =, B
ie. Ywi,wy € W. o € wy V wp and wy ¥, C implies w; =, B
ie. Vwi,wy € W. zy € wi V wy implies wy =, B or wy =, C
i.e. T9 ):p B \*/ C

Since z € x1 o 29, with 21 =, A by construction and z =, B ¥ C by the above, we get
z =, A% (B YV C). By the main assumption, z =, (A% B) V C. Now, asz |=, (A*B) V C
and z € y1 V y2 but ys ¥, C, we must have y; |=, A+ B. This means that there exist
w,w € W with y; € uow and u =, A and w =, B. By definition of p, this precisely
means that y; € 1 ow and z2 € w V ys, as required.

Classicality: (<) Assuming the CBI-model axiom holds in M, we have to show that ~~A - A
is valid. This means, assuming that w =, ~~A, showing that w =, A. Using the clause
for satisfaction of ~ given in Section 2, we have ——w |=, A, and thus immediately w |=, A
using the fact from [4] that — is an involutive function on W.

(=) Assuming that ~~AF A is valid in M, we have to show that the CBI-model axiom
holds, i.e. that for any w € W there is a unique w’ € W such that (wo w’) NU # (.
Let A be a propositional variable and define a valuation p for M by p(4) = W \ {w}.
By construction, w ¥, A, so using the main assumption we have w ¥, (A — 1*) — 1*.
Thus, there exist w’, w” € W such that w” € wow’ and v’ |5, A — L1* but w” ¥, 1*, ie.
w’ € U. That is, there exists an —w = w’ € W such that (wo —w)NU # (.

It just remains to show that —w is unique. Write Co(w) for the set of all w’ such that
(wow')NU # 0, and note that Co(w) is nonempty by the above. According to part 1 of
Proposition 2.2 in [4], it suffices to show that Co(Co(w)) C {w}, extending Co pointwise
to sets as usual. To see this, first define a new valuation p’ for M by p/(4) = {w},
so that w |=, A by construction. Since A F ~~A is already provable in BBI, we have
w Ey (A = 1*) = 1*. It is easy to show that this means that w’ |=, A for all
w’ € Co(Co(w)). That is, Co(Co(w)) C {w} as required. O

Corollary 3.9 (Soundness of BiBBI). If a formula is provable in some variant of BiBBI then
it s valid in that variant.

Proof. Follows immediately from Theorems 3.4 and 3.8. O
We conclude this section by stating our completeness result, the converse to Corollary 3.9.

Theorem 3.10 (Completeness of BiBBI). If a BiBBI-formula is valid in some variant of BiBBI
then it is provable in that variant.

We present the detailed proof of Theorem 3.10 in Section 5.
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4 From BBI-models to BiBBI-models

In this section, we consider whether interesting models of BiBBI can be obtained via general
constructions on BBI-models.

First, we observe that any pair of BBI-models M = (W, o0, E) and M’ = (W,o', E’) over
the same set of worlds can be trivially “joined” into a BiBBI-model (W, o, E o', E’). Of the
logical principles in Table 1, this BiBBI-model satisfies associativity, unit contraction and unit
expansion, but no other properties in general; in particular, weak distribution typically fails,
and so we cannot reason very meaningfully about any interaction between M and M’.

Below, we show how to turn any partial functional BBI model M = (W, o0, E) into a BiBBI-
model (W' o', E', v, U) that does obey weak distribution, using two general constructions. The
first construction, given in Section 4.1, extends M directly to a BiBBI-model (W,o, E,V,U)
in which V is interpreted as a type of generalised “intersection”. This construction yields
BiBBI-models with the contraction and weak distribution properties, but in general no others
(Theorem 4.5).

In the second construction (Section 4.2), which builds on the first one, the worlds W’ of the
constructed model are pairs of worlds from the original BBI-model, where the first component
of each pair is “included” in the second component. Then, V is interpreted as intersection
(as defined in the first construction) on the first component and the identity on the second
one. Moreover, we show that if the original BBI-model satisfies the cross-split and disjointness
properties typical of heap-like models (see Definition 4.6), then the constructed model satisfies
all the principles listed in Table 1, except for classicality (Theorem 4.12).

For both constructions, we give examples based on the heap model from Example 2.4.

4.1 Intersection in BBI-models

Our first approach to constructing BiBBI-models from BBI-models is to interpret vV as an
“intersection-like” operator on worlds. As a motivating example, there are two natural ways
one could go about defining an such an operator in the heap model of Example 2.4, depending
on how to deal with incompatible heaps:

Example 4.1 (Intersections of heaps). Two heaps hi, hy are said to be compatible at ¢ if
h1(¢) = h2(¢), and simply compatible if they are compatible for all £ € dom(hy) Ndom(hz). In
particular, any two heaps with disjoint domains are compatible.

We define two intersection operations N; and Ny on heaps as follows:

hi(0) if £ € dom(hy) Ndom(hg) and hq, he are compatible at £
undefined otherwise

(h1 Ny ho) () =uet {

(h1 N1 he)(¢) if hy and hy are compatible
undefined otherwise

(h1 N2 ha) () =uet {

compatible, and @) otherwise. Both interpretations of heap intersection make intuitive sense:
in the first case, incompatibilities are silently discarded, while the second intersection detects
them and aborts the whole composition. However, N; is associative, while Ny is not. We
note, however, that neither N; nor Ny has a natural set of units U C Heaps, in the sense that
hn; U = {h} for all heaps h.

Proposition 4.2. Let (Heaps, o, {e}) be the heap model of Example 2.4, and let Ny and Ny be
the heap intersection operations defined in Example 4.1. Then, (for any set U C Heaps) both
(Heaps, o, {e},N1,U) and (Heaps, o, {e}, Ny, U) are BiBBI-models with the contraction and weak
distribution properties.
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Proof. Straightforward verifications. O

We can extend the above proposition to the case of arbitrary partial functional BBI-models,
using a generalised version of the heap intersection M.

Definition 4.3. Let M = (W, o, E) be a BBI-model. For any wy,ws € W, define wy Vn wy as
{z | 3z1,29 EW. w1 € xoxy and we € T 0wy and wy 0 z3 # ) and we 0 z1 # O} .
Example 4.4. In the heap model of Example 2.4, h1 VA hs is exactly hi Ng ho.

From now on, to simplify notations, and because most models of separation logic in the liter-
ature satisfy this constraint, we will assume an underlying BBI-model that is partial functional.
Thus we write, e.g., w; o wy = w rather than wy o wy = {w}. Taking advantage of associativity
of o, we also write wy # ... § w, to mean that wy o...ow, is defined (i.e., non-empty). The
operation V in Definition 4.3 can then be rewritten as follows:

w1 VA Wy =g {@ | Ix1,20 €W, w1 =202 and wy =z oxe and x §f x1 £ x2}
(Note that Vn is itself not a partial function in general, and nor is it necessarily associative.)

Theorem 4.5. For any partial functional BBI-model M = (W, 0, E), and any U C W, we have
that (W, o0, E,v,U) is a BiBBI-model with the contraction and weak distribution properties.

Proof. Since M is a BBI-model and V~: W x W — P(W) is commutative by construction,
(W,0,E,v,U) is a basic BiBBI-model.

To check that contraction holds, we need to show that w € w Vn w for any w € W. Since
M is a BBI-model, there is an e,, € F such that w o e, = w. Then,

W=woe, and w=woe, and w § e, f§ ey

hence w € w V4 w as required.

