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Abstract

We investigate the proof complexity of modal resolution systems developed by Nalon and
Dixon (J Algorithms 62(3—4):117-134, 2007) and Nalon et al. (in: Automated reasoning with
analytic Tableaux and related methods—24th international conference, (TABLEAUX’15), pp
185-200, 2015), which form the basis of modal theorem proving (Nalon et al., in: Proceedings
of the twenty-sixth international joint conference on artificial intelligence (IICAI’17), pp
4919-4923,2017). We complement these calculi by a new tighter variant and show that proofs
can be efficiently translated between all these variants, meaning that the calculi are equivalent
from a proof complexity perspective. We then develop the first lower bound technique for
modal resolution using Prover—Delayer games, which can be used to establish “genuine”
modal lower bounds for size of dag-like modal resolution proofs. We illustrate the technique
by devising a new modal pigeonhole principle, which we demonstrate to require exponential-
size proofs in modal resolution. Finally, we compare modal resolution to the modal Frege
systems of Hrube§ (Ann Pure Appl Log 157(2-3):194-205, 2009) and obtain a “genuinely”
modal separation.

Keywords Modal logic - Resolution - Proof complexity - Lower bounds - Prover-Delayer
games - Pigeonhole principle

1 Introduction

The central problem in proof complexity is to determine the size of the smallest proof for
a given formula in a specified proof system, typically defined through a set of axioms and
inference rules. Since its inception, proof complexity has enjoyed close links to computational
complexity [31] through the aim of separating complexity classes (sometimes referred to as
Cook’s programme [29]) and to first-order logic through the tight correspondence between
proof systems and theories of bounded-arithmetic (cf. [8,30,44]).
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Recently, one of the major motivations in proof complexity has been its close connection
to SAT solving [29,54]. SAT solvers have turned into ubiquitous tools for the solution of
hard computational problems from almost all application domains [46], yet a theoretical
understanding of their effectiveness is only initially developed. The main approach comes
through proof complexity. The trace of the run of a SAT solver on an unsatisfiable formula
can be interpreted as a proof of unsatisfiability, whereby each solver implicitly defines a proof
system for unsatisfiable formulas. Modern SAT solvers using conflict-driven clause learning
(CDCL) correspond to propositional resolution in this sense [5,55]. Thus, understanding the
complexity of resolution refutations directly relates to the performance of SAT solvers. In
particular, lower bounds on the size of resolution proofs correspond to lower bounds on the
running time of SAT solvers.

In the last decade, the success of SAT solving has been transferred to more powerful logics.
In particular, there has been a surge of research on quantified Boolean formulas (QBF), both
in terms of solving [22,41,45] and in a proof complexity analysis of their associated proof
systems [10,12,14].

This paper focuses on modal logic and their resolution calculi. Modal logics play a key
role in computer science as they provide increased expressive flexibility for many application
scenarios. This has led to a wealth of modal logics, including, e.g. the important temporal
and description logics. Consequently, a vast number of logical calculi exist for different
modal logics [36], in terms of resolution calculi [1,35,48-50], Frege systems [40,42], sequent
systems [62] or tableaux calculi [37]. Many of these—and in particular the modal resolution
system [50]—have also been used as the underlying principle for implementations, giving
rise to efficient algorithms for automated theorem proving for these logics [47,49,51,59].

It is therefore rather surprising that there is only comparatively little work on the proof
complexity of these systems. Probably the most important proof complexity results on modal
logics concern exponential lower bounds for modal Frege systems [40,42]. From a proof
complexity perspective, Frege systems are quite strong calculi comprised of logical axioms
and rules [31]. To show lower bounds for propositional Frege constitutes a major open
problem [6]. At first sight, it might therefore seem rather surprising that [40,42] obtain
unconditional and exponential lower bounds for modal Frege, which augment propositional
Frege with extra rules. However, the lower bounds in [40,42] are obtained for modal formulas
and actually give a lower bound purely on the number of modal steps. This already shows
that proof complexity of modal logics can present a rather different picture in comparison to
propositional proof complexity (cf. also [23] for a discussion).

In contrast to these exciting results on modal Frege systems, to the best of our knowledge,
there has been no research whatsoever on the proof complexity of modal resolution systems.
This is in stark contrast to the propositional setting where the main bulk of research has been
devoted to propositional resolution and its variants [60]. As mentioned above, understanding
proof size in resolution is the main avenue towards a complexity analysis of solvers, both for
SAT [54] as well as for resolution-based modal provers [51].

In this work, we aim to initiate a proof complexity analysis of modal resolution systems.
Our main contributions can be summarised as follows:

1. Comparing modal resolution systems We start with reviewing the modal resolution
systems of Nalon and Dixon [48] and Nalon et al. [5S0]. These systems build on propositional
resolution and augment it by several rules allowing to perform resolution on modal pivots.
The calculi work on suitable normal forms (called separated normal forms) and come in
two variants: the basic calculus K,,-Res of [48] and the “layered” modal resolution system
K,.;-Res of [50]. The latter is a restricted version of the former. In K,,;;-Res, each clause is
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Proof Complexity of Modal Resolution 3

equipped with a label, indicating the modal level of a clause, i.e. the number of modalities
in which scope the clause is. Resolution steps are only allowed in K,,;;-Res between clauses
of matching modal levels. This calculus was introduced in [50] to streamline derivations and
result in better modal provers [51].

Here we introduce one further restriction of K,,;;-Res, where we not only record the modal
level of clauses, but the actual modal context, i.e. the precise sequence of modalities [1,; and
()a_,. (as we work in a multimodal setting). In our new calculus K,,.-Res, resolution can only
be performed between clauses with “unifiable” modal contexts (Definition 13). We show that
K,,.c-Res is sound and complete (Theorem 3).

We then use the standard proof complexity concept of simulations [31] to show that proof
size in all three calculi K,,-Res, K,,;;-Res, and K,,.-Res is polynomially related and moreover,
proofs can be efficiently translated between the three systems (Theorem 4). This mainly boils
down to showing that K,,,.-Res p-simulates K,,-Res, i.e. we show that sub-derivations allowed
in Kj,-Res but forbidden in K,,,.-Res are not useful and can be pruned from the proofs. The
other simulations of K,,.-Res by K,,;;-Res and K,,,;;-Res by K;,-Res follow by definition as the
systems extend each other. Thus, from a proof complexity standpoint, all the three systems
are equivalent. This has the advantage that when aiming at lower bounds we can concentrate
on the streamlined system K, .-Res.

2. A game-based lower bound technique for modal resolution Most research effort in proof
complexity is directed towards showing lower bounds for the proof size of specific families
of formulas. Arguably, what is even more important than the actual lower bounds is to obtain
generally applicable lower bound techniques. While a host of techniques is available for
propositional resolution [6,60], we here devise the first such technique for modal resolution.

Our technique uses the idea of a game between a Prover, who wants to establish the
unsatisfiability of the formula, and a Delayer who claims to know a model and aims to play
consistently as long as possible. In the course of the game, the Prover poses questions on the
structure of the purported model. The Delayer does not answer this question himself, instead
deferring the choice to the Prover and earning some points proportional to the progress that
Prover makes towards a contradiction.

We can then show that if Delayer has a strategy to earn at least n points (where n is
an integer) on a modal formula ¢ (in any game against every possible Prover), then each
refutation of ¢ in K, -Res has size at least 2" (Theorem 5). For this, we devise modal
decision trees (Definition 25), which represent partial Kripke models. These modal decision
trees correspond to the partial models constructed during a game, and the size of modal
decision trees is proportional to the number of modal resolution steps in K,,,.-Res refutations
(Proposition 4). The lower bound then follows as the Delayer’s score provides a lower bound
for the logarithm of the size of the modal decision trees.

Our game is inspired by similar Prover-Delayer games for propositional resolution
[18,19,57] and QBF [17]. However, there are crucial differences: in the propositional and
QBF settings, Prover asks for values of propositional variables, whereas here we do not ask
for variable assignments, but for branchings in Kripke frames. This implies (via the corre-
sponding notions of decision trees) that the propositional and QBF games measure the size
of tree-like resolution proofs, where derived clauses may not be reused in proofs. Thus, the
propositional games only provide lower bounds for the weaker tree-like model. In contrast,
our game here yields lower bounds for the unrestricted dag-like model of proofs, which in
the propositional case is known to admit exponentially shorter proofs [27].

3. An exponential lower bound for modal resolution We illustrate the lower bound method
on a new family of formulas, which we call the modal pigeonhole principle (MPHP, Defi-
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4 S. Sigley, O. Beyersdorff

nition 26). These formulas express the classical pigeonhole principle (PHP). However, in
contrast to the well-known propositional encoding, our formulas only encode the holes
through propositional variables, while the pigeons are encoded through the accessibility
relation in the Kripke frames.

Devising a suitable Delayer strategy that scores logn! points, we show that proofs of
MPHP in modal resolution require not just exponential size, but indeed proofs of size n! in
the dag-like model. This is in contrast to the propositional proof complexity of PHP, which
is known to be 2222102 ip tree-like [32], but only 2% in dag-like propositional resolution
[38].

We also highlight that our game only counts the number of modal resolution steps, but
ignores propositional resolution steps. Thus, the lower bound shown here is a “genuine”
modal lower bound and not just a lifted propositional hardness result.!

4. Comparing modal resolution to modal Frege Finally, we compare the modal resolution
systems considered here to the modal Frege system of [40]. As is to be expected, we con-
firm that modal Frege p-simulates modal resolution. Using an argument similar to [28], we
show that the modal pigeonhole principle becomes easy in modal Frege, thus providing an
exponential separation. Of course, such a separation already follows from the separation of
the propositional fragments (resolution vs Frege [28,38]). However, we are interested here
in a genuinely modal separation that only counts modal inferences, and MPHP are the first
formulas to provide this.

In this connection, it is interesting to mention the modal clique-colour formulas investi-
gated by Hrube§ and shown to be hard in modal Frege [40]. While these formulas are still
hard for modal resolution—and hence do not separate modal resolution and modal Frege—
we note that their hardness for modal resolution cannot be shown via our game technique.
Thus, in contrast to the case of propositional and QBF resolution, where the asymmetric
Prover-Delayer game is known to precisely characterise tree-like resolution size [17,18], our
game here does not provide a similar characterisation in the modal setting.

Organisation The paper is organised as follows. In Sect. 2, we give a brief overview of modal
logic (for a full introduction, see [25]) and proof complexity. In Sect. 3, we review the two
clausal modal resolution systems K;,-Res [48] and K,,;;-Res [50], which we complement in
Sect. 4 by a new proof systems K,.-Res. In Sect. 5, we show that K, -Res, K,,;-Res, and
K,..-Res are all equivalent in terms of proof complexity. In Sect. 6, we develop our lower
bound technique through games, which we apply in Sect. 7 to show the hardness of the new
modal pigeonhole formulas for modal resolution. Finally, we compare modal resolution and
modal Frege in Sect. 8 and conclude with a discussion in Sect. 9.

2 Preliminaries
2.1 Modal Logics
A multimodal logic over some finite set of agents &/ = {aj,...,a,} is an extension of
propositional logic (PL) constructed from a set of propositional variables, & = {p1, p2, ...},

a complete set of propositional connectives {—, A, V}, the constants 0 and 1, and a set of
unary modal operators {{J,, | a; € </}. Further, we define — sothat¢ — = —¢ vV

1 Cf. also [21] for a similar discussion of genuine vs lifted bounds in QBF and on how to formalise the notion
of “genuine” bounds
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Proof Complexity of Modal Resolution 5

and for each i € [n] (where [n] denotes the set {1, ..., n}) and we define the modal operator
Oq; = —0,, —. Throughout the paper we will take o, € {J,, O4}. The formulas [, ¢ and Q¢
are read as “agent a considers ¢ to be necessary” and “agent a considers ¢ to be possible”,
respectively. A full introduction to modal logics is given in [25].

A literal is either a propositional variable, p € &2, or its negation, —p. We let £ denote
the set of all literals. A positive modal literal (resp. negative modal literal) is a formula of
the form O,/ (resp. O4l), where a € &7 and [ € £. A modal literal is a positive or negative
modal literal. A clause is a disjunction of literals. The empty disjunction is referred to as the
empty clause. We let €.Z denote the set of all clauses. We say a formula is in conjunctive
normal form (CNF) if it is a conjunction of clauses.

Let & be a set of propositional variables and <7 be a finite set of agents. We define the
set of well-formed multimodal formulas, denoted wfmf, to be the smallest possible set s.t.
1 € wfmf,0 € wimf, p € wfmfforall p € & and ¢ € wifmf if either p = =, p = (Y AO),
¢ = Vveo)ore¢ =0,y where ,0 € wimf and a € «7.

The multimodal logic K,, is the smallest set that contains all propositional tautologies, all
formulas of the form K,, : [, (¢ — ) — (O,¢ — O,¥) and is closed under the inference

rules modus ponens W and a-necessitation D%qs forevery a € &/.

The semantics of multimodal logics are given using Kripke models. A Kripke model
(henceforth a model) over a set of propositional variables &7 and a set of agents &/ =
{ar,...,a,}isatuple M = (W, Ry, ..., Rq,, V), where W is a non-empty set of “worlds”,
each R, is a binary relation over W, which we call the a;-accessibility relation, and V is a
set of valuation functions {V (w) | w € W}s.t. V(w) : & +— {0, 1}.

A pointed modelis apair (M, w) consisting of aKripkemodel M = (W, R, ..., Ry,, V)
together with some distinguished world w € W.

We say that a model M’ = (W/, Rt’ll, e, R;n, V') extends a model M =
(W,Ryy,...,Ry,,V)ifand only if X € X' forall X € {(WYU({R,, | i € [n]} U{V}.

Further, V' (w)(x) = V(w)(x) for every w € W N W’ and every x in the domain of V (w).
Let ¢, ¥ be formulas and p € Z. Given a model M = (W, Ry, ... R,, V) and a world
w € W the satisfiability of a formula at w in M is defined inductively as follows:

- M, w)Ep <= weV(p),

- M, w) E—~¢ < (M, w) E ¢ does not hold (written as (M, w) = ¢)

- M wEIANY &= M, w)Edand (M, w) EY,

- Mw)EéVY < (M,w)Edor (M, w) =1,

- M,w) E0p < M,w') = ¢ forall w’ s.t. (w, w’) € R,.
We say ¢ is satisfiable if there exists some wg € W s.t. (M, wp) = ¢. We say that a pointed
model (M, w) satisfies ¢ iff (M, w) &= ¢.

For two modal formulas ¢ and v, we write ¢ = i if forevery (M, w) as above, (M, w) =

¢ implies (M, w) = .

2.2 Proof Complexity

Definition 1 [31] A proof system for some language L € X* is a polynomial-time com-
putable partial function P : £* — L where £* denotes the set of all finite words over . A
P proofof some T € Lisawordw € ¥*s.t. P(w) = 1.

The above definition of a proof system is rather general. In this paper we will only consider
line-based proof systems. A line-based proof system is a proof system defined by some finite
set of inference rules and axioms. A proofin a line-based proof system is a sequence of proof
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6 S. Sigley, O. Beyersdorff

lines, say A1, ..., A, S.t. each A; is either an axiom of P or can be inferred by applying some
rule of P to some subset of {A1, ..., A;_1}.

Definition 2 Let P be a line-based proof system and let 7 be a P proof. Further, let R be
some inference rule of P and let A; and A, be lines of 7. Then, A, is a child (an R child) of
A1 if it is inferred by applying an inference rule (R) to a set of lines containing X .

We say that A, is a descendant (an R descendant) of A1 if it is either:

(i) achild (an R child) of A; or,
(i1) a child (an R child) of a descendant (an R descendant) of Aj.

If X, is a descendant (an R descendant) of A then A; is an ancestor (an R ancestor) of A;.

Let P be a proof system. We say that i is P provable from ¢ if there exists a P proof
of ¥ from ¢. We denote this by ¢ Fp . We say P is strongly complete if for all formulas
¢, ¥ s.t. ¢ = we have ¢ p . Further, we say a proof system is complete if for every ¢
s.t. ¢ =0 we have ¢ Fp 0. We say P is sound if for every formula ¢ s.t. - ¢ we have = ¢.
The size of a proof 7 is the number of symbols it contains, denoted | |.

‘We can compare the strength of two proof systems for a given language L using polynomial
simulations.

Definition 3 [31] Let P and Q be L-proof systems. We say that P polynomially simulates
(p-simulates) Q, denoted Q <, P, if there exists a polynomial time computable function f
s.t. for any Q proof m we have P(f(m)) = Q(m).

We say that P and Q are polynomially equivalent (p-equivalent) if P <, Q and Q <, P,
denoted P =, Q.

2.3 Propositional Resolution

Resolution is a simple proof system for propositional logic [26,33,58]. It acts on formulas in
CNF (defined in Sect. 2.1) and consists of the single rule:

i -1
RrEs; SV vl
CiVv(Cy

where C1, C, are clauses and / is a literal. The intuition behind this rule is straightforward.
No propositional model can simultaneously satisfy a literal and its negation, hence if we
take the disjunct of any two clauses containing complementary literals we may “cut away”
(resolve on) said complementary literals. Throughout we will refer to the variable resolved
on as a pivot variable.

Resolution is a refutational proof system. This means that to prove that a formula is valid>
using resolution we prove that its negation is unsatisfiable. So to prove that some formula ¢
is valid we would first convert its negation into CNF and then repeatedly apply the resolution
rule until we derive the empty clause which is logically equivalent to 0.

3 Modal Resolution Systems

Constructing a resolution-based proof system for even the basic multimodal logic K;, is not
straightforward. This is because whether or not we can only resolve complementary literals

2 We say a propositional formula is valid (satisfiable) iff it evaluates to true under every (some) assignment
to its variables.
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with one another now depends on the “modal context” in which they occur. To see this,
consider the formulas ¢ = O, (I1 VI VI3), ¥ = =l Vi, 0 =0y —lp and ¢ = Oy, —l3. In
any sound and complete K, resolution system the following three statements should be true:

1. The instance of /1 in ¢ cannot be resolved with the instance of —/; in .

2. The instance of [, in ¢ can be resolved with the instance of —/; in 6 to obtain a resolvent
of the form U, (/1 V 13).

3. The instance of /3 in ¢ can be resolved with the instance of —/3 in ¢ to obtain a resolvent
of the form 4, (—I3 A (11 V 1)).

Statement 1 is true as the instance of /1 in ¢ is nested within the scope of a [J,, operator
whereas the instance of —/; in ¥ is not within the scope of any modal operator.

Statement 2 holds as the instance of —/; in ¢ and the instance of —/; in 0 are both nested
within a single [, . Hence, it follows that if ¢ and 6 are both satisfied at some world w in
some model M = (W, Ry,...,R,, V) then /| VI, Vv I3 and —[, must both be satisfied at
every world wy s.t. (w, wy) € Ry and so /1 V I3 must also be satisfied at every wj.

Finally, the instance of /3 in ¢ appears within the scope of a [J,, operator and the instance
of —/3 in ¢ appears within the scope of a {4, operator. Hence, if ¢ and ¢ are both satisfied at
some world w in some model M = (W, Ry, ..., R,, V) then /| Vv [, Vv I3 must be satisfied
at every world w; € W s.t. (w, wy) € Ry and —/3 must be satisfied at some world wy, € W
s.t. (w, wa) € R;. And so it follows by classical resolution that /1 Vv [, must also be satisfied
at wy, hence statement 3 holds.

As a result of this added complexity, several different K,, resolution systems have been
proposed. In this section, we shall review two such clausal resolution systems. These systems,
which we shall refer to as K, -Res and K,,;;-Res, are closely related to each other and were
proposed by Nalon and Dixon [48], and Nalon et al. [50], respectively.

3.1 The Proof System K,,-Res

Nalon and Dixon [48] proposed a clausal resolution system for K,,, which we shall call K,,-
Res. This proof system determines whether a formula ¢ is satisfiable at some distinguished
“start” world, so € W. However, as the choice of sy is arbitrary, determining the satisfiability
of ¢ at s¢ is essentially equivalent to determining the satisfiability of ¢.

LetM = (W, Ry,...,R,, V)beamodel and wi, wo € W. We say w, is reachable from
wi if (wq, wy) is in the reflexive and transitive closure of U;’:l R;. Note that every world
is reachable from itself. We define the master modality, denoted [(J*, s.t. (M, w) = O*¢ iff
(M, w') = ¢ for all w’ reachable from w.

The proof system K,,-Res operates on formulas that have been translated into the following
normal form.

Definition 4 [48] Let/,!’,]; € . and let S be a nullary connective defined s.t. (M, w) = S
iff w = s9. A formula ¢ is in separated normal form (SNF) if ¢ = A!_, 0*C; where each
C; is of one of the following types:

— Start clause: S — \/’j=1 lj, — Literal clause: \/’j=1 lj,
— Positive modal clause: I’ — 0,1, — Negative modal clause: I’ — Q1.
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8 S. Sigley, O. Beyersdorff

Definition 5 [48] Any ¢ € wfmf in negation normal form (NNF)? can be translated into a
set of SNF clauses by applying the function:

70(¢) = 0°(S — xo) A 11 (0% (xe = ¢)),
where x, is a new variable and the function t; is defined as follows:

([0« = ¢ AY) = (@ (x = ¢) Ar @ (x — ¥)).
O*(x — oa®), ifp € &,

1107 (x = 049)) = % (x — ogx1) A 71(0%(x; — ¢)), otherwise.

O*(=x Vo V), ifp, ¥ e ¢2,
A gy = f T A ) gy g e,

O (=x Vo Vi) AT (O (x) — V), ifgpeCL, y¢bL.

where x| and x; are new variables. Note that in the disjunctive transformation ¥y may be
the empty clause, in which case the usual simplification rules are applied at the end of the
transformation.

We refer to the variables introduced when translating a formula ¢ € wfmfinto a set of SNF
clauses % as extension variables and define 2 to be the set of all such variables. Further, we
define Zyr ={x' € 2| " (x — Oux) € €}, Zp— = {x' € 27 | T*(x — Oux’) € €}
and Zy 4+ = Z¢ 4+ U X _. Note that Z¢4 C Z.

Let % be a set of SNF clauses and let C € €. We say x € 2% appears positively in C if
either C is a literal clause of the form [(1*(x v D) where D € €. or C is a modal clause
of the form (x’ — o,x) where x’ € 2% . We say x appears negatively in C if either C is a
literal clause of the form (J*(—x Vv D) or C is a modal clause of the form (x — o,y).

Example 1 Consider the modal formula ¢ = (x vV $,—y) A gy A —x. Then,

70(¢) = O%(S — x0) A T1(x0 = ¢)
=S = x0) A 11 (@ (xo = (¢ V Oa=y)) A 11 (0" (xp = Tay)) A 71 (0 (xg — —x))
=*S — x0) A1 (0% (xg = x1 V) A1 (O%(x] — x)) A
(0% (x2 = Oa=y)) A O%(xg = Oay) AT (—xg vV —x)
=% — x0) AO*(=xg VX1 Vx2) A
O*(=x1 V x) ATy = Oa—y) AO*(xg = Oay) A O*(=xg v —).

Further, %To(fﬁ) = {xp, x1, x2} and %T0(¢)+ = L%O(q))_ =0.

A proof that 7 preserves satisfiability is given in [48].
As every SNF clause is prefixed by [0* it follows that every SNF clause occurs within the
same modal context. Hence, the inference rules of K,,-Res are relatively straightforward.

Definition 6 [48] The inference rules of K, -Res are given in Fig. 1.

3" A formula over the set of operators {{J;, Oq, =, A, V} is in NFF if only propositional variables are allowed
to be within the scope of —.
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O* (I — 0,4l
Gent: = Dalt)

O*(Il — Ogl;)

O (' = Oul)
O (=l V-Vl V=)
[ CTAVEREAVE))

IRESI: oO*(S—DVI) IRES?: oO*(S—DVI)
COf(EVAI) T O*S—EVAI)
0*(S—DVE) 0O(S— DVE)

0*(l; — 0,4l

Mres: 1= Cd)

O*(l, — —0,41)
O (<h V)

D*(Zl — Dal)
GEN2: 0% (I — O—1)
O*(lz — Oal/)

D*(ﬁll \/ﬁlz\/ﬁl})

LRES: oO*(DVI)
T OEVAI)
O*(DVE)

o* (I, — O,l
cens: = Ui = Balt)

O* (I — Ol,)
O (I' = O4l)
O*(=h V-V k)

O*(=lp Ve vl =l

where [,I',l; € £ and D,E € €.Z.

Fig.1 Rules for K;-Res

The rules of K,,-Res can be split into two categories, modal rules (GEN1, GEN2, and GEN3)
and propositional rules (MRES, LRES, IRES1, and IRES2). Each of the modal rules is used
to resolve on literals inside some modal operator.

The rules IRES1, IRES2, LRES and MRES are essentially propositional resolution and
are each used to resolve a formula with its negation. The rule GEN2 says that if we have
some negative modal clause, say D*(lé — Oql2), then we can resolve two positive modal
literals of the form [,/ and [J,—/{ with one another. The negative modal clause is required
for soundness as [1* (l/l — O,ly) and O* (lé — O, —lp) can both be satisfied by a model M
ataworldw € Ws.t. (w,w’) ¢ R, forallw’ € W.