It just remains to verify the weak distribution law. That is, assuming (1 o x2) N (y1 VA
y2) # 0, we require to find w € W such that y; = 21 ow and 23 € w VA yo. By assumption, we
have (z1 0 x3) = z € Y1 Vn y2 (for some z). By definition of V there are z; and z9 such that

y1=z0zand yo =z02z20 and z 21 § 25 .
Now we let w = x5 0 z;. We immediately have
Y| =202 =T10%202] =T10W .
To see that 9 € w VA y2, we need to find z’, 2" € W such that
w==x902 and yp =x902” and xo f 2’ § 2" .

We choose ' = 21 and 2/ = x1 0 29. We have w = x4 0 21 as required by construction. We also
have

Yo = 2029 =T10X2029 =Tg0 (17 023) .

It remains to check o ff 71 f (21 0 22), or equivalently (z1 o x3) f 21 f 22, which follows from
rr0oxo =z and z 421 § 2. O
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4.2 Intersection in BBI-models with global worlds

We are now ready to define our second general construction, based upon the one in the previous
section, for constructing BiBBI-models obeying weak distribution, associativity, contraction
and the unit laws (see Table 1). We begin with a partial functional BBI-model M = (W, o, E)
obeying the cross-split and disjointness properties typically encountered in heap-like models of
separation logic [10, 6], and construct a BiBBI-model M = (W,5, E,V, D). Each world in W
consists of a “local” world w € W paired with a “global” world x € W that “extends” w in the
sense that £ = w o w’ for some w’. On the “local” part of each world, & and ¥V behave as o and
Vn, respectively. On the “global” part of each world, 6 and V behave as a union operation U
(as defined below) and the identity, respectively.

First, we recall the cross-split and disjointness properties from [10]. These properties are
typical of heap-like models (which have considerably more structure than general BBI-models),
and are needed in order to make our general construction work as intended.

Definition 4.6 ([10]). A partial functional BBI-model (W, o, E) has the cross-split property if
for any t,u,v,w € W such that ¢ ou = v o w, there exist tv, tw, uv, uw such that

t=tvotw, u=uwwouw, v=tvouv, and w = tw o uw.
M has the disjointness property (a.k.a. positivity [10]) if w o w is undefined for all w ¢ E.
Next, we define a generalised notion of “union” for BBI-models.
Definition 4.7. Given a partial functional BBI-model (W, o, E), we define the union operation,
U: W x W — P(W), by
w1 Uwy =g {yoy10ya | w1 =yoys and wy =yoya} .
We lift U to P(W) x P(W) — P(W) in the same way as for o:

W1 UW2 —def U w1 Uwsy .

w1 EW7r,wa€W>

For our purposes we shall require U to be associative, which is not necessarily the case
for arbitrary partial functional BBI-models. However, as we are about to see, whenever the
underlying BBI-model has the cross-split property, then U becomes associative (an observation
made previously in [14]).

Lemma 4.8. If a partial functional BBI-model M = (W, o, E) has the cross-split property, then
U in Definition 4.7 is associative. Moreover, if w = wi o wy, then w € w U ws.

Proof. First, we show associativity of U. As U is easily seen to be commutative, it suffices to
show w; U (we Uws) C (wy Uws) Uws.

Suppose w € wy U (ws Uws), that is, w € wy; Uw’ for some w’ € wy Uwsz. By the first of
these, we have w = y o y; oy}, where wy = yoy; and w’ = yoy]. By the second, we obtain
w’ =y’ oyg 0 y3, where wy = 1y’ oy and w3 = 3y’ o y3. Thus we obtain

w' =yoy; =y o(y20ys3)
Thus by the cross-split property, we obtain a,b,c,d € W with
y=aob, y =aoc, y,=cod, and ypoyz=bod.
By applying cross-split to the last of these equalities, we get «, 8,7,d € W such that

b=aof, d=vy0d, ya=aocy, and ys=pfo0.
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Now, collecting equalities and using associativity / commutativity of o, we have the following:
w; =yoys =aoboyy =aoaofoy = (aca)o(yr10p)
wy =y oyz=aocoaoy=(aoa)o(co)
Thus, by definition of U, we obtain
(aoa)o(yiop)o(coy) € wrUws

Now write w” for (a o «) o (y; o 8) o (co ), and note that we have the following:

w” = (aocoB)o(yioaoy)
ws =y oys =aocofod=(aocof)od
w=1Yoy oy'lzaoboyl OCOd:aoaoﬁoy1000706
— (aocof)o(aoy oy)od
Thus we have w € w” Uws. Since w” € w; Uws by the above, we have w € (w; Uwsy) Uws as
required.
For the second part of the lemma, suppose w = w; o wy. There is an e € E such that

wi; = wy o e. Then, by construction, wy; o we o e € w U wy. The result follows by observing
wy ows 0e = (wg 0e)owy = 1wy 0wy =w. O

Definition 4.9. Let M = (W, 0, E) be a partial functional BBI-model. We define M =
(W,5,E,¥,D) as follows:

w =det {(w,x) | Juw'. x=w ow’}
(’LU,LL‘) o (w/“r/) =def {(’w o ’LUI,.'L‘”) | 2" exU .7;/}
E det {(6,6) | e c E}

_ " "eww , i — o
(w7$) v (wlvxl) def é(w x) |w W¥a w} nr=x

otherwise
D =4 {(w,w) | w e W}

Theorem 4.10. Given a partial functional BBI-model M with the cross-split and disjointness

properties, M is a BiBBI-model with the unit contraction, contraction, and weak distribution
properties.

Proof. Let M = (W,o, E). First we have to check that M is a basic BiBBI-model. It is clear
that both 6 and V are commutative. Associativity of 6 follows from the associativity of o and
of U (Lemma 4.8). We just need to check that (w,z) 5 E = {(w, )} for any (w,z) € W.

Let (e,e) € E, and note that w o e is either undefined or w. If w o e is undefined then so is
(w,z) 5 (e, e), by construction. There is at least one (e,e) € E such that woe = w, and in that
case we have (w,z) 5 (e,e) = {(w,2’) | ' € x Ue}. Tt thus suffices to show that z Ue = {z}.
Note that z = w o w’ for some w’ € W. We have by definition

rUe={yoyioye |z =yoy and e=yoys}.

Since e = eoe and x = zoe (because x = wow'), we have xoeoe =z € zUe. Now, supposing
z € ¢ Ue, we must show z = x. By construction we have z = y oy oy where x = y oy
and e = y o yo. Note that (y o ys) o (y o y2) is defined (and equal to e), which means that y oy
and ys o Yo are also both defined. By disjointness of M, we must have y,y» € E, which implies
y=vys=e. Thusx =eoy; =y, and so z =eoy; o e = x, as required.

We now establish the unit contraction, contraction and weak distribution properties for M.
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Unit contraction: Given (w,z) € W, we have to show that (w,z) € (w,z) V D. By definition,

x)
"€ wVn z}
wi,we. w=w ow; and z = w’ owy and W’ §wy § wa}

Il
-

= &
vii
LU g &

Thus, to show (w,z) € (w,x) V D, we must find wy,ws with w § wy § we and w = w o wy
and © = w o wg. There is an e € E such that w o e = w, and w’ such that x = wo w’. By
picking w1 = e and ws = w’, we are done.

Contraction: Given (w,r) € W, we have to show that (w,z) € (w,x) V (w,z). We have
(w,2) V (w,z) = {(w',z) | w € w Vn w} by definition, and w € w VA w by the
contraction property for Vn (Theorem 4.5), which completes the case.