The rules GEN1 and GEN3 resolve literals with modal literals. More specifically, GEN1
says that given some clause [(J*(—l; Vv --- Vv =, Vv —l) we can simultaneously resolve the
z + 1 literals =y, ..., —l, and —I with the modal literals [J,l1, ..., d,l; and ¢,l. When
resolving literals with modal literals in this way we are taking advantage of the fact that,
by the definition of 1J*, any world in any model which satisfies 0" (=ly V -+ - Vv =, vV =)
must also satisfy (J, (=l V -+ -V =l v =l). Every literal in O*(=l; Vv - - - vV =l v =) must
be resolved on simultaneously as otherwise the resolvent obtained may not be in SNF. For
example the resolvent obtained by resolving =/ in U, (=l V -+ - Vv =l v =I) with O,/ in
O*(1] — Ogl1) would be O*(=] v O, (l2 V - - - vV =l v =1)). The rule GEN3 is similar to
GENI, however the negative modal literal, {,—I, is not resolved on. Instead, as in the case
for GEN2, it is necessary only for soundness.

Like propositional resolution, the proof system K,,-Res is a refutational system. Let 7 be
a K,,-Res refutation of some set of clauses % and let C be some clause in ©. If C € ¢ then
we say that C is an initial clause (also sometimes called input clause). If C ¢ % then we say
C is a non-initial clause.

Example 2 Let ¢ be defined as in Example 1. Further, let ¢ be the set of SNF clauses obtained
by applying T to ¢. We can refute ¢ using K,,-Res as follows:
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10 S. Sigley, O. Beyersdorff

O*(xo — Oay)

MRES
O*(x2 = Ga—y)
O*(—xp VvV —
LRES (—xo vV —x2)
0*(=xo V X1 V X2)
O*(=xo V x1)
LRES O0*(=x1 V x)
0*(=xo V x)
LRES %
0" (=xo)
IRES1 (S — x0)
0% S — 0)

3.2 The Proof System K,,,,-Res

In [50] Nalon, Hustadt and Dixon introduced a layered resolution system for K, which we
shall call K,,;-Res. This resolution system is similar to K,-Res, however it operates on a
normal form where each clause is labelled by its modal level. The modal level of a clause is
the number of modal operators it was nested within in the original formula. I note that the full
K,,.;-Res calculus presented in [50] can be used for both local and global reasoning, however
here are concerned with, and hence present, only the local resolution part of the system.

Definition 7 [50] A formula ¢ is in separated normal form with modal levels (SNF,;;) if
¢ = A\i_, C; where each clause C; is either a:

— Positive modal clause: (m : " — 0,1, — Literal clause: (m : \/;-=1 [}),
— Negative modal clause: (m : " — (41),

where [, 1, j € Z and m € N representing the modal level of the clause.

LetM = (W, Ry,..., R,, V)beaKripke model and w, w’ € W.We say w’ is of distance
m from w if there exists a path of length m from w to w’ through the union of all accessibility
relations in M.

The satisfiability of some ¢ € wfmf labelled by its modal level, m € N, at root world wg
is given as follows:

M, wp) =E(m:¢) < (M, w) |= ¢ forallw € W s.t. w is of distance m from wyg € W.

The following procedure for efficiently translating any NNF formula into SNF,,;; ¢, while
preserving satisfiability, is given in [50]. To convert an NNF formula ¢ into SNF,,;; we apply
the translation 7y, (¢) = (0 : x) A p1(0 : x — ¢), where x is a new propositional variable
and py,; is defined as follows:

Pmi(m i x — O ANY) = ppi(m :x — 0) A ppi(m : x — ¥),
(m:x — o40), ifo € &,

m:x — [,0) =
Pmi( .0) {(m:x_)Oaxl)/\pml(m+1:x1—>9), otherwise.

(m:=x VOV, ifo,y € ¢.2,

omi(m 2 x = 6V x1) A pp(m : x; — ), otherwise,

pml(mix—>9vlﬁ))={
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LRES: (m:DVI) MRES: (m:1; — Ogl)
 (m:EV-I) T (milp —=0,l0)
(m:DVE) (m: =l V-l)
m: 1y — Oyl m:l — Ol
GENI: ( 1 alt) GEN3: ( 1 al1)
: GEND: (m:1; — Ogl) :
(m: 1 — Oul;) (m:l = Dg=l) (m:1l — Oul;)
. 3 (m:l3— Oul') py )
(m: 1 — Oul) b= Ca (m: 1 — Oul)

(Mt 15—y Ve L,V ) (m: =l V=l V-ls) (m+1: =0 VeV L)

(m:=ly V.=l =) (m:=l V- v=llv =l

where [,I',lj € £, meNand D,E € €.Z.

Fig.2 Rules for K,;;;-Res

where 6, ¢ are formulas, x| is a new propositional symbol and m € N. Note that p,,; (m :
X —>0Vx))=pu(m:x — (x1Vx2) A pmi(m:xy — 0). Note also that 6 or i could
be empty in which case simplification of the formulas applies.

Example3 Let ¢ = (x V Oqu(—y A x)) A0zy A —x. Then,

T (@) =0 :x) A0 :=xgVxiVX)AO:=x1VX)AQO:x2 —> Oux3) A
(1:=x3V=y)Ad:=x3VX)AQO:x90—> Ozy) A0 :—=xpV—x).

Theorem 1 [50] An NNF formula ¢ is satisfiable iff Ty (¢p) is satisfiable.
Definition 8 [50] The inference rules of K,,;-Res are given in Fig. 2.

The rules of K,,;;-Res are almost identical to those of K;;-Res, however now LRES, MRES,
and GEN2 may only be applied to clauses that are at the same modal level. Further, GEN1
and GEN3 may only be applied to sets of clauses where each modal clause is the same modal
level and the literal clause is at the modal level above. The rules IRES1 and IRES?2 are no
longer necessary as we are no longer determining satisfiability at a fixed start world.

We shall see in Sect. 5 that the proof systems K,,;;-Res and K,,-Res are equivalent in terms
of proof complexity.

4 Resolution with Modal Contexts

In this section we will define a new modal resolution system called K, .-Res. The rules of
this proof system are essentially identical to those of K,,;-Res, however it acts on a normal
form where each clause is labelled by its modal context as opposed to its modal level.
Informally, if we give each { operator in some modal formula ¢ a unique label then the
modal context of a subformula i of ¢ is the sequence of modal operators that it is nested
within in ¢. So for example if ¢; = [, (};,x A0, Oi, y then x has modal context [, O}l, and y
has modal context [J, (}3,. Whereas if ¢ = 0; (x A y) then both x and y have modal context
O (11 Intuitively two subformulas of ¢ have the same modal context iff in any model of ¢ these
subformulas must be evaluated at exactly the same world or worlds. Clearly there exist models
that satisfy ¢ but do not contain any world w s.t. V(w)(x) = 1 and V(w)(y) = 1, however
every model that satisfies ¢, contains a world where V (w)(x) = V(w)(y) = 1. Hence, in
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12 S. Sigley, O. Beyersdorff

our new calculus K,,,.-Res we label each clause by its modal context to help determine which
clauses can be resolved together.

To refute a formula using K,,,.-Res we must first translate it into a clausal form, where
each clauses modal context w.r.t. the original formula is explicitly given. As the translation
used introduces a new unique extension variable for every complex subformula of the form
Qap where ¢ ¢ £ we do not need to label the ), operators. The modal context of a clause
can be specified by a finite word over the set of agents and the set of pairs of the form (a, x)
where a is an agent and x is an extension variable.

Definition9 Let/,!’,[; € .Z. A formula ¢ is in separated normal form with modal contexts
(SNF,,0) if ¢ = /\f:1 C; where each C; is either a:

— Positive modal clause: (e : " — O,0), — Literal clause: (e : \/tj:1 1;).
— Negative modal clause: (¢ : I — O4l),

Here, e is a finite word over &% (Definition 10) denoting the modal context of the clause.

To convert an NNF formula ¢ into SNF,,,. we apply the translation 7, (¢) = x¢ A P (€ :
Xg — ¢), where x is a new propositional variable and py,. is defined as follows:

pme(e s x = 0 AY) = pc(e s x = 0) A pele : x — ),
(e:x — ,0), if6 € Z,

(e:x > U,0) =
Pme( a0) {(e :x — Oax1) A pmelea : x; — 6), otherwise.

(e :x = Ou0), ifo e Z,
Pmele : x — 0q0) ! “

(e :x = OQux1) A pmele(a, x1) : x;1 — 6), otherwise.

(e:=x VOV, i,y € .2,
Pme(e:x = OV x1) A ppele: x1 — ), otherwise,

Pme(e:x = 0V Y)) = {

where 0, v are formulas, x| is a new propositional symboland e € ({x.}UaU( x Zx_))*.
Note that p;c(e : x — 0V x1) = ppele : x = (X1 VX2)) A pe(e : xo — 0). Also, 6 or
could be empty in which case simplification of the formulas applies.

Example4 Let¢p = (x V Qq(—y A x)) A,y A —x. Then,
Tne (@) = :x0) Ale:=xg VXL VX)) A(e:—x] VX)A(E:x2 = Qux3) A

((a,x3) : =x3V=y) A ((a,x3) : —x3 VxX)A(e:x9g —> Lay) A e —xp V —x).

Let € be a set of SNF,,. clauses inferred by applying p,. to some formula ¢ € wfmf.
As in Sects. 3.1 and 3.2 we refer to the variables added during the translation as extension
variables and define the sets 2%, 2%, Z%+ and Z% + in the obvious way.

Definition 10 For any set of SNF,,. clauses ¢, we define the set of clausal modal context
markers to be:

g = U(A X Zg_).

The set of all finite words over & (denoted &) then consists of all modal contexts for
€.
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Proof Complexity of Modal Resolution 13

The length of a modal context e € & is denoted |e| and is defined as follows:

el 0, ife =¢,
el =
le'| +1, ife=¢cforsomee’ € &F,ce o/ U(d x Zg_).

Intuitively, each label (a, x) € &/ x 2 _ refers to the unique ¢, operator s.t. (¢ : x’ —
Qqx) € €. That this Q, is unique follows from the definition of the translation 7y, as each
extension variable in 2 _ appears exactly once as a modal literal. Each label a € <7 refers
to a [, operator.

Remark 1 As the set of modal context markers for a set of SNF,,, clauses is defined in terms
of the extension variables introduced by the translation function (as well as the agents),
throughout this paper we consider only sets of SNF,,,. clauses that have been generated using
this function, and our results are restricted to such sets of SNF,,.. Indeed, the resolution
system does not make much sense when applied to sets of SNF,,,. clauses that have not been
generated in such a manner.

Definition 11 Let M = (W, Ry, ..., Ry,, V) be a Kripke model, let ¢ € wfmf and let
€ = Tuc(¢). We say w € W is ¢ reachable from w, € W if w = w,. We say w is ea-
reachable from w, if (w’, w) € R, for some w’ € W s.t. w’ is e-reachable from w. We say w
is e(a, x)-reachable from w, where x € 2% _ anda € « if (', w) € R, for some w’ € W
s.t. w’ is e-reachable from w and V (w)(x) = 1.

We define the satisfiability of a clause with modal context e € &7 at root world w, as
follows:

M,we) =E(e:C) < (M, w) = C forall w € W s.t. w is e-reachable from w, € W.

Definition 12 Let 4 be a set of SNF,,,. clauses and x” € 24 . We say that x” is propositionally
reachable from x € 2 4 if either x = x’ or there exists some subset of ¢

Cixxny =1{e: D1 V=x1Vxy),...,(e: Dy V—=xy_1Vixy)}

where x| = x, x, = x’, x; € 2y foreachi € [n] and each D; € €.%. We say that such a
set 6(x vy witnesses that x’ is propositionally reachable from x.

It follows immediately from the above definition and the definition of 7,,. that every
variable x’ € 2% is propositionally reachable from some unique x € 2% 4. Further, the set
C(x,x) Witnessing this is unique.

Theorem 2 An NNF formula ¢ is satisfiable if and only if T, (¢) is satisfiable.

Proof By Theorem 1, an NNF formula ¢ is satisfiable iff the set of SNF,,;; clauses T,; (¢) is
satisfiable. Hence, we prove the theorem by showing that 7,,,;(¢) is satisfiable iff T}, (¢) is.

It follows immediately from the definitions of 7,,; and 7). that there is a one-to-one
correspondence between the set of SNF,,; clauses 7,,;(¢) and the set of SNF,,. clauses
Tne(@). Thatis, (m : C) € Gy iff (e : C) € Gy for some e € & s.t. [e| = m.

(=) Suppose %, is satisfiable. Then, there exists some model M = (W, Ry, ..., R,, V)
and some w, € W s.t. (M, w) = (m : C) for every (m : C) € %, It follows by definition
that (M, w) = C for all w € W s.t. w is of distance m from w,. Every world that is e-
reachable from w,, where |e| = m must also be of distance m from w, hence (M, w,) = C
for all w, € W s.t. w, is e-reachable from w, and so (M, we) |= (e : C) forall e € &7 s.t.
le] = m. Hence, (M, wg) = Gpe-
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14 S. Sigley, O. Beyersdorff

(«=:) Now suppose the set &, is satisfiable. Let M = (W, Ry, ..., R,, V) be a model
that satisfies %, at w, € W. Suppose (e : C) € %, Where e € é’; and let |e| = m. We will
show that (M, w,) = (m : C) via induction on |e|.

Suppose |e| = 0, then e = ¢. Clearly w; is the only world in W that is distance O from
itself. Further, w, is the only world in W that is e-reachable from itself. By assumption
(M, w) = (e : C), hence it follows that (M, w,) = C and so (M, w,) = (0 : C).

Suppose |e| > 0. By the definition of 7}, the clause C must contain exactly one negative
extension literal x. Further, x must be propositionally reachable from some unique x’ € 2% 4.
We prove by induction on the size of the set witnessing this that we can assume w.l.0.g. that
V(w)(x) =0 forall w € W s.t. w is not e-reachable from w,.

If |Ciw x)l = 1, then x € Zx+. Suppose x € Zy_ (x € Zy4). It follows from the
definition of T, thate = ¢’(a, x) (e = e’a)and (¢ : x’ — Oux) € Cpe ((¢/ : x' — Oyx) €
©mc)- Further, by the definition of T, this is the only clause containing x positively and
every clause containing x negatively has modal context e. Hence, we can assume w.l.o.g.
that V(w)(x) = 0 for all w € W s.t. w is not e-reachable from w,. As C contains —ux it is
satisfied at every such w. Hence, (M, w,) = (m : C).

Finally suppose |C(y x)| = k. Then, by definition C(y ) must contain some clause C’
of the form (—x; vV D Vv x) where x; € 2. Further, C(y )\{C'} witnesses that x| is
propositionally reachable from x’. Hence, by induction V (w)(x;) = 0 at all worlds w that
are not e-reachable from x;. It follows that we can assume w.l.o.g. that x = 0 at every such
world as doing so will not effect the truth valuation C’ which is the only clause containing
the positive literal x. Hence, C is satisfied at every world that is not e-reachable from w,.
Further, by assumption C is satisfied at every world that is e-reachable from w, and so
M, we) = (@m:C). O

In our new calculus, we allow inferences to be made from sets of clauses with different
modal contexts under certain conditions. To see why this is necessary, consider the formula
¢ = Ua(x A y) A Qu(—x A z) and the corresponding set of SNF,,,. clauses ¢ = {(¢ :
Xe), (6 1 xe = ax1), (@ @ ~x1 Vx), (@ : ~x1 VYy), (e x = Oux2), ((a,x2) :
—x3 V —x), ((a,x2) : —x V z)}. Clearly ¢ is unsatisfiable, however we cannot refute &
using similar rules to those of K,,-Res and K,,;;-Res if we do not allow inferences on clauses
with different modal contexts. Hence, we have the following definition.

Definition 13 Let % be a set of SNF,,,. clauses. We define the functiono : 67 x - - - X &% —

&y sothato(e,...,e) =g, forcy,...,c, € &
cj ifci=(a,x) € & x Xy and ¢, € {a,c;}forall k # j,
o(cl,...,cn)=13a ifcr=---=c,=a €,

undefined otherwise,

and forey,...e, € 63:

ocrt, - sCln) - 0(Cm1s ey Cmp) ifler] = =ley| =m >0,
oler,....,ey) = .

undefined otherwise,

where ¢; ; denotes the ith letter in the word e;.
We say that the modal contexts ey, ..., e, € é"; are unifiable if o (eq, . .., e,) is defined.
Otherwise we say that ey, ..., e, are non-unifiable.

Intuitively allowing resolution on sets of clauses with unifiable modal contexts can be
thought of as allowing [, to be resolved with O, to infer ¢,, which is of course sound.

@ Springer



Proof Complexity of Modal Resolution 15

— Oyl
(e1:DVI) (e1: 11 — O,l) GEN2: (61 : 1 al)
LRES: MRES: (e2: 1 — Og=l)
(ez:E\/ﬁl) (ez:lzﬁﬁ\:‘al) ( PN l/)
€3 113 a
o(er, :DVE ol(er, cal vl
( (61 62) ) ( (6] '62) ! 2) (6(61762,63) : —\l] \/—\12\/_‘13)
GENL: (E] Zli — Dall) GEN3: (61 Zl'l — Dall)
(e;: 1l — Oul;) (e : 1l — O4l;)
(g1 : 1" = Oyl) (g1 : 1" — Cul)
(ez4oy:—ly V-Vl V) (ezyoy:—ly V-V ly)

(oler,...,ezin) Iy V...l =l)  (o(er, ... eqin) Iy V- VLV L)

where [,I',l; € £, ej € &,y € & and D,E € €. We may only use the above rules to infer a
clause (o(eq,...,en) : C) if 0(ey,...,e,) is defined.

Fig.3 Rules for K;;-Res

Definition 14 The inference rules of K,,.-Res are given in Fig. 3.

Remark2 Let ¢ be a set of SNF,,. clauses and let C be some clause which is K,,.-Res
derivable from % If C has modal context e € &7 then it must be inferred by applying some
rule of K,,,.-Res to a set of clauses, whose modal contexts are either unifiable with e or
unifiable with ec for some ¢ € 60[? It follows by induction that C is K,,.-Res derivable from
the subset of 4’ consisting of every clause whose modal context is a suffix of some ¢’ € &
which is unifiable with e.

Theorem 3 K,,,.-Res is sound and is complete.

Proof Clearly, any proof system that simulates a complete proof system is complete and any
proof system that is simulated by a sound proof system is sound. We will show simulations
between all the modal resolution systems K,,-Res, K,,;;-Res and K,,,.-Res in the next section,
leading to Theorem 4. As K,,-Res is sound and complete [48], the theorem then immediately
follows from Theorem 4. m]

Note that we could prove this theorem directly by following a very similar method to the
one used in [50] to show that K,,;;-Res is complete.

5 Comparing K,-Res, K,;-Res, and K,,,c-Res

In this section, we prove that the modal resolution systems K,,-Res, K,;;;-Res and K,,,.-Res are
polynomially equivalent. That K;,,.-Res <, K;;;;-Res <, K;;-Res follows straightforwardly
from the respective definitions of the proof systems. To prove that K;;-Res <, K;;;-Res <),
K,,..-Res, we show that given an unsatisfiable set of SNF clauses, % and a K, -Res refutation
of ¢,  the following statement is true. The sequence of clauses obtained from 7 by deleting
every clause inferred from a set of clauses whose modal contexts would prevent the analogous
rule of K;;.-Res from being applied to ¢”, along with every descendant of such a clause, is
also a K,,-Res refutation of ¥. So for example if 7 contains a clause C that was inferred
by applying LRES to two literal clauses with modal contexts e; and e, respectively, and
o (e1, e2) is undefined then " would not contain C or any descendant of C.
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16 S. Sigley, O. Beyersdorff

5.1 Modal Contexts for Clauses in SNF

To prove that K;,.-Res <, K;;;-Res <, K;-Res we must be able to “read off” the modal
context of a given clause in SNF. In Sect. 4, we saw that the extension variables introduced
when translating a modal formula into SNF,,,. encode the modal context of each clause. This
is also true of the extension variables introduced when translating a modal formula into SNF.
Hence, in this subsection we give a series of definitions that enable us determine the modal
context of a clause simply by looking at the extension variables it contains.

In Sect. 4, we defined what it meant for an extension variable x’ € 2% to be propositionally
reachable from some x € 2% 1 for a given set of SNF,,. clauses %. Similarly, for any set of
SNF clauses ¢ we say that x’ € 2% is propositionally reachable from some x € 2% 4 if
there exists some subset of ¢ of the form:

Clxxy = {0 (x0 = 0gx1), OF (D1 V =x1 Vx2), ..., 0Dy Vv —x,-1 V xp)},

where x; = x and x,, = x’. We further define the set E4 so that for every x1, x, € 2~ we
have (x1, x2) € E¢ iff x» is propositionally reachable from x;.

Definition 15 Let y € 2%. We say that y is a-positively modally reachable (resp. a-
negatively modally reachable) from x if € contains a clause of the form (*(x" — 0, y")
(resp. O*(x' — Ouy")) where x’, ¥ € 2%, (x,x") € E¢ and (y', y) € E¢.

We define Ef;f (resp. E¢; ) sothat (x, y) € Ef;;r (resp. (x, y) € EZ)iff y is a-positively
modally reachable (resp. a-negatively modally reachable) from x.

Let % be a set of SNF clauses. We can specify the modal context of a given extension
variable in Z% or clause in ¢ using finite words over the set &% (Definition 10).

Definition 16 Let % be a set of SNF clauses. We define:
Xy, ={x € Zg 1 (xe,x) € Ex}.
For every e € & and every ¢ € & we define:

{XE%WI(Z,X)EE%-’_, 7€ %,} ifce o,
Zoe =3{x € Xy : (x,2) € Eg} ifc=(a,z) forsomez € Zy_ anda € &7,

1% otherwise.

We say x has modal context e if x € Z,.

Definition 17 Let ¢ be a well-formed modal formula in NNF and let 4 = 79(¢p) be the set
of SNF clauses generated by applying the translation function 7¢ to ¢. Further, let 7 be a
K,,-Res refutation of % and let C be some clause in . If C contains S then we say that C
has modal context x.. Further, if some x € Z, appears as a negative literal (not a negative
modal literal) in C the we say that C has modal context e.

Let ¢ be a set of SNF clauses generated by applying the translation function 7o to some
well-formed modal formula ¢ in NNF. It follows from the definition of 7o that each initial
clause C € ¥ contains only one negative extension literal, and so each such C has only one
modal context. However, using the rules of K;,-Res it is possible to derive non-initial SNF
clauses that contain two or more negative extension literals with distinct modal contexts and
so have multiple modal contexts. We will make use of the modal contexts of SNF clauses in
our proof that K,,-Res is polynomially simulated by K,,.-Res in the next section.
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5.2 The Polynomial Simulations

In this subsection we give a proof that K,;-Res, K;,;;-Res and K;,,.-Res are all p-equivalent.
Proving that K,,,.-Res <, K;;;;-Res <, K;;-Res is trivial. Hence, the majority of the subsec-
tion is made up of a series of lemmas that are used to prove that K,-Res <, K;;;-Res <,
K,,.-Res. We begin by giving some definitions and results concerning the structure of K, -Res
proofs.

Definition 18 Let v be a K,;-Res refutation of some set of SNF clauses ¢, let 4, denote the
set of all clauses in  and let Cy, C,, € €. We say that there is a path from C; to C, if there
exists aword Cy...C, € 6™ s.t. foreach i € [n — 1] the clause C; is a child of C;.

Lemma 1 Let € be a set of clauses in SNF and © be a K,-Res refutation of €. If Co =
O*(x Vv Dy) is a descendant of C1 = (0*(x vV D) € €, where x € 2y then m contains a
path P from Cy to C; s.t. every clause in P contains x.

Proof As C is a descendant of C; the refutation 7 contains a path Py = Aj... A, where
Ci = Ay, C; = A,. Let S be the longest suffix of P s.t. every A; € S contains x. We

proceed by induction on the size of S. If | S| = || then as |S| < | P1| < |«| it follows that
S=Pr.
Suppose |S| < || theneither S = Pyor S = Aj, ..., A, where j > 1. In the latter case

x ¢ Aj_1 and so A; must be also a child of some C” # A; where either C’' = C; or C' is a
descendant of Cy containing x. Hence, there exists a path P, from C; to A ;. Concatenating

P, with Ajyq,..., A, gives a path from Cy to C, with a suffix of length > |S| + 1. Hence,
by the inductive hypothesis there exists a path P from C; to C s.t. every clause in P contains
X. [m]

Definition 19 We say a K,,-Res refutation:
7=Cp,...,Ch1,Cp = D*(S — 0),

isin /-start form if it contains precisely two start clauses, namely C,, and some C; = [J*(S —
xo) where j € [n — 1]. Equivalently, we say = is in 1-start form if it does not contain any
clauses inferred using IRES2 and C,, is the only clause in 7 inferred using IRES1.