Weak distribution: Supposing that

(w1, 1) © (w2, 2)) N (w3, 23) V (wa, 74)) # 0

we require to find (z,x) € W such that (w3, z3) € (wy1,21) 5 (2,7) and (w2, z2) € (2,7) V
(wy,x4). By definition of 6 and V, we have

{(w,2) | w=wy ows and z € z1 Uza} N{(w',z3) | v € w3 Vawy} #0 .

Thus, 3 = x4 € x1Uzs and (wyows)N(ws VA wy) # . By the weak distribution property
for Vo wr.t (W, o, E) (Theorem 4.5), we get z such that ws = wy 0 z and wy € z V wy.
Now, letting x = z3, there is a w € W such that z = w3 o w, so we have z = z o (w1 o w),
and hence (z,7) € W. Then, z € z Uz by the second part of Lemma 4.8, and so, as
required,

(ws,z) € (w1,21) 0 (2,2) and (wa,z) € (2,2) V (w4, x4) . O

Our final result, stated as Theorem 4.12, is that, if M has the cross-split and the disjointness
properties, then our constructed BiBBI-model M satisfies all the properties of Table 1 except
classicality. The following lemma groups together a number of intermediary results used in the
proof of this theorem.

Lemma 4.11. Suppose that M = (W, 0, 7) is partial functional and has the cross-split and
disjointness properties, and let M = (W ,5, E,V, D) be as in Definition 4.9. All of the following
hold:

1. For all (wy,x), (w2, z) € W, we have wy Ve we = {w} for some w € W (and in the
following we typically drop the singleton set brackets).

Consequently, V is a partial function on W x W.

2. If (w,x), (w1 owa,z) € W, then

w it wy and w § wy implies (wowy owg,x) €W .

3. For all (w,z), (wy 0wy, ) €W,

w VA (wy ows) = (w Va wy) o (w VA wa) .
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Proof. We start with the following preliminary fact, assuming an underlying BBI-model with
the cross-split and disjointness properties:

Yw,wi,we € Wow # wy # we and w o w; = w o we implies wy,wy € E (1)

Indeed, assume that w § w; § we and w o w; = w o we. By the cross-split property, there are
a, b, ¢, d such that w =aob=aoc¢, wy =cod, and we = bod. Thus, since w # wy § ws by
assumption, we have afbticdfibtdand affctictdt bt d Consequently we have bt b and
cfcand dfd. By the disjointness property, b,c,d € E, which implies that wy,ws € F.

We now prove each part of the statement of the lemma separately.

1. First, we show that w; Vn we is nonempty. Since (wy,x), (w2, z) € W, there are w}
and w) such that © = wy o w] = wq o wh. By the cross-split property of M, there are
a,b,c,d € W such that

w;=aob, wj=cod, wy=aoc, and wh=bod.
Since wq  wh, we have a f ¢ § b # d, and thus in particular a § b f ¢. Since w; = a o b and
wo = a o ¢, this gives us a € wy VA wa.
On the other hand, supposing that a,a’ € wi Vn we, we require to show that a’ = a. By
definition of Vp, there are y1,y2,y], y4 € W such that all of the following hold:

wlzaoylza/oy/h w2:aoy2:aloy57 aﬁylﬁy% and a/ﬁyllﬁyé

By cross-split applied to both equalities above, there are «, 8;,7;,; € W, where i € {1, 2},
such that

a=awao0f;, yi=7v00, d=aocy, and y;=pFo0d; .

Moreover, injecting the facts above into o’ # y] £ y4 gives us that oo v; # 81§ 91 £ B2t 0,
and hence in particular « § 81 f B2. Thus, we can apply fact (1) to obtain 81,82 € E.
Similarly, a § y1 f y2 yields 1,72 € E. Thus, a = o = a’ as required.

It is straightforward to verify that ¥ is then a partial function on W x W.

2. Assume that the hypotheses hold, i.e., w § wy and w § wy and (w,x), (w1 o w2, x) € w.
We have to show that (wow; owsg,x) € W, i.e., that x = (wowy ows) oz for some z € W.

By assumption, there are w’,w” € W such that £ = w o w’ = wy o wy o w”. Then, by the
cross-split property of M, there are a,b,c,d € W such that

wiows =aob, w'=cod, w=aoc, and w =bod.
By applying cross-split again to the first equality above, we get «, 8,7, € W such that
a=aof, b=7v0d w =aovy, and wy=pF0od.
Now, since w; f w, we have that («w o) £ (a0 8o ¢), which implies that « # «, and
then by disjointness of M we get o« € E. Similarly, wy  w yields § € E. Consequently,

a = ao f € F, which means in particular that w = ¢. Thus we have, as required,

z=wow =aocobod=co(aob)od=wow;owyod.
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3. First, notice that (w; o wo, ) € W implies (w1, ), (wa, ) € W. Thus, by part 1 of the
present lemma, we may write

y=wVn (wyows), y1=wVaw; and ys=w Vaw; .

We require to show that y; o yo = y. Since y = w V (w1 o ws), we have y',y"” € W such
that

w=yoy, wowy=yoy" and yHy ty’ .
By applying cross-split to the second equality, there are a,b,c,d € W such that

wy =aob, wy=cod, y=aoc and y' =bod.

Now we have w = yoy’ = ao(coy’) and w; = aob. Furthermore, since y § ¢/ § y”, we get
attcty #b4d, which means in particular that a § (coy’) § b. Therefore, a € w V wy,
which means that a = y;. By a similar argument, ¢ = yo. That is, y = aoc =y oys as
required. O

Theorem 4.12. Given a partial functional BBI-model M with the cross-split and disjointness
properties, M is a BiBBI-model with all the properties of Table 1 except classicality.

Proof. All required properties of M apart from unit expansion and associativity is taken care
of by Theorem 4.10. We establish each of these two properties separately.

Unit expansion: We require to show that (w,x) Vv D C {(w,z}. By construction,
(w,2) VU = (w,2) V (z,2) = {(y,z) |y € wVn x} .

By Lemma 4.11.1, this is necessarily a singleton set, so it suffices to establish just that
w € w Vh x. Since (w,x) € M, there is a w’ € W with 2 = w o w’. Since there is an
e € FE such that w =woe and wow' = wo (w' oe) (and hence also w § w' § e), we have
wEw VA (wow') =w VA x as required.

Associativity: We require to show that
(w1, 1) V (w2, x2) V (w3, 3)) = (w1, 1) V (wa, 22)) V (w3, z3) .
When z; # x; for some i,j € {1,2,3}, both sides of the equation collapse to () and we are
done. Let us thus assume x7; = xo2 = 3 = x. In that case, by definition of V, we require

to prove
w1 VA (we VA ws) = (w1 VA wa) VA ws) .

Writing w = wy Vn w3, we obtain wj, ws € W such that
we =wowy, wz=wows, and wfw)fw;.
Next, writing w’ = w; Vn w, we obtain w],w” € W such that be such that
wy=w ow), w=wow’ and w fw]fw’.
Now, writing y = w] Vn wh, we also have y1,y2 € W such that

wy =yoy;, wh=yoys and yHyityo.
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We claim that wi VA we = y ow’. By Lemma 4.11.1, it suffices to show that y o w’ €
wy Vn ws. Using the equalities above, we have

wy =w ow] = (yow')oy; and ws=wowy= (yow')o(w oys).