Proposition 1 Let € be an unsatisfiable set of SNF clauses andt = Cy, ..., C, be a K,-Res
refutation of €. From 7t we can efficiently construct a 1-start refutation of € with size < |r|.

Proof 1If i is in 1-start form then the proposition holds trivially. Hence, we suppose 7 is not
is 1-start form and proceed to construct a new refutation as follows. First we delete from
7 every clause that is inferred by applying IRES1 to O0*(S — x.) and some literal clause
# 0% (—xe). Let ¥ = {81, ..., Sn}, where each S; is of the form (0*(S — D;), be the set
of all remaining non-initial start clauses in 7. Replacing each S; in 7= with O*(—x, Vv D;)
yields a derivation of (J*(—x,), hence by adding the clauses [(I*(S — x.) and 0*(S — 0)
to the end of = we obtain a valid refutation of ¢ in 1-start form. O

Hence, from this point onwards we will consider only K,,-Res refutations in 1-start form.
We will now prove three technical lemmas. Let 7 be a K;,-Res refutation of some unsat-
isfiable set of SNF clauses %. The first of the lemmas simply states that every literal clause
in 7 contains at least one extension variable. The second lemma says that if a clause in 7
contains some negative extension literal with modal context e then any clause inferred from
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18 S. Sigley, O. Beyersdorff

C using LRES must also contain some negative extension literal with modal context e. The
third lemma says that if a clause C in 7 contains a negative extension literal with modal
context e and is propositionally reachable from some x € 2%+, then 7 must also contain
some clause that is an LRES descendant of C and contains the literal —x.

Lemma2 Let ¢ € wfmf, let € = t0(¢p) and let w be a K, -Res refutation of €. Every literal
clause in 7 contains at least one negative extension literal.

Proof We prove the lemma by induction. If C € ¢ then the lemma follows from the definition
of tg. Suppose C is inferred using some modal inference rule. By the definition of 7y each
modal clause used to infer C contains a negative extension literal. That C contains each of
these literals follows by the definition of the modal rules of K,,-Res. Suppose C is inferred
using LRES. Let C; and C; be the clauses use to infer C. By the inductive hypothesis C
contains some negative extension literal —x; and C; contains some negative extension literal
—x3. Clearly —x; and —x; cannot be resolved with each other and so C must contain at least
one of —x;| and —x;. ]

Lemma3 Let ¢ € wfmf, let € = to(¢) and let & be a K,,-Res refutation of € in 1-start form.
Let C be some literal clause in 7 that is inferred by applying LRES to two literal clauses
Cy = O%(—y1 vV Dy) and Co, where y| € Zg. Let x € 2+ s.t. (x,y1) € Eg. Then,
C =0%(=y2 vV Dy), where y, € Zy s.t. (x, y2) € E¢ and |C(x,y,)| < |Cx,yp)l-

Proof 1If yj is not the pivot variable then C = [0*(—y; Vv D3) and so the lemma holds trivially.
Hence, we suppose y; is the pivot variable (and hence that C, contains the literal y;) and
proceed by induction on |6y, y)|-

Suppose |(x,y)| = 1. Then, C(x y,) = {C" = O*(xp — o4x1)}, where x| = y; = x.
Recall that every variable in 2% appears positively in exactly one clause of %. Further, no
clause containing the literal y; can be inferred from C’ using the rules of K,,-Res.

Hence,  cannot contain a literal clause containing y;, contradicting our assumption that
C, is such a clause.

Suppose |6y, ;)| > 2. The set ¢ contains exactly one clause, say C' = 0*(—=y2 V. DV y1)
in which y; appears positively. Hence, there exists a set:

Cie,yp) = {0 (x0 = 0gx1), O%(—x1 V D} V x2), ..., O (=xy—1 V D) V X))},

where x| = x, x,—1 = y2,x, = yj and D,_, = D. As C; contains y; and C’ is the only
clause in ¢ containing y; it follows that C; is a descendant of C’. Hence, by Lemma 1 the
refutation 77 must contain some path P from C’ to C; s.t. every clause in P contains yj.
Thus, no clause in P is inferred by resolving on y;. As P contains no start clauses and no
clauses inferred by resolving on y; each A; € P must be inferred using LRES 4 Clearly the
set of clauses C(x y,) = Cx,y;)\{C'} witnesses that y; is propositionally reachable from x.
We proceed to show by induction on (i) | P| and (ii) |C(y, y,)| that C> contains some negative
extension literal =y s.t. (x, y) € E¢ and [6(x,y)| < [6(x,yy)|- If |C(x,y,)| = 1 then y, = x =
x1. As in the case when x| = y; it follows that every LRES descendant of C’ contains —y,.
Suppose |C(x,y,)| > 1. If |P| = 0 then C; = C’ and so =y, € C». Suppose |P| > 1 and let
Py be the path from C’ to C3 s.t. C; is a child of C3. By inductive hypothesis (i) C3 contains
some negative extension literal —y3 s.t. (x, y3) € Eg and [€(y,y;)| < |(x,y,)|. Thus, by

4 If IRES1 or IRES2 was used to infer some A j € P then A; would be a start clause. MRES and GEN2
can only be applied to modal clauses. GEN1 and GEN3 both require every variable in a literal clause to be
resolved on simultaneously and so if either was used to infer some A then y; ¢ A ;.
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inductive hypothesis (ii) every descendant of C3 must contain some yy s.t. (x, y4) € E4 and
[C(x,ya)| < |G (x,yy) |- In particular C, must contain some such literal.
As |Cx,yp)| < [Cx,ypl it follows that y # y; and so C must contain —y. ]

Lemma4 Let € be a set of SNF clauses and let w be a K,,-Res refutation of € in I-start form.
Suppose w contains a literal clause C = (O0*(—x Vv D1), where x € Xy and let x| € Zig+
s.t. (x1,x) € Eg. If O*(S — 0) is a descendant of C then m contains a literal clause
C’ = O0*(—x; V E) s.t. C'is an LRES descendant of C and 0*(S — 0) is a descendant of
C.

Proof We will prove the lemma by induction on |6y, x)|. If |4y, x)| = 1 then x; = x and
so the lemma holds trivially.

Suppose |6, .x)| > 1. As O*(S — 0) is a descendant of C there exists some descendant
of C that is inferred by resolving on x (and possibly some other variables). Let C’ be the
first such descendant. One of the clauses that C’ is inferred from must be a descendant of C
containing —x. Let C denote this clause. Note that every descendant of C is non-initial and
so C| is a literal clause. As C’ is inferred by resolving on x it must also be inferred from
some clause C» # Cj containing the literal x. As |4y, x)| > 1 nomodal clause in ¢ contains
the literal x and so C; is a literal clause. Hence, C’ is inferred by applying LRES to C| and
C,. Furthermore, as C| contains —x and C’ is the first descendant of C inferred by resolving
on x it follows that C is an LRES descendant of C. Hence, by Lemma 3, C’ is of the form
O*(—x2 v D) where xo € Z¢ s.t. (x1, x2) € Ex and |6y, x,)| < |%(x,,x)|- By the inductive
hypothesis there exists an LRES descendant of C’, and so C, of the form [(1*(—x; Vv E) that
is also an ancestor of [(J*(S — 0). ]

The following lemma is the main result of this subsection. The lemma essentially states
that if a 1-start refutation of a set of SNF clauses 4 contains clauses having non-unifiable
modal contexts, then said clauses and their descendants may be deleted from the refutation
and that the resulting sequence of clauses will still be a valid refutation of €. The proof
of this consists of showing that any clause with non-unifiable modal contexts cannot be an
ancestor of [1*(S — 0) and hence can be deleted from the refutation as they are essentially
“dead ends”.

Lemma5 Let ¢ € wimf, € = 19(¢p) and m be a K, -Res refutation of € in 1-start form. Let
7’ be the sequence of clauses obtained by deleting some clauses Cy, ..., Cy, along with
every descendant of each C; from 7. If each C; has non-unifiable modal contexts then 7’ is
a K,,-Res refutation of €.

Proof Clearly any sequence 7’ that is obtained from 7 by removing clauses that are not
ancestors of (J*(S — 0), as well as all of their descendants, is a refutation of ¢. So to prove
the lemma we show that [0*(S — 0) cannot be a descendant of any clause C in 7 that has
non-unifiable modal contexts. As all initial clauses have unifiable modal contexts any such
C is aliteral clause of the form [(0*(—x; V —x» vV D) where D € €. and x1, xo € 2% with
non-unifiable modal contexts. Let e; and e, be the modal contexts of x; and x;, respectively.
We assume w.l.o.g. that |e]| < |ez] .

Suppose C is an ancestor of [J*(S — 0). By Lemma 4 the refutation 7 contains some
clause C' = O*(—y; v Dy) where y; € 2, N ({x;} U Z%,) and D; € ¢.Z. Further,
C’ is both an ancestor of (1*(S — 0) and an LRES descendant of C. As C’ is an LRES
descendant of C, by Lemma 3 the disjunction D; contains some negative extension literal
—x} s.t. xy € 25,. Thus, by Lemma 4 7 also contains a clause C” = [0*(—y, Vv D;) where
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Y2 € Zey N ({x:} U Z,) and Dy € €2, further C” is both an ancestor of J*(S — 0) and
an LRES descendant of C'. As y; € 2%+ U {x.} it cannot appear positively in any literal
clause. Hence, as C” is an LRES descendant of C’ the disjunction D, must contain —y;. As
O0*(S — 0) is a descendant of C” both —y; and —y, must be resolved on at some stage in
7. We proceed to show by induction on |e;| that this leads to a contradiction.

Suppose |ej| = 1, then e; = x, and |ez| > 1. The only initial clause containing a positive
instance of y; = x, (resp. y2) is C; = O%(S — x;) (resp. C5 = O*(y5 — o4y2)). Further,
no descendant of Ci (resp. Cé) contains the positive literal x. (resp. y»). Hence, —x, must be
resolved on using IRES1 and —y, must be resolved on using either GEN1 or GEN3. As 7 is
in 1-start form —y, must be resolved on first. Thus, either GEN1 or GEN3 must be applied
to some set of clauses 4" 2 {Cj, C"'} where C"” is either C” or some descendant of C”
containing —x, and —y;. However, the inference rules GEN1 and GEN3 both require every
literal in C”” to be resolved on simultaneously and so —x, must also be resolved on at this
step in the refutation which is clearly impossible.

Now suppose |ej| > 1. For each i € [2], the only clause in ¥ in which —y; appears
positively is C; = O*(y] — o4, y;). Further, no descendant of C; may contain a positive
instance of y;. As both y; and y; only appear positively in modal clauses they must be resolved
on simultaneously by applying either GEN1 or GEN3 to some set 4" 2 {C{, C5, C""}, where
C" is either C” or some descendant of C” containing both —y; and —yj,. It follows that
ay; = ap and at most one C; and C} is a negative modal clause as otherwise neither GEN1
nor GEN3 can be applied to ¢”. In particular, we assume w.l.o.g. that C| = O0*(y] — g, y1).
Let ] and ¢}, be the modal contexts of y| and y}, respectively. As C| and C}, are both initial
clauses it follows from the definition of 7o that ¢ = e’la and e is either equal to eéa or
e’l (az, y2). Hence, as a; = ap we have o (a1, ax) = o(ay, (y2,a2)) = a; and so as o (eq, €2)
is undefined ¢} and ¢/, must be non-unifiable. Any clause inferred by applying either GEN1
or GEN3 to ¢” is a literal clause of the form O0*(—y] v —y) v D’), where D’ € €.2. As
lef| < ler| and o (e}, €5) is undefined it follows by induction that C*(S — 0) is not a
descendant of C” and therefore cannot be a descendant of C. O

Theorem4 K,,-Res =, K;-Res =, K,,.-Res.

Proof Let ¢ be a K,, formula in NNF. Translating ¢ into SNF, SNF,,,; and SNF,,,. we obtain
three sets of clauses, denoted by ¢, %, and ., respectively. There is a one to one corre-
spondence between the clauses in each set. That is, for any e € &7 s.t. |e| = m:

(e: D) € Gpe — (m: D) € 6 — O*(D) € ¢,
(e:x = 04l) € Cpe = (M :x = o4l) € €y = O*(x — o4l) € C,
(x 1 x¢) € Cme — (0:x¢) € G = O*S = x) € G,

where x;, x € 24, D € ¢ and! € Z.

(=p): Letmy, be a Ky, -Res refutation of 6, If we take 7, and 7r to be the corresponding
sequences of SNF,,; and SNF clauses, respectively, then we obtain a K,,;;-Res refutation of
¢mi and a K,,-Res refutation of ¢, respectively.