Now, (yoy1) § y2 by the above, and (yoy;) # (w' ow”) because (yoy1) o (w'ow”) = wjow,
which is defined by construction. Also, notice that (yao(w’ow”),z) € W, because (wz,r) €
W and we = (w'ow’)oyoys. Thus, by Lemma 4.11.2, we get ((yoy1)oyzo(w'ow”),x) € W,

which implies that (yow’) § y1 § (w” o y2). Thus yow' € wy VA we as required.

Now, we calculate

(w1 Vn wg) VAaws = (y O’LU/) Vi ws

= (yVaws)o(w VAws) (by Lemma 4.11.3)
w' Vo ws
w/

= wy Vn (w2 VA ws)

For the third equality, observe that (wow4) § wh by assumption, that is, ws £ (y o y2) and
so y f x3. Then by a straightforward calculation (and using Lemma 4.11.1), y VA w3 = e
for some e € E.

For the fourth equality, observe that ws = w’ o (w” o w3) by assumption. Similar to the
proof of unit expansion above, it is then easy to show that w’ vV w3 = w'. O

5 Completeness of BiBBI

This section presents in detail our proof of completeness for (any variant of) BiBBI, stated
earlier as Theorem 3.10. Our approach follows the one previously employed in the literature for
BBI [8] and for CBI [4]: we translate (a given variant of) BiBBI to an equivalent presentation
as a modal logic, and appeal to the well known completeness result for modal logic due to
Sahlqvist (see e.g. [2]). Sahlqvist completeness says, essentially, that when a “normal” modal
logic is augmented with axioms of a particular syntactic form, this modal logic is guaranteed to
be complete with respect to the class of Kripke frames for the logic in which all the axioms are
valid. The main technical challenges are: firstly, to reformulate BiBBI as a set of modal logic
axioms of the required Sahlqvist form; and, secondly, to show that these Sahlqvist axioms are
derivable when translated back into BiBBI. Unsurprisingly, the weak distribution law presents
the greatest difficulty on both counts.

We begin by recalling the standard definitions of validity and provability in normal modal
logic over a suitably chosen signature of modalities (called a “modal similarity type” in [2]).

Definition 5.1. A modal logic formula is built from propositional variables in V using the
classical connectives, the 0-ary modalities T* and U, and the binary modalities %, —o, V and <.

Definition 5.2. A modal frame is given by (W,0,—, vV, « FE U), where o, —o, V, and <+ all
have type W x W — P(W), and E,U C W.

A valuation for a modal frame M = (W,...) is as usual given by a function p : V — P(W).
The forcing relation w =, A is defined by induction on A in the standard way in modal logic,
i.e. as for BBI in the case of propositional variables and classical connectives, with the following
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clauses for the modalities:

wkE,T* & weE

wkE, U & welU
wkE, AxB & Jwi,wy € W. w € w;owy and wy =, A and wy =, B
wkE,A—B & Fw,ws€W. wew —owyand wy =, A and ws =, B
wkE, AVB & Jw,wy e W.wew Vw and wy =, A and ws =, B
wkE,A+—B < Jwj,wr €W wew +— wy and wy =, A and wy =, B

As usual, A is valid in M iff w |=, A for all w € W and valuations p.

Each of the binary functions o, —o, V,«—: W x W — P(W) in a modal frame can be equiva-
lently seen as a ternary relation over W (which is the standard approach in modal logic). The
corresponding modalities are each interpreted as a binary “diamond-type” modality of modal
logic. The modal interpretations of * and T* are exactly their usual interpretations in BiBBI
(see Defn. 2.5), while the modal interpretations of U, —o, V and <+ are related to the BiBBI
interpretations of 1*, —, ¥ and \' respectively by the use of Boolean negations.

Definition 5.3. The normal modal logic MLg;gp; for (T*, U, *, —o, V, «) is given by extending
a standard Hilbert system for classical logic with the following axioms and rules, for all ® €
{*7 _07 v’ 4—}:

1@QAFlLland A L F L A F Ay BiF B
(AVB)@CH (A C)V(B® ()
A®(BVCO)F (A®B)V(A®C) A1 ®@B1F A ® By

Next, we recall the Sahlqvist completeness result connecting validity and provability in nor-
mal modal logics augmented with suitably well-behaved axioms, called Sahlquist formulas. In
fact, we only require so-called “very simple” Sahlqvist formulas for our completeness result.

Definition 5.4. A wvery simple Sahlquist antecedent (over (T*, U, *, —o, V, <)) is given by the
following grammar:

S:=P|T|L|SAS|T"|U|S*85|S—-S|SvVS|S+S

A wery simple Sahlquist formula is an implication A + B, where A is a very simple Sahlqvist
antecedent and B is any positive modal logic formula (i.e., such that every propositional variable
occurs within the scope of an even number of negations).

Theorem 5.5 (Sahlqvist completeness). Let A be a set of very simple Sahlquist formulas. If
a modal logic formula is valid in the set of all modal frames satisfying A, then it is provable in
MLg;ipgr + A.

We now define a set of Sahlqvist formulas that collectively capture all variants of BiBBI.

Definition 5.6. For a given variant of BiBBI, define the set Agippr of very simple Sahlqvist
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formulas as follows:

(1) ANB*C)F(BA(C —A)*T
(2) /\(B—OC)}— —o( A (A x B))
(3) ANBVC)ETV(CA (A< B))
() AN(B o OV F (BACTA) o T
(5) AxBFBxA
(6) AVBFBVA
(7) Ax(B*C)F (A*xB)xC
(8) AxT*FAand AFAxT*
(Associativity) AV (BVC)F(AvB)v(C
(Unit expansion) AV UF A
(Unit contraction) A AV U
(Contraction) A+ AV A
(Weak distribution) (A*B)A(CVD)F(AAN((B<+ D) —C))*T
(Classicality) (A—-oU) —oUkFAand AF(A—-U)—-U

where A, B, C, D are considered to be propositional variables, and the named axioms are
included in Ag;gpr if and only if the BiBBI variant includes the corresponding property in
Table 1.

Thus, by Theorem 5.5, whenever a modal logic formula is valid in the class of modal frames
satisfying Agigpi, it is provable in MLg;ggr + Agigsi. Next, we connect validity in BiBBI to
validity in modal frames.

Lemma 5.7. Let M = (W,o0,—,V,«—,E,U) be a modal frame satisfying axioms (1)—(4) of
Agiggr in Definition 5.6. Then we have, for any w,wy,ws € W:

W E W] —° Wy < Wy €WOwp and W E W — Wy & wy € wy Vw

Consequently, using the above equivalences and alpha-renaming, the clauses for satisfaction of
—o and <« can be rewritten as

wkE,A—oB & I, v w ecwow andw =, A andw” =, B
wkE, A+~ B & v w'ew vVwadw' =, Aandw =, B

(That is, the modal interpretations of A — B and A < B are exactly the BiBBI interpretations
of (A =« —B) and A \' =B, respectively.)

Proof. First, we tackle the bi-implication connecting —o and o.

(<) Suppose we € w o w;. Define a valuation p for M by p(A) = {wa}, p(B) = {w}, p(C) =
{w1}. Then, by construction, ws =, A A (B * C'). Since axiom (1) is valid in M by assumption,
wy =, (BA(C — A)) = T. That is, wy € w'ow” for some w’, w” such that w’ |=, B A (C — A).
Since w’ |=, B, we have w’ = w and thus w |=, C' — A, which means exactly that w € w; —o ws.

(=) Suppose w € w; — wy. Define a valuation for M by p(A) = {w}, p(B) = {w1}, p(C) =
{ws}. By construction, w |=, AA (B — (). Since axiom (2) is valid in M by assumption,
wik=, T — (CA (A% B)). Thus w' =, C A (A * B) for some w'. Since w’ |=, C, we have w’ =
wo and thus ws |:p Ax B, ie. wy € wow as required.