(<p): Now suppose 7 is a K;,-Res refutation of ¢’ in 1-start form. Let 7' =Ci,...,Cpnbe
the sequence of clauses obtained by deleting every clause with non-unifiable modal contexts
from 7. By Lemma 5 7/ is a K;,-Res refutation of €. To prove that the analogous sequence
of SNF,,,. clauses’ is a K,,.-Res refutation of €, we must verify that each clause in 7’ is

5 That is, the sequence of clauses where each clause is labelled by the unified modal context of the corre-
sponding SNF clause.
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inferred from a set of clauses whose modal contexts agree with those required to apply the
corresponding inference rule of K,,,.-Res.

Note that as 7/ is in 1-start form it cannot contain any clauses inferred using IRES2.
Suppose some C in 7’ is inferred from two clauses C; and C, using IRES1. Then, as 7’ is
in 1-start form we can assume w.l.0.g. that C; = 0*(—x,) and C, = O"(S — x,). Clearly
C1 and C; both have modal context x, and so LRES can be applied to the analogous SNF,,,.
clauses to infer (x; : 0).

Suppose C = [*C’ is inferred by applying LRES to some C; and C; in 7’. Let
{e1,...,en } and {e/l, R eé,z} be the sets of all modal contexts of C| and all modal con-
texts of Cp, respectively. Then, by Lemma 3 the clause C must contain negative extension
variables with modal contexts ey, ..., e,,, e’l, R e,’lz. As C is unifiable there exists some
ecé&lste=oaler, ..., e, e, ..., e,’,z). Hence, we can apply LRES to the analogous
SNF,, clauses to infer (e : C).

Suppose C = [0*C’ is inferred by applying MRES (resp. GEN2) to some C; and C3 (resp.
C1, Cy and C3). As Cy and C; (resp. Cy, C> and C3) are modal clauses they must each have
a single modal context. Let e; and e, (resp. e1, e and e3) be the modal contexts of C; and
C; (resp. C1, Ca and C3), respectively. It follows from the definition of MRES (resp. GEN2)
that C has modal contexts e; and e; (resp. e1, ez and e3). Further, as C has unifiable contexts
o(e1, er) (resp. o(eq, e2, e3)) is defined. Hence, we can apply MRES (resp. GEN2) to C;
and Cy (resp. C1, C and C3) to infer (o (e, e2) : C) (resp. (o (e, e2,€3) : C)).

Finally suppose C = (0*(=l} V- - -v =l ) is inferred using GEN1 (resp. GEN3). Then, C
is inferred from z positive modal clauses C1 = O*(l] — Oul1),...,C; = D*(l; — Ouly),
one negative modal clause C.41 = O0"(I., | — Oal:+1) and one literal clause Co42 =
O*(=ly V-V =lq) (resp. Copo = O0%(—l Vv - - - vV —ly)). Each of the modal clauses must
have a single modal context, hence weletey, . .., e;41 be the modal contextsof Cy, ..., C,41,
respectively. By the definition of GEN1 (resp. GEN3) C has modal contexts ey, ..., €41
and so as C has unifiable modal contexts there exists some e € é"; st.oler,...,e;41) =e.
Further, it follows from the definition of g that the set of modal contexts of C, is a subset
of {e1a, ..., ea,e;41(41,a)} (resp. {e1a, ..., e;a}). Hence, we can apply GEN1 (resp.
GEN3) to the set of SNF,,,. clauses corresponding to {Cy, ..., C.42} to infer (e : C).

O

6 Game Theoretic Lower Bound Technique

In this section we introduce an asymmetric two-player game based on those of [18,19,57]. This
game is played by a Prover and a Delayer, on an unsatisfiable set of SNF,,,. clauses €. Prover’s
goal is to construct a countermodel for a certain set of clauses Z C {C | € Fk,,.-Res C}. The
set 7 is defined in such a way as to ensure that it is unsatisfiable iff ¢’ is, and so it will always
be possible for Prover to construct such a model. Hence, Delayer’s goal is not to prevent
Prover from doing so, but to score as many points as possible before the game ends. We
further show that lower bounds on the proof size required to refute some unsatisfiable set of
SNF,,. clauses can be obtained indirectly by showing a lower bound on Delayer’s score. In
particular, such lower bounds are lower bounds on the number of modal proof steps required
to refute €.

Before formally defining our two-player game we must extend the set of words we use
to specify the modal contexts of a given set of SNF,,. clauses . This is because we need
to be able to specify the modal context of every literal / that appears in a clause of the form
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(e:x — Qql). Clearly if | € 27 then we can do this using the set of words &7 (/ has modal
context e(a, l)), however if [ ¢ 2% then its modal context cannot be described by any word
in é?’; Hence, we have the following definition.

Definition 20 Let % be a set of SNF,,. clauses. We define:
Lo ={(x',x) e L xZL|(e:x' = Oux) € €},
Eg = Eg U (A x Lg_).
We say each element of & is a context marker for €.

Now if (e : x — Q4l) € ¢ then clearly (x,[) € % — and so the modal context of / is given
by the word e(a, (x,[)). Therefore in this section we use the set of finite words over &% to
specify the modal contexts of clauses and variables.

_ We further extend the definition of o so that o : é_"; XX 63; — 63; andforcy,...,c, €
& we have o (c1, ..., ¢,) = (a, (1, x)) if for some j € [n] we have y; = (a, (x’, x)) and

for all k # j we have ¢, = a or ¢ = (a, (x’, x))}. We also extend the definition of the
reachability of a world (Definition 11) to & in the obvious way?®.
The following four definitions give us some convenient notation.

Definition 21 Let ¥ be a set and let w € £*. We say w is a prefix of some word u € ¥*
(denoted w C u) if and only if # = wv where v € £*. We say w is a proper prefix of some
word u € ¥* (denoted w [ u) if and only if w is a prefix of # and w # u.

We say w is a suffix of some word u € £* (denoted w 3 u) if w = uv where v € X*. We
say w is a proper suffix of some word u € X* (denoted w 1 u) if w is a suffix of u and

w#E u.

We say u is a subword of w if w = wiuw, for some wi, wy € ¥*, denoted u < w.
Definition 22 Let % be a set of SNF,,. clauses and let e € é_i; We define:
b=l €& |oe)eé&lande C¢).
The sets é_"e:,, @;2;, é_"e;, é_"eg, 6_‘;2 and &, are defined similarly.
Definition 23 Let ¥ be a set of SNF,,. clauses. For each e € (5";2 we define:
Lo={(:C)e?|CebZLando(ee) e &),
Co =L, U{(€ :x' — o04x) € € | o(e,e’) € & where ¢” is the modal context of x},
Ne={( :x' = Qux) €€ | o(e, &) € &)

Then, the set L, consists of all literal clauses whose modal context is unifiable with e and the
set N, is the set of all negative modal clauses whose modal context is unifiable with e. The
set ¢, is the set of all clauses to which a rule of K,,,.-Res can be applied to resolve on some
variable with modal context e (not to be confused with the set of all clauses whose modal
context is unifiable with e).

6.1 Query Sets

Several different Prover—Delayer games have been used to prove lower bounds for tree-
like propositional resolution (cf. [18,19,57]). Such games are played over an unsatisfiable

6 So for example given a model M we say a world w is (a, (x', x)) € & x Z _-reachable from a world u
if (x' = OQgx) € €, the valuation V (u)(x") = V(w)(x) = 1 and (4, w) € Rg.
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propositional formula ¢ in CNF. Over the course of a game on ¢ Prover and Delayer build a
propositional countermodel for ¢ (that is, a partial assignment « to the variables in ¢ s.t. for
some propositional clause C € ¢ we have a(C) = 0). At each round Prover queries some
as yet unassigned variable in ¢ and « is extended to include an assignment for this variable.
The game ends when « (C) = 0 for some propositional clause C in ¢.

Similarly over the course of a modal game (as defined in Sect. 6.2) played on an unsat-
isfiable set of SNF,,. clauses ¢ Prover and Delayer build a pointed countermodel (M, w,)
for some set of clauses 2 C ¢ U {C | € K,,.-Res C}. The exact definition of & is given in
Sect. 6.2, however for now it suffices to note that & is unsatisfiable iff ¢ is unsatisfiable. At
the start of any such game Prover and Delayer have a model consisting of a single world w,.
New worlds are added to this model at each round of the game. Hence, the key difference
between the previously proposed propositional games and our modal game is that at each
round Prover queries a world in the current model, instead of a variable in %. Querying a
world w essentially means asking whether or not to add a new world w’ which is accessible
from w to the model and if so for which context marker b € & is w’ b-accessible from w.
If at a given round no world is added to the model then the game ends.

Now, suppose some pointed model (M, w,) is a countermodel for a set of SNF,,. clauses
% . Then, clearly there must exists some C € % for which (M, w,) & C.If C is a negative
modal clause then C = (e : | — {,!’) for some e € 55* I,Il e & (resp.l € £, I' € Z)
and a € <. Hence, as (M, w,) & C, the model M must contain a world w which is e-
accessible from w, and for which V (w)(/) = 1, but no world w’ that s (a, (I, ["))-accessible
(resp. (a, I')-accessible) from w and so we say that (M, w,) modally falsifies C. Otherwise
C is either a positive modal clause or a literal clause. In either case M must fail to satisty C
because of its valuation functions’ and so we say that (M, w,) propositionally falsifies C.

Obviously, if a model (M, w,) modally falsifies some clause C = (e : | — Oul'),
where e € é_?;, |l € Xy and ! € L\Zy (resp. ' € Zy) then we can obtain a new
model which satisfies C by adding a new world w’ which is e(a, (I, 1"))-accessible (resp.
e(a, I")-accessible) from w,. Whereas if (M, w,) propositionally falsifies some clause C
then no extension of M can possibly satisfy C. Given this it is natural to require that the
countermodel for 2 € € U {C | € F-K,,.-Res C} built over the course of a modal game on ¢
propositionally falsifies some clause C € 2.

Recall that our modal game ends at a round where some world w is queried only if Prover
chooses not to add a new world to the model. Hence, we add the condition that after querying a
world w Prover may only choose not to add a world to the model (M, w;) if this model already
propositionally falsifies some C € . We shall see in Sect. 6.2 that the exact definition of 7
depends on the worlds queried in the previous rounds of the game. Furthermore, Z is defined
so that every negative modal clause in Z is satisfied by (M, w,) and so Z is propositionally
falsified by (M, w,) whenever (M, w,) = 2.

Finally, to ensure that the game always terminates we require that every new world added
to the model is b-accessible, for some b € & \.«. Note that this ensures that each new world
corresponds to some negative modal clause in ¢, preventing Prover and Delayer from adding
new worlds to the model which tell us nothing about the satisfiability of €.

We formalise these restrictions by requiring that whenever Prover queries a world w that
is e-accessible from the root world w,, she must also query some query set for e w.r.t. 7
(Definition 24). A query set is a set of context markers. We allow Prover to choose not to add

TIfCisa positive modal clause then C = (e : I — [,!l’) and so M must contain some world w which is
e-accessible from w, and for which V(w)(!) = 1, and some world w’ that is a-accessible from w and for
which V(w’)(!") = 0. Similarly if C is a literal clause then C = (e : I; V - -- V I;) and so M must contain a
world w which is e-accessible from w, and for which V(w)(l]) =--- = V(w)(z) = 0.
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any world to the model at a given round only if she has queried the set Q, = #. Otherwise,
Prover must add a world w’ that is b-accessible from w for some b € Q. to the model.

Definition 24 Let ¢ be an unsatisfiable set of SNF,,. clauses and let e € (& \o7)*. We say
that a set Q, is a query set for e w.r.t. ¢ if and only if it satisfies the following constraints:

(@ Q. C{la,(x',x)ed x Ly | (€ :x' = Qux) € NJU{(a,x) € o/ x Zg_ | (¢ :
x" — Qux) € N,}.

(b) Foreverymodel M = (W, Ry, ..., Rg,, V) and every world w € W either M contains
no world that is e-accessible from w or:

Mw) = | Gqu | e,

el E(o‘se; be Q(’

where for each b € Q, we define .#,, to be the set of all clauses that can be inferred by
applying some modal rule to some set of clauses ¢” s.t. for every C € ¢” either C € %,

or Uelefebg %5’1 l_KmL"ReS C.

Consider the unsatisfiable formula ¢, (x A =x) A (Ogy V Oqz). The corresponding set of
SNEF,, clauses is:

C ={(e:x5), (e :x; = OQuqx1), ((a,x1) : —~x1 Vx), ((@,x1) 1 —x1 V —x),
(:—xs VX2 Vasz), (6:x2 = OQuy), (6:x3 = 0u2)}.

It is not hard to see that every unsatisfiable subset of 4 must be a superset of ¢(, ,). Hence,
{(a, xD}.{(a, x1), (a, (x2, YD} {(a, x1), (a, (x2, ¥)), (a, (x3, 2))},and {(a, x1), (a, (x3, 2))}
are all query sets for ¢ w.r.t. €.

Further, any model that satisfies ¢, U N. = {(¢ : x¢), (¢ : xe¢ = Ogx1), (6 : =X V
X2V x3), (&:x2 = Oqy), (¢:x3 = Ou2)} at some world w, must also contain a world
w which is (a, x1)-accessible from w,. Hence, as every query set, O, for ¢ w.r.t. ¢ contains
(a, x1) the following statement holds: “every model that satisfies ¥; U N, must contain a
world that is b-accessible from for some b € Q.”. We will see in the following proposition
that an analogous statement holds for any modal context e and any set of clauses 4. Hence,
we can think of a query set for e w.r.t. ¢ as representing a set of worlds W’ such that any
model M that could possibly satisfy 4 contains some w € W’.

Proposition 2 Let ¢ be an unsatisfiable set of SNFy,. clauses and let Q. be a query set for
some modal context e € (é"cg \,52%)* w.rt. €. Further, let M = (W, Ry, ..., Rq,, V) and
we € W. If W contains some world w1 that is e-accessible from w, and:

M, we) EN.U ) %
E]Gé;e[

then there exists some wy € W that is eb-accessible from wg, for some b € Q..

Proof As Q. is a query set for e and w; € W is e-accessible from w, by part (b) of
Definition 24 we have (M, w,) & Ueleéf@ G, U UbEQg M,p. Hence, as by assumption
(M, w,) = Ue1€é”_e|z %, and Umeéjeg Ge, < Ue1€ffe[ %, there must exist some C € .,
s.t. (M, w,) = C, where b € Q,. As any such clause is inferred by applying some modal
rule of K,,.-Res to some set of clauses whose modal contexts are unifiable with eb, C must
be of the form (¢/ : x| V ---V —x; V —y') where ¢’ € &— and y € Zi sit. (€ : y —
Ouy”) € N, and either b = (a, (y',y")) or b = (a,y”). And so there must exist some
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w € Ws.t. V(w)(y') = 1 and w is ¢’-accessible from w. Further, as (M, w) = N, we have
(M, we) = (" 1y = Oqy") and so V(w)(Qqy”) = 1. That is, there exists some wy € W
s.t. V(wp)(y”) =1 and (w, w') € R, and so w; is b-accessible from w.

To prove that w, is eb-accessible from w, we show by contradiction that w is e-accessible
from w,. Suppose that w is not e-accessible from wy,, then clearly ¢’ # e. By Remark 2
we have Ueleézg’vl: Ge; FK,-Res C and so by the soundness of K, .-Res (M, w,) [~

Urflerf}/bg %e,. Clearly Uglege/bg Ce, < Ueleo@[ %, and so (M, w,) = Ufneoﬁz ©e,» cON-
tradicting our original assumption. O

6.2 Prover-Delayer Game

In this section, we define our two-player game which is played by a Prover (who, for clarity
is female) and a Delayer (male) on some unsatisfiable set of SNF,,. clauses %. Recall that
Prover’s goal is to construct a countermodel for a given set of clauses 7 C {C | € K, -Res
C}. Further, this model must propositionally falsify some C € 2. The set of clauses 2 that
Prover is trying to build a countermodel for depends on the modal context of the game and
so changes throughout the game.

At the beginning of the game, we have a pointed model consisting of a single world with
modal context ¢ and the set of clauses ¢ . Further, Delayer’s score is 0 and the modal context
of the game is €. At each round, if the game has modal context ¢ and we have the set of
clauses Z then Prover chooses some query set Q. for e w.r.t. 2. If O, = ¢ then the game
ends and Prover wins. Otherwise the round continues with Prover adding a new world with
modal context ec to the model, where ¢ € Q.. Before Prover adds a new world to the model
Delayer gives a weight to each ¢ € Q.. The lower the weight Delayer gives to a particular
¢ € Q. the more points he will score if Prover chooses to add a world with modal context
ec. At the end of the round, Delayer’s score and the set of clauses are updated, and the modal
context of the game is changed to ec.

Formally, a game on some unsatisfiable set of SNF,,. clauses ¥ is played as fol-
lows. At the start of the game there exists a pointed model, (M 1 wg) where M L
(WU RY ... R, VY, W = {w}, R}, =@ foralli € [n] and V! (w)(x,) = 1. Further,
we have modal context e! = ¢, the set 2! = ¢ and Delayers score is s! = 0. The ith round
of the game is played as follows:

Prover fixes some query set O, for ¢! w.r.t. 2.
If Q,i = ¥ then the game ends.
Otherwise Delayer assigns a weight p, to each ¢ € Qi so that ) ceg,; Pe=1.

Prover picks some ¢ = (d/, z) € Q,: and the status of the game is updated as follows:

A A A A 1 A .
Al = ole, st = + log <p—>, 7 - U 2, U U €, U U M,
C

66(05(1,‘2 66(9(0_6,'+]E bngi \{c}

RL U {(w,i, w,i.)} ifa=ac,

Wit = wiu{w,.}, RiFl=1"4
ec a R! otherwise,

Vit (w,)(x) = lifeither z = x or z = (x', x).
Where for each b € Qi the set .#,i,, is defined as in part (b) Definition 24.
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Note that our game can only be played if at each round the modal context ¢’ and the set of
clauses 2' are s.t. there exists a query set for e/ w.r.t. 2. We will see in Proposition 3 that
this is always the case.

At each round of the game Delayer claims that the subset of 2/ consisting of every clause
whose modal context is a prefix of ¢! is satisfied by (M I w,), and that some extension of M’
satisfies 2'. Prover then picks some query set Qi for ¢/ w.r.t. 2" and proceeds in one of two
ways. If Q,i = ¥ then by definition no model containing a world w which is e'-accessible
from w; satisfies (. iy 7! = Ueeé{,,-j %,. As M' contains such a world no extension of

M can possibly satisfy 2 and so Prover sees that Delayer must be lying and ends the game.
Note that every negative modal clause in Ueeé;,- %, 1s satisfied by (M*', w,) so M' must

propositionally falsify |,z . 2. C 9.

If O, # ¥ then Prover first notes that M’ contains a world w,: which is e’-accessible
from w,. Hence, by Proposition 2 any extension of M’ can only satisfy the set of negative
clauses with modal context ¢’, i.e. N vi C 9" at w, if it contains a world that is ¢’ b-accessible
from w, for some b € Q,i. Hence, (M I w,) is not a model for %' and so Prover adds some
such world to M to create a new model M‘*!, which could potentially satisfy N,i, and so
78

In Proposition 3, we prove that any countermodel for a set Z' is also a countermodel for
% . Hence, the model M* built over the course of some game with exactly k rounds, and every
model that extends M* are countermodels for %. Note that it is not necessarily the case that
no previously considered model M? where i € [k — 1] was a countermodel for €, as the
rules of the game do not force Prover to set Q,; = ¥ whenever it is a valid query set for
¢'. However, if Prover wishes to minimise Delayers score she would always choose to set
Q. = ¥ at the first opportunity as this ends the game without allowing Delayer to score any
more points.

The following proposition ensures that the game can actually always be played.

Proposition 3 Let € be a set of unsatisfiable clauses. If a game is played on € then:

(a) Foreachi, if (M, w)' = D' then (M, w) EE.
(b) Foreach i, the set 7' is satisfiable iff € is satisfiable.
(c) There exists a query set for each 6" U,z i Ce.

Proof (a) As ' = € it follows by definition that for each i every clause in Z' is either in
% or is K;,.-Res provable from %' It is not hard to see that each of the rules of K,,,.-Res
preserve satisﬁability8 . Hence, for each i, if (M, w) [~ 9 then M,w) €.

(b) This follows from parts (a) and (c).

(c) This can be seen by induction on i. If i = 1 then 9" = €. As ¥ is unsatisfiable and
K,..-Res is complete it follow that if we let:

Qc ={(a, ", x)) € & x Ly | (£ :x" = Qux) € NeJU
{(a,x) € o x Zig_ | (e:x" = Oux) € Ng}.
then 6, U Ube 0. M) is unsatisfiable. Hence, Q, is a query set for & w.r.t. 1728
Ifi > 1then 2' = Ueeé“_emg 2i-1u Ueeaiig e U Ubngi_l\{c} Myi-1p,, Where Qi

is a query set for ¢/~! wrt. 27! and ¢ € Q,i-1 s.t. ¢ = el ~lc. That 2 is well

8 That is, if we have a set of clauses %" to which we apply some rule of Kj;¢-Res to obtain a clause C, then
(M, w) = Ciff (M, w) =%
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defined follows from the inductive hypothesis. As Q,i-1 is a query set for ¢/~! the
set J,eg . . 7l V UbeQ ., i1, must be unsatisfiable. Note that every clause in
=13 el—

M i-1. must be inferred from some set ¢’ € €, U e 0, M,i},, Where:

0, ={(a,(x',x)) € & x Lg_ | (€ :x" = OQux) € Ni}U
{(a,x) € o x Zy_ | (€ :x" — Qgx) € N,i}.

It follows by the completeness of K-Res that U,z 267" UUpep Myi-1,U

ei=I\{c}
G, U UbeQe[ M}, is unsatisfiable. Hence, Qi is a query set for ¢' w.r.t. 2.
]

6.3 Modal Decision Trees

To use our two-player game to obtain modal proof size lower bounds we need to establish a
connection between it and the number of modal resolution steps required to refute a formula
using K,,,.-Res. Hence, in this section we introduce modal decision trees. The number of
vertices in a modal decision for some unsatisfiable set of SNF,,. clauses % is connected
to both the number of modal resolution steps required to refute 4 (Proposition 4) and the
Delayer’s score in any game over ¢ (Theorem 5).

A modal decision tree T for an unsatisfiable set of SNF,,,. clauses % is a tree where each
vertex is labelled by some modal context e € é_”; and some set of clauses 7, and each edge
is labelled by some agent a € .<7. Intuitively, we can think of 7 as a partial Kripke model
(W, Rq,, ..., Rq,, V) where the set W is the set of vertices of 7', the relation R, is the set
of a;-edges of T for each a; € <7, and the partial valuation function V is s.t. if some vertex
in T is labelled by modal context e then that world is e-accessible from the root of 7. If a
vertex 1 of some modal decision tree T is labelled by some modal context e then the children
of n must correspond to some query set for e w.r.t. 2.

Definition 25 A modal decision tree for some unsatisfiable set of SNF,,. clauses, ¥ is a tree
T where:

1. Each vertex of T is labelled by some unique modal context e € é_i;‘ and some unsatisfiable
set of SNF,,,. clauses 2. In particular, the root is labelled by the modal context ¢ and the
set of clauses %.

2. If two vertices in T are labelled by the modal contexts e and e, respectively, then there
is an a-edge from n; to ny iff e = e1(a, z) forsome z € 24— U Ly _.

3. The modal context e and the set of clauses Z labelling each vertex n must be s.t. the set
Q. = {c € & | ec labels some child of 5} is a query set for e w.r.t. 2.

Further, for each ¢ € Q., the set of clauses labelling the corresponding child of 7 is

DN =Ueedns Dot YUeyeéee Cer Y Upeg,\ () Aeb-

Each path P from the root of the tree to a given vertex specifies a partial Kripke model M L
(WP, Rfl, R R}Zl, VP), where WP = {we | e € éz’; labels some n € P}, for each i € [n]

Ry, = {(Neys Ney) € P | (Ney» Mey) is an a-edge of T}, and VP = (VP (wee) | wee € WP}
where:

VP (Wee)(x) = 1if ¢ = (a, x) orc = (a, (x', x)).

9 That, is if w € W is labelled by some e € 6_0(2 s.t. |le] > 1 and the last symbol in e is of the form
(a,x) € o x Zeg_or(a, (x',x)) € o x Lg_ then V(w)(x) = 1.
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It is not hard to see that for each root to leaf path P through T, the partial model M”
corresponds to the model constructed over the course of some two-player game over €. We
will further see in Proposition 4 that every K,,.-Res refutation of some unsatisfiable set of
SNF,,. clauses & corresponds to some unique modal decision tree for %. It is not the case
however that every modal decision tree for € corresponds to a K, .-Res refutation of %

Let ¥ be an unsatisfiable set of SNF,,,. clauses and 7 be a K,,,.-Res refutation of 4. For
every e € &y let 7, denote the set of all clauses in v with modal context ¢’ € &,— that are
inferred using some modal rule of K,,.-Res (that is, either MRES, GEN1, GEN2 or GEN3).