Next, we similarly establish the bi-implication connecting < and V.

(<) Suppose wy € wy V w. Define a valuation for M by p(A) = {wi}, p(B) = {w2},
p(C) = {w}. By construction, wy =, AN (B V C). Since axiom (3) is valid in M, we have
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wlk, TV (CA(A<« B). Thus v’ |=, C A (A < B) for some w’, and since v’ }=, C we have
w’ = w and thus w |5, A «— B. That is, w € wy < w2 as required.

(=) Suppose w € wy <« we. Define a valuation for M by p(A) = {w}, p(B) = {wi},
p(C) = {ws}. By construction, w =, AA (B <« C). Since axiom (4) is valid in M, we have
w=, (BA(CV A)« T. Thus w' =, BA(C V A) for some w’, and since w’ |=, B we have
w’ = wy and thus wy =, C' vV A. This means exactly that wy € we V w, as required. O

In the following, given a modal frame M = (W,0,—o, V,«—, E,U), we shall write "M for
the restricted tuple (W, o, E,v,U).

Lemma 5.8. Let M = (W,0,—,V,«—, E,U) be a modal frame satisfying the set Apipp1r of
axioms corresponding to a BiBBI wvariant, as given by Definition 5.6. Then "M is a BiBBI-
model for that variant.

Proof. First of all, it is easy to verify that "M 7 is a basic BiBBI-model, since it satisfies axioms
(5)—(8) in Definition 5.6. It then suffices to show that if an optional Sahlqvist axiom from
Definition 5.6 is valid in M, then M satisfies the corresponding frame property in Table 1 (and
thus, as an immediate consequence, "M does too). This is a straightforward verification for all
of the axioms except weak distribution and classicality. Since classicality is covered in [4], we
only consider the case of weak distribution here.

Thus, assume the weak distribution axiom of Definition 5.6 is valid in M and suppose that
(z10m2)N(y1 V y2) # 0. That is, we have z € (z10x2)N(y1 V y2) for some z € W. We require to
find a w € W such that y; € z10ow and x2 € w V yo. Define a valuation p for M by p(A) = {z1},
p(B) = {z2}, p(C) = {y1} and p(D) = {y2}. By construction, z =, (A* B) A (C Vv D). Since
the weak distribution axiom is valid in M, we have z |=, (AA ((B += D) — C)) = T. That is,
for some 2z’ we have 2’ |=, AN ((B + D) — C). Since 2’ =, A, we have 2z’ = z; and thus
z1 =, (B + D) — C. As M satisfies axioms (1)-(4) by assumption, we can apply Lemma 5.7
to obtain

Jw,w'. w' € x1 0w and w |z, B «+ D and v’ |=, C

As w =, C, we have y; € 21 ow. Using Lemma 5.7 and commutativity of v (forced by the
validity of axiom (6) in M), we obtain from w =, B « D that

Ju',w". w”" € w v w' and w” =, B and v’ =, D
i.e., xo € w V yo as required. This completes the proof. O

We now formally define the obvious formula translations between modal logic and BiBBI.

Definition 5.9. We define a translation ¢(—) from BiBBI-formulas to modal logic formulas,
and a symmetric translation u(—) in the opposite direction, as follows:

) = ¢ u(¢) = ¢

t(L*) = -U u(U) = -l*

t(—A) = —it(A) u(—A) = -w(A)

t(A?B) = t(A)?¢B) wA?B) = wu(A4)?u(B
t(A—+«B) = =(t(A) — —B) u(A— B) = —(u(4) = —-u(B))
t(AV B) = —(-t(A) v —t(B)) w(AVv B) = =(-u(A) YV -u(B))
t(A N B) = tA) <« —t(B) uw(A+ B) = wu(A) Y -wu(B

where ¢ € {P, T, L, T*} and ? € {A,V, —, x}.
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Lemma 5.10. Suppose a BiBBI-formula A is valid in some variant of BiBBL. Then t(A) is
valid in the class of modal frames satisfying the corresponding Sahlquist axioms Agigg1 given by
Definition 5.6.

Proof. Let M = (W,o0,—,V,«, E,U) be a modal frame satisfying the axioms Apijpp;. We
require to show that ¢(A) is valid in M. By Lemma 5.8, "M is a BiBBI-model for the variant
of BiBBI determined by Agiggr, and thus A is valid in "M 7. Note that since the set of underlying
worlds W is identical in M and "M, any valuation for M is a valuation for "M ™ and vice versa.
It thus suffices to show the following bi-implication, for all w € W and valuations p:

wk,A(In"M") & wk,t(A) (in M)

(The satisfaction relations for BiBBI (Defn. 3.2) and for modal logic (Defn. 5.2) agree where
the logical connectives of both languages, BiBBI and modal logic, overlap; therefore, we do not
disambiguate explicitly between them.) We proceed by structural induction on the formula A.
Cases A= P, T, L, T*. Immediate since t(A4) = A.

Case A= 1*. We have w =, 1* & w ¢ U & w =, —U, as required.

Cases A = A1V Ag, Ay N Ay, Ay — Ag, Ay x Ag. These cases are all similar, so we just show the
case A = A; x Ay. In that case, using the induction hypotheses for A; and As, we have

w =, Ap x A

Jwr, we. w € wy owy and w =, A1 and w =, A

Jwr, we. w € wy owy and w =, t(Ar) and w =, t(A2)  (by ind. hyp)
w =, t(Ar) x t(Az)

w =, t(Ar * Ag)

130 A

Case A = A; —+ A5. We have

w =, A = Ay

Vu', w”. w” € wow and w' =, Ay implies w” =, Ay

V', w”. w” € wow and w' =, t(A;) implies w” =, t(As)  (by ind. hyp)
—Jw’, w”. w” € wow' and W' |=, t(A;) and w” |=, ~t(Asz)

w =, ~(t(Ar) — —t(A2)) (Lemma 5.7)
w =, t(A1 =+ Ag)

teeee

Case A = A ¥V Ay. We have

w ':p A1 \*/ Ag

Ywi, we. w € wy V wy implies wy =, A1 or wa =, A

Ywi, we. w € wy V wy implies wy =, t(A1) or we =, t(A2) (by ind. hyp)
—Jwi, we. w € w1 V wy and wy =, 7t(Ar) and wy =, t(Asz)

w by (A7)  ~t(A))

w ):p t(Al \*/ Ag)

teeee

Case A= A; \' Ay. We have
w ':p Al Yk A2

& W, v’ w ew Vwand w” =, Ay and w' ¥, Ay
& ', w’ w ew Vwand w” =, t(Ar) and w’ ¥, t(As) (by ind. hyp)
& ', w' w' ew vVwand w” =, t(Ar) and w’ =, —t(Asz)
< w ks, t(Ar) «+— —t(Ag) (Lemma 5.7)
<~ w ':p t(Al \* A2)
This completes all cases. O
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Using Lemma 5.10 and Theorem 5.5, we have that validity of a BiBBI-formula A in some
BiBBI variant implies provability of ¢(A) in MLgigpr + Agigpr- It just remains to connect
modal logic provability to BiBBI-provability.

Lemma 5.11. If a modal logic formula B is provable in MLpigpr + Apipp1, then u(B) is
provable in the corresponding variant of BiBBI.

Proof. We have to show that all the axioms and rules of normal modal logic (see Definition 5.3)
and all the Ag;ppr axioms (see Definition 5.6) are derivable in the appropriate variant of BiBBI
under the translation u(—). For the most part this is a straightforward (if tedious) exercise;
the main exceptions are the residuation axioms and the weak distribution axiom. We take for
granted that BiBBI-provability is closed under the usual classical principles, in particular modus
ponens and the De Morgan laws for Boolean negation —.

First, we treat the normal modal logic axioms that govern the interaction of the binary
modalities with L.

Cases Ax L F 1 and L« AF L. We just show the first case, as the other is similar. We have to
show that u(A) * L F u(A) is provable in the basic proof system for BiBBI (see Definition 3.3).
Write B = u(A). We have | + B — B provable, so by the residuation rules for * and —, we
have that L * B I B is provable and thus B % L - B is provable by commutativity of .

Cases A — 1 F 1 and L — A+ L. For the first case, we have to show that =(u(A) = T)F L
is provable. Write B = u(A). Certainly T * B+ T is provable, so by residuation B — T is
provable, and thus —(B — T) I L follows by contraposition.

For the second case, we have to show that —(_L — u(A)) F L is provable. Write B = u(A).
We already know that T * L I L is provable (see the case above). Thus, since L F B is provable,
sois T x L F B. By residuation, L — B is then provable, and thus we get =(L — B) - L as
required by contraposition.

Cases AV L+ 1 and L Vv AF L. We just show the first case, as the other is similar. We
have to show that =(—u(A) ¥ T) F L is provable. Write B = —u(A). Trivially, T \" B+ T is
provable. Thus, by the residuation rules for ¥ and V', so is B ¥ T. We then get =(BV T) F L
by contraposition.

Cases A«— L F L and L «— A+ L. For the first case, we have to show u(A4) ' T F L is prov-
able. Write B = u(A). We trivially have B \' L F T provable, so by residuation B+ 1L ¥V T
is provable. By commutativity of ¥ (provided by basic provability in BiBBI) we then get
BE TV 1, and so by residuation B ¥ T F L as required.

For the second case, we have to show L \ —u(A)F L is provable. Writing B = —u(A), we
trivially have | = B ¥ L provable. Thus, by residuation, 1 \' B+ L is provable.

Next, we treat the normal modal logic axioms showing that the binary modalities distribute
over V (in both argument positions).

Case (AVB)xCF (AxC)V (B=xC). We need to show that the following is provable:
(u(A) Vu(B)) * u(C) = (u(A) x u(C)) V (u(B) * u(C))

Write A" = u(A), B = u(B), ¢" = u(C), and D = (A"« C") vV (B’ % C'). Trivially, we
have A’ x C'+ D provable, so by residuation A’ = C’ —x D is provable. By the same token,
B’ C" — D is also provable. Thus, A’V B’ - C’ — D is provable, and so (A’V B')«C'+ D
follows by residuation as required.

Case Ax (BVC)F (A% B)V (A= C). Similar to the previous case, additionally using the com-
mutativity of .
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Case (AV B) o CF (A — C)V (B — C). We need to show that the following is provable:
~((u(A) Vu(B)) = ~u(C)) F ~(u(A) = ~u(C)) V ~(u(B) — —u(C))

Write A’ = u(A), B’ = u(B), ¢! = -u(C), D = A’ =+ C’ and E = B’ — C’. First, note
that DA E+ A" — C’ is trivially provable. Thus, using residuation and commutativity of *,
we have A’ F (D A E) — C’ provable. By the same token, B’ (D A E) — C' is also provable.
Thus, A’V B'F (D A E) — C' is provable. By residuation and x-commutativity, we then ob-
tain DA EF (A'V B") = C'. We then get —=((A’ vV B') = C') - =D V —E by contraposition as
required.

Case A — (BVC)F (A — B)V (A — C). We require to prove the following:
~(u(A) = (~u(B) A —u(C))) F ~(u(A) = ~u(B)) V ~(u(A) = —u(C))

Write A" = u(A), B' = -u(B), C' = -u(C), D= A" — B’ and E = A’ — C’. We trivially have
DAEFR A’ — B'. By residuation we get (D A E) x A’ F B’ and similarly (D A E) x« A+ C’, so
we can get (D A E) x A+ B’ A C'. Then, by residuation, we have DA E+ A" — (B’ AC"), and
so by contraposition we can obtain (A" — (B’ A C')) - =D V —E, as required.

Case (AVB)VCFE(AV )V (BVC). Weneed to show that the following is provable:
~((mu(A) A —u(B)) V ~u(C)) b ~(-u(A) V -u(C)) V ~(-u(B) V ~u(C))

Write A" = —wu(A), B’ = ~u(B), ' = ~u(C), D = A ¥V C’" and E = B’ ¥ C'. We can
trivially prove D A E+ A’ ¥V C'. By commutativity of ¥ and the residuation rules, we can get
(DAE) \ C'F A'. By a similar line of reasoning, we can also prove (D A E) \" C' F B’, so we
can prove (DA E) \' C' = A’ A B'. Using residuation and commutativity again, we then obtain
DAER (A AB)Y C'. Finally, by contraposition we get =((A’AB') ¥V C') - -DV —E, as
required.

Case AV (BVC)F (AV B)V (A V(). Similar to the previous case.
Case (AV B) « CF (A« C)V (B « C). We need to prove:

(u(A) Vu(B)) X ~u(C) F (u(A) X' ~u(C)) V (u(B) \ ~u(C))

Write A’ = u(A), B = u(B), C¢' = ~u(C), D = A Y C"and E = B" \' C'. We easily
have A’ ¥ C'+ DV E provable, so by residuation we get A’ = C’ ¥ (D V E). Similarly, we can
prove B'+C' ¥V (DV E), and so we obtain A’V B'+C’ ¥V (D V E). By residuation, we then
get (A’VB') X C'+ DV E as required.

Case A+ (BVCO)F (A<« B)V (A<« C). We need to prove:

u(A) X (mu(B) A —~u(C)) F (u(A) X —~u(B)) V (u(4) \ ~u(C))
Write A’ = u(A), B = —u(B), ¢' = -u(C), D = A ' BB and E = A \ C'. We
can trivially prove A’ \" B'+ DV E. By residuation and commutativity of ¥ we can obtain
A" X (DV E)F B'. By a similar argument we can also obtain A’ \* (D V E) F C’, so we have

A"\ (DV E)E B'"AC'. Then, applying residuation and commutativity again, we can derive
A" X (B'ANC")F DV E as required.

Next on our list are the monotonicity rules for the binary modalities in normal modal logic.
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Case: monotonicity rule for x. We have to show that the following rule is admissible:
U(Al) F U(Bl) U(AQ) F U(BQ)

We are immediately done since the above is an instance of the usual monotonicity rule for * in
BBI (cf. Definition 2.2).

Case: monotonicity rule for —. We have to show that the following rule is admissible:
~(u(A1) = ~u(Az)) F ~(u(By) = ~u(Bz))

Write A] = u(A;), A, = u(As), B} = uw(B1) and B = u(Bs). Trivially, B} —« -Bj - B} — —B)

is provable. By applying residuation and contraposition, we can derive B} - —((B} — —B}) * B}).
Since Af F B is provable by assumption, we can obtain A} = —((B] = —Bj) * B}) by transitiv-

ity of implication. Using residuation, commutativity of * and contraposition, this is equivalent

to B F (By =« ~Bj) —« - A}. Since A} + Bj is provable by assumption, we have by transitivity

Al B (B} — —~Bj) — —A). Finally, using residuation, commutativity, and contraposition again,

this is equivalent to the required —(A} — =A%) F =(B] — —Bj)).

Case: monotonicity rule for V. We have to show that the following rule is admissible:
u(A1) Fu(B) u(Ag) F u(Ba)
~(~u(A1) V —u(Aq)) B = (-u(Br) V —u(Bs))

Using contraposition, we can rewrite this rule in the following equivalent form:
—m(Bl) = _‘U(Al) _\U(BQ) [ _|’LL(A2)
—u(By) V —u(Bs2) F —~u(A;) ¥V —u(Asz)

which is an instance of the monotonicity rule for V in the basic BiBBI system (see Defn. 3.3).
Case: monotonicity rule for «—. We have to show that the following rule is admissible:
u(Ar) Fu(B) u(Ag) F u(Bs)
u(Ar) X ~u(Ag) = u(Br) ' ~u(Bs)

Write A} = u(A4;), A, = u(A2), B} = u(B1) and B = u(Bs)'. Trivially, B] \* =B+ By \' =B}
is provable. By residuation, B F —Bj5 ¥ (B{ \' —Bj) is then provable. Since A} F Bf is prov-
able by assumption, we obtain A} F =B ¥ (B} \' —=Bj) by transitivity. Using residuation, con-
traposition and commutativity of V, this is equivalent to By —(A] \* (B \" =Bj)). Since
AL+ B} is provable by assumption, we then have A} —=(A] \' (By \V —Bj)) by transitivity.
Using residuation, commutativity and contraposition once more, this is equivalent to the re-
quired A} \" —~AL F B} \' —Bj.

This completes the cases for all the principles of normal modal logic MLgigp;. Next, we
must examine the Sahlgvist axioms given by Definition 5.6. We begin by treating the axioms
(1)—(8), bearing in mind that we can still only assume the proof principles of basic BiBBI (cf.
Definition 3.3).

Case: azxiom (1), AN (BxC)F (BA(C — A))*T. We need to prove:
u(A) A (w(B) *u(C)) F (w(B) A = (u(C) = —-u(A))) T
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Write A’ = u(A), B = u(B), C' = u(C), D = (B'A=(C" -+ -A")*T and E = C" —~« (A" — D).
We trivially have =A’F A" — D a classical tautology. Since C’ % (C’ — —A") F = A’ is easily
provable in BBI, we obtain C’ x (C’ — —=A’) - A’ — D by transitivity. Using *-commutativity,
residuation and contraposition, this is equivalent to —(C’ — (A’ — D)) F =(C" — =A4"), i.e.
—FE F —(C" — —A"). Thus, using the monotonicity rule for * and the fact that C’ - T is provable,
we can obtain (B’ A—E)*C'F (B'A=(C"— =A")) T, that is, (B’ A—-E)*C'F D. Since
D+ A’ — D is a tautology, we have by transitivity (B’ A =F) « C' = A’ — D and then by resid-
uation B’ A-EF C' — (A" = D), i.e.,, B'A—EF E. This is classically equivalent to B’ F E,
i.e. B'F C" — (A’ — D). By residuation, this then yields A’ A (B’ «C") D as required.

Case: aziom (2), AN(B—oC)F T — (C A (Ax* B)). We need to prove:
u(A) A= (u(B) — ~u(C)) = =(T = (-u(C) V ~(u(A) * u(B))))

Write A’ = u(A4), B' = u(B), " = ~u(C), D = T — (C'"V (A"« B')) and E = (A" A
D) x B’. We easily have A’ A D F A’ provable, so by the monotonicity rule for * we can ob-
tain (A’ AD)*B'F A"« B', i.e. E+ A’x B’. Using contraposition, we get —(A’ « B') - —E.
Consequently, we can derive C'V =(A"« B')F C'V—-E. As D+« B'FC’'V —(A’ x B') is easily
derivable in BBI, we obtain D * B’ - C’ V = F by transitivity. By residuation this is equivalent to
DF B — (C'V —E),and since A’ A D = D is trivially derivable we get A’ A D+ B’ — (C' V —F)
by transitivity. Thus, by residuation, we get (A’ A D) * B+ C’V —E, that is, E+ C' V —E. This
is classically equivalent to E + C’, i.e., (A’ A D) * B+ C’. Using residuation and contraposition,
this rearranges to A’ A =(B’ = C') F =D as required.

Case: aziom (3), AN(BVC)E T Vv (CA (A<« B)). We need to prove:
u(A) A =(=u(B) V =u(C)) F (L ¥ (-u(C) V =(u(4) \ —u(B))))

Write A’ = w(4), B = ~u(B), ¢’ = ~w(C), D = 1L V (C'"V (4" \' B)) and E =
(A’ AD) \' B'. We trivially can prove A’ \" B’ A’ \' B’, which by residuation is equivalent to
A'EB' (A" \'B'). As AAANDFE A’ is trivially provable, we have A ADF B’V (A’ \' B')
by transitivity and thus —(A’ \" B") - —=((4’ A D) \ B’) by residuation and contraposition.
That is, we have =(A’ \' B’) F =E. Consequently, we can derive C'V =(A4’ \' B') - C' vV —E.
Since L B’ is trivially provable, we obtain L ¥V (C'V =(A" \* B')) - B’V (C'V —E) by the
monotonicity rule for V¥, that is, DF B’V (C'V =FE). Since A’ ADF D is trivially prov-
able, we have A’ ADF B’V (C'V —E) by transitivity. By residuation, this is equivalent to
(AYAD)¥ B'FC'V-E, that is, E+ C'V —E. This is classically equivalent to E+ C’, i.e.,
(A’ AD) \ B'H C'. This can then be rewritten to the required A’ A =(B’ ¥V C’) F =D using
residuation and contraposition.

Case: aziom (4), AN (B <+ C)F (BA(C V A)) « T. We need to prove:
w(A) A (u(B) ' —u(C)) F (u(B) A ~(-u(C) ¥ —u(A))) \' L

Write A’ = u(A4), B = w(B), ¢’ = «u(C), D = (B A=(C'" ¥V =A") ¥ Land £ = C' ¥
(D Vv =A"). We can trivially prove both =A’+ DV —A" and C' I C’, so by applying the rule
for monotonicity of ¥ we can prove C' ¥V —=A'FC'V (DV —A4"), ie., C'V A"+ E. By con-
traposition, we obtain —F = —(C’' ¥V —=A’). Thus we can derive B’ A—E+ B’ A—=(C" ¥V =A").
Now, since =C” I —_L is a classical tautology, we can apply the translated monotonicity rule for
< (see the relevant case above) to obtain (B’ A—E) V¥ C'+ (B'A=(C" ¥ =A")) \ L, that is,
(B"A-E) \'C'F D. Since D + D Vv —A’ is derivable, we then obtain (B’ A —E) ¥ C'+ D Vv - A’
by transitivity. Residuation then yields B’ A—~E F C’' ¥V (D V —A’), that is, B’ A—E F E. This
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is classically equivalent to B’ + E, i.e., B’ C’ ¥ (D Vv —A’). Using residuation and contraposi-
tion, this rearranges to A’ A (B’ ' C’) F D as required.

Case: axiom (5), Ax B+ B x A. Immediate: The translation of this axiom is an instance of
BBI’s axiom of commutativity of .

Case: aziom (6), AV B+ B v A. We have to prove:

=(=u(A) V ~u(B)) F ~(-u(B) V —u(A))
By contraposition, this is equivalent to —~u(B) ¥V —u(A) b —u(A) ¥ —u(B), which is just an in-
stance of BiBBI’s axiom of commutativity of V.

Case: aziom (7), Ax(B*C)F (A% B)*C. Immediate: The translation of this axiom is an
instance of BBI's axiom of associativity of .

Case: axiom (8), Ax T*F A and AF Ax T*. Immediate: The translations of these axioms are

both instances of the corresponding unit law axioms in BBI.

Now it just remains to treat the optional axioms in Definition 5.6. For each such axiom, we
may assume that BiBBI provability includes the relevant axiom from Table 1.

Case: (Associativity), AV (B vV C)+F (AvV B) v C. We require to show that the following is
provable:
=(—u(A) V (~u(B) ¥ ~u(C))) E ~((-u(4) V ~u(B)) ¥ ~u(C))

Write A" = —u(A), B’ = —~u(B), and C' = —u(C). We have C'V (B'V A" (C'V BV A’
provable (since we are in BiBBI with associativity). Using commutativity of ¥, this can be
rewritten to (A’ V B')V C'+ A’V (B’ ¥ C’). By contraposition, we then obtain the required
—(A'V (B'VC))F (=AY B)VC.

Case: (Unit expansion), AV UF A. We require to prove the following:
=(—u(A) V 1*) F u(A)
Write B = u(A). Since the unit expansion axiom of BiBBI is available, =B+ —B ¥ 1* is
provable, and thus —(=B ¥ L*) - B is provable by contraposition.
Case: (Unit contraction), A+ A v U. We require to prove the following:
u(A) b =(—u(A) v 1*)
Write B = u(A). Since the unit contraction axiom of BiBBI is available, =B ¥ 1* - - B is
provable, and thus B F —(=B ¥ 1*) is provable by contraposition.
Case: (Contraction), AF AV A. Similar to the case of unit contraction above.

Case: (Classicality), (A — U) — UF A and At (A — U) — U. This case is covered in detail
in [4] (see Proposition 4.3.2 in that paper).

Case: (Weak distribution), (Ax BYA(C V D)F (AA((B<+ D) —C))*xT. We require to
check that the following is provable:

(u(A) * w(B)) A =(=u(C) V ~u(D)) F (u(A) A =((u(B) \ —u(D)) — ~u(C)) * T
Write A’ = u(A), B’ =w(B), C' = ~u(C), D' = (D), E=(B" \' D) =« C', F = (A'A-E)xT
and G = B’ — ((C' V D') v F). We require to prove (A’ « B’) A—(C' ¥V D') - F.
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First, note that B’ (B’ \* D’) ¥ D’ is easily provable using residuation and commutativity
of V. Hence, by the rule for monotonicity of *, we have E* B'+ Ex ((B' \' D') V D'). Now,
as Ex((B' D)V D')F (Ex (B’ \' D))V D’ is an instance of the BiBBI weak distribution
axiom, E* B’ (E« (B’ \ D')) ¥ D’ is provable by transitivity. Using ¥-commutativity and
residuation, this rearranges to (E* B') \" D'+ Ex (B’ \' D’). Since E = (B" \' D') — (',
we easily have E % (B’ \' D’) F C’ using residuation, and so (E * B’) \" D' F C’ is provable by
transitivity. Using residuation and commutativity again, this rewrites to £ x B’ C’ ¥V D’. By
weakening for V, we can then prove E « B’ F (C’ ¥ D) V F, which by residuation is equivalent
to E+ B — ((C' Y D')V F), that is, E+ G. By contraposition and standard principles for
A, we can derive A’ A-G+ A’ A=E. Since B’ T is trivially derivable, we can apply the
monotonicity rule for % to obtain (A’ A—G)* B’ (A’ A=FE) T, that is, (A’ A=G) * B’ - F.
By V-weakening, (A’ A =G) x B') F (C" ¥ D') V F is also derivable. By residuation, we can then
prove A’ A=G F B’ — ((C' ¥V D') vV F), that is, A’ A =G F G, which is classically equivalent to
A’ F G. Expanding the definition of G, this is equal to A’ F B’ —« ((C" ¥ D’) vV F'), which can be
rewritten using residuation and contraposition as (A’ x B') A =(C’ ¥ D’) + F. This completes
this case, and the entire proof. O

Lemma 5.12. If u(t(A)) is provable in (some variant of ) BiBBI then so is A.

Proof. (Sketch) The formula u(t(A)) differs from A only in that some subformulas C of A are
replaced by their double negations ——C, which clearly does not affect provability in a classical
system. The result can be proven formally by a straightforward structural induction on A. [

We now have everything needed to prove our completeness result (stated as Theorem 3.10):
every formula valid in a given variant of BiBBI is provable in that variant.

Proof of Theorem 3.10. Suppose A is valid in some BiBBI variant. By Lemma 5.10, ¢(A)
is then valid in the class of modal frames satisfying the Sahlqvist formulas Ag;gpr given by
Definition 5.6. Using the Sahlqvist completeness theorem (Theorem 5.5), ¢(A4) is provable in
MLg;gg1 + Agigpr- Thus, by Lemma 5.11, u(t(A)) is provable in the corresponding variant of
BiBBI. By Lemma 5.12, A is then provable in this BiBBI variant as required. O

6 Conclusions

In this paper, we formulate and investigate a bi-intuitionistic bunched logic BiBBI, where the
multiplicative disjunction ¥ and its adjoint co-implication \" have equal status to the usual mul-
tiplicative conjunction * and its adjoint implication —; and, furthermore, all the multiplicatives
are treated essentially intuitionistically. From the point of view of linear and modal logic, BiBBI
can be seen as a free combination of classical logic with Hyland and de Paiva’s (multiplicative)
FILL [16]. From the bunched logic perspective, BiBBI is an extension of BBI, and CBI is a
special case of BiBBI obtained by imposing a “classicality” condition (cf. Proposition 3.7).

We have formulated a Kripke frame semantics for BiBBI in which various logical axioms of
FILL have natural semantic correspondents as first-order conditions on BiBBI-models (cf. Ta~
ble 1). We provide a completeness proof for this semantics, based on the Sahlvist completeness
theorem for modal logic, and moreover our proof provides completeness for any variant of BiBBI
given by a choice of logical principles from Table 1.

We also investigate BiBBI-models obeying the weak distribution law,

Ax(BYC)F (AxB) Y C,
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which is of special importance in connecting the (x,—, T*) fragment of BiBBI to its otherwise
disjoint (V, V¥, 1*) fragment. Specifically, we find that heap-like models of BiBBI, as used in
separation logic, can be obtained by interpreting ¥ using natural notions of heap intersection.
Perhaps unfortunately, this comes at the expense of either the associativity of ¥ or of the unit
law A V 1* = A. However, we provide a general construction that, given a sufficiently well-
behaved BBI-model, yields a more complex BiBBI-models in which these laws do hold, based
on pairing every world in the original model with a “larger” one (Theorem 4.12).

As for proof theory, we remark that it ought to be straightforward to construct a cut-
eliminating display calculus (cf. [1, 3]) for any variant of BiBBI by combining a display calculus
for classical logic with the display calculus for the multiplicative fragment of FILL given by
Clouston et al [9].

We hope, but do not yet know, that there might exist applications of BiBBI to program
verification based on separation logic, beyond those already provided by BBI. As in linear
logic, it seems more difficult to reason intuitively using multiplicative disjunction than using
multiplicative conjunction. However, the existence of natural heap models of BiBBI gives us
some cause for cautious optimism; we hope to explore this direction further in future work.
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