Remark 3 Throughout this section we shall assume w.l.0.g. that every clause in a K,,.-Res
refutation is an ancestor of (¢ : 0). Consequently, given any unsatisfiable set of SNF,,.
clauses ¢, any K,,.-Res refutation 7w of ¥ for any e € é_”; s.t. w, # () the refutation 7 must
contain a refutation of 7, U6, U e1buy %.. To see this note that any SNF,,. clause in
with modal context e must be inferred from a set of clauses whose modal contexts are either
unifiable with e or of the form ¢'c, where ¢ € & and ¢’ € &,—.

Proposition 4 Let w be a K,,.-Res refutation of some unsatisfiable set of SNF . clauses €.
Then, we can construct a unique modal decision tree T that corresponds to 7. Further, if N is
the number of modal resolution steps in w and n is the number of vertices T then N > n — 1.

Proof For every e € (64 \«/)* s.t. 1, is non-empty let:

Q.={(a,x) e o x Zys_| (e :x' = Oux) is used to infer some C € 7,} U
{(a, (x',x)) € o x Ly_ | (e : x' = Oux) is used to infer some C € 7,}.

Let the vertex set for T be:
V(T) = {n:} U {nec | ¢ € Q. for some e € (&g \ )"}

Further, let each n, € V(T') be labelled by the modal context e and the set of SNF,,,. clauses
P, where:

o & ife=c¢,
¢ = Ne : o
Ue/egrelg Dy Ve, oV Ucepo\(p) Mec if e =eib forsome b € &g .

Finally for each a € </ let:

E,(T) = {(7761» nel(a,z)) | (a,z) € Qel}»

be the set of a-edges in T'.

Clearly T isatreeand |V(T)| —1 =n—1 < N. To prove that T is a modal decision tree
for ¢ it remains to show that each Q. is a valid query set for e w.r.t. 2. That is, we must
show that each Q. satisfies conditions (a) and (b) of Definition 24.

Every negative modal clause in ¢ with modal context ¢’ € &,_ is in 2. Hence, that (a)
is satisfied follows immediately from the definition of Q..

To prove that each Q, also satisfies condition (b) of the definition of a query set we
will first prove that for each e s.t. Q, # (, there exists some subsequence of 7 which is a
refutation of ereun _@21‘ U 1. This is done by induction on |e|. If |e| = 0 then e = ¢ and
U e1€bus @e"f’ = %.. If we further note that (_J e, = 9 it follows by Remark 3 that
contains some refutation of 7, U %, = 7, U | J %719 .

Suppose |e| > 0. Then, there exists some e] € é_i:; and some b € & s.t. e = e1b. Further,

Ne
e = Ue’er?elg 7" UlUeese o VU Uceq,,\ip) #ere» Where for each ¢ € Q. the set

eleéggz

e|€c§gg
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Mo, is as defined in Definition 24. By the inductive hypothesis 7 contains a refutation of
Upe Gy :f‘ U, . Let nebl denote the subset of 7, consisting of every clause inferred from
a negative modal clause C € %,,, = ©,. It follows from the definition of Q,, and Remark 3
that 77 must contain a derivation of each C € rrfl from %, U m,. Hence, = must contain a

refutation of:

Ne
U 2" v \rl)ue, un,.

E/Eeéplg

By definition (7, \ﬂfl) - UgeQel\{b} M, and so this refutation is also a refutation of

U,pre . @Zf' U .. Hence, we have completed our induction.
Finally to see that condition (b) is satisfied for each Q. note that as K;,.-Res is sound

and there exists a K,,.-Res refutation of | J s 9:,3 U 1., this set must be unsatisfiable. It

follows from the definition of Q. that 7, € ¢ 0, “Mec, and so U, s .@Z" UUee 0, ec
must be unsatisfiable. N O

In the next theorem we state the connection between the number of modal resolution steps
required to refute a formula using K,,,.-Res and our two-player game. This connection will
allow us to prove modal proof size lower bounds for K,,.-Res indirectly.

Theorem 5 Let ¢ be anunsatisfiable set of clauses in SNF - and let w be a K,y --Res refutation
of € with N modal resolution steps. Then, there is a Prover strategy s.t. Delayer scores at
most log(N + 1) modal points.

Proof Let i be a K,,.-Res refutation and let T be the associated modal decision tree. By
Proposition 4 we have n — 1 < N, where n is the number of vertices in 7 and N is the
number of modal resolution steps in 7. Hence, if we let L(T") be the set of all leaf vertices
of T then |L(T)| < N + 1.

The decision tree T completely specifies Prover’s strategy. Recall that each vertex in T’
is labelled by some modal context and that if a vertex 7 is labelled by e € 6_’2 and the set
2 then the set Q, = {c € &% | ec labels some child of } is a query for e w.r.t. Z. In
particular the root vertex 7o is labelled by the modal context ¢ and the set ¢, and its children
correspond to some query set Q. for € w.r.t. €. Prover queries the set Q.. If Q. = ¢ then
the game ends. Otherwise, Delayer gives each ¢ € Q, a weight p. and Prover chooses some
¢ = (ac, z) € Q. with probability p., sets:

Rl U{(we, we)} ifa=a,
De R} otherwise,

W2 =W!U{w.} and VZ(we)(x) = 1if x = z or (x/, x) = z for some x’ € 2.

1
ezzc, szzlog—, Rg:{

and moves along the corresponding edge of T to the vertex labelled by c.

At the next round Prover queries the set Q. corresponding to the children of this new
vertex and proceeds as above. Continuing in this manner will result in a root to leaf walk on
T. Note that the set of all possible such walks is in bijection with the set of leaves of T'.

Let gp., denote the probability of the game ending at leaf A € L(T) when played with
a fixed Delayer D. Let mp be the probability distribution over the leaves of 7. If the game
ends at leaf A then D scores exactly log qn% points.

To see this consider a fixed leaf A and the unique path P from the root of T to A. The
modal context of the ith vertex in P is ¢/. Hence, the probability of reaching  is:

qdgp.,» =4192 ---Gm,
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where ¢; is the probability of choosing c; from Q.. The score at the end of the game is:

and the expected score of the Delayer is:

1
Y apalog— = H(wp),
AeL(T) 4D

which is exactly the Shannon entropy of 7 p. The entropy is maximal when the probability
distribution considered is the uniform distribution, hence as the support of 7p has size at
most |L(T)]| it follows that H(p) < log |L(T)| < log(N + 1). o

The above theorem allows us to prove lower bounds on the number of modal resolution
steps needed to refute some unsatisfiable set of SNF,,,. clauses % using K,,,.-Res. Such lower
bounds are proved indirectly by first proving a lower bound f(n), where n is the size of 7,
on the Delayers score for any game played on a given unsatisfiable set of SNF,,. clauses
% . It follows from the above theorem that 2/ is a lower bound for the number of modal
resolution steps, N required to refute %, hence if 2/ is superpolynomial then we have
proved a superpolynomial lower bound for N.

7 An Exponential Lower Bound for the Modal Pigeonhole Principle

The pigeonhole principle with m pigeons and n pigeonholes states that whenever m > n
there is no 1 — 1 map from the pigeons to the pigeonholes. This can be formulated as a
propositional formula as follows:

PHP,:HZ /\ \/ Pi,j N\ /\ /\ (_‘Pl/ —pi’ j)
i€[n] jelm]

1<i<i’<n j€[m]

Intuitively, the propositional variable p; ; denotes that the ith pigeon is in the jth pigeonhole,
hence the above formula says that each pigeon is in a pigeonhole and that no pigeonhole
contains more than one pigeon. Clearly whenever m > n the formula PH P)" must be
unsatisfiable. The propositional pigeonhole principle is known to be hard for propositional
resolution [38].

We can formulate the pigeonhole principle as a modal formula with modal depth m over
the set of agents .«# = {a} and the set of variables {/1, ..., [,}.

Definition 26 (MPHP) Let P; = [J'='(\/"_, 0l;) for every | < i < m and H}, =

0=l v O —-ljforeverylfjfnandlsz<i/§m.Wedeﬁne:
MPHP! = /\P ~ NN\ N\H
Jjoi'#L

Note that as MPHP]' is a modal formula over just a single agent we have omitted the
subscripts from our modal operators. Further, []' denotes i successive [, operators.

Intuitively pigeon i is in pigeonhole j only if (' j = 1, where O denotes i successive

Qq operators. Hence, P; says that pigeon i occupies at least one pigeonhole and Hi{ ;/ says
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that no two pigeons occupy the same hole. Clearly whenever m > n (that is, there are more
pigeons than pigeonholes) MPHP' is unsatisfiable.
We can easily convert MPHP! into the following set of SNF,,. formulas:

a2 x7" =xn \BA NN /N\AL

Joil# i
where i,i’ € [m], j € [n] and foralli; € {2,...,m},i,i and j:
p . 1 1
Pi=(e:=x VX Vy)A
n—2 n
(._|1 \/IVI)/\('_'IVIVI)/\ (1—><>l)
€T —1 Y Xy Y Vi ELTXy 2 VY1V € Yk, ky)s
k1=2 ko=1
i1—2
~ . i ki .o i i
Py =(e:x, — 0Oz ) A /\ (a 1 .zkll — I:lzkllﬂ) A
k=1
n—2
ii—1 . _ i i i ii—=1. _ 0 i i
(a tTz, VXV YA /\ (a i VXkQVy,Q)/\
kp=2

n
i1—1 . i i i i1—1. i
@' i, VY, VA /\ (@™ Yis ™ Olis)s
k3=1
i—1
30— j j kol j
Hij= (&= VX VYo ) A /\ (“ R T Dxi,i’,k1+1> A
k1=1
i'—1
i1 . ko1 . j -1 i
(O S e O=l) A /\ <a itk ™ Dyi,i’,kz-s-l) A (a T O—ij).

ko=1

Note that we have written our formula as a conjunction of clauses, however we can equiva-
lently think of it as a set of clauses. Hence, in the remainder of this section we will use set
notation.

In the following theorem we prove that the number of modal resolution steps used in any
K,..-Res refutation of .27 &2 .7 &7} is superpolynomial with respect to n. To obtain this lower
bound we show that if the two-player game defined in Sect. 6.2 is played on .# & 2
then Delayer can play according to a certain strategy which ensures that he always scores
at least log(n!) points, no matter what strategy Prover adopts. Recall Theorem 5 states that,
if there exists a refutation of .# Z.7¢ 27} with N modal resolution steps then Prover can
ensure Delayer score never exceeds log(N + 1) points. Hence, our lower bound follows.

Theorem 6 Any K -Res refutation of # 7 P has at least n! — 1 modal steps.

Proof Let ¢ = .# 2. 2. Suppose a Prover and a Delayer play the game defined in
Sect. 6.2 on ¢. By definition, at the beginning of the game we have the modal contexte! = &,
the set of clauses 2! = ¢ and the pointed model (Ml, w, where M! = (W', R!, Vl),
Wb = {w.}, R = ¢ and V!(w,)(x;) = 1. At the kth round of the game Prover fixes some
query set Qi for ek w.r.t. 2% and then adds a world that is efb-accessible from wy to the
model, where b € Q .

Let QU™ = {(a. (5].1)) | j € [nl}. As Ny = {(@*~" = yF > 0Lj) | j € Inl} it
follows by condition (a) of Definition 24 that every query set for e is a subset of QZ}(‘”‘.
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If Prover chooses to add a world that is e*(a, (yj? ,1j))-accessible from w, to the model
then (M, w,) &= Okl ;- Hence, intuitively at the kth round of the game Prover chooses some

M.1)) <
, k1 € [k — 1], j € [n]} then Ay is the set of pigeonholes occupied by the first k — 1
pigeons.

We will now give Delayer’s strategy for the first n rounds of the game. If Prover queries
some set Q« at the kth round of the game then for each b = (a, (y;?, [;)) € Q. Delayer

sets the weights as follows:

pigeonhole for the kth pigeon to occupy. If we let Ay = {(a, (yj?, i) | (a,(y
k
e

1
Q| — Al
pr =0, otherwise.

Pb ith ¢ Ay,

At each round Delayer forces Prover to put the kth pigeon into some unoccupied pigeonhole.
Obviously this strategy can only be followed if |Q«| — |Ax| > 0. Hence, in order to prove
our lower bound we need the following claim.

Claim For every k € [n] the set O x = Q)

We have already seen that @« © Q7**. To see why O« 2 Q7/*" we can think of each query
set Q. as a set of candidate pigeonholes for the kth pigeon. By Proposition 2 the set Q
must contain every pigeonhole that can possibly be occupied by pigeon &, while satisfying

U,e sy _@é‘. This set is satisfied by any model corresponding to an assignment of pigeons
to pigeonholes where for each i € [k — 1] the ith pigeon is put into the pigeonhole specified
to by the ith symbol of ¢, and the kth pigeon is just in some pigeonhole. Hence, as there is
no restriction on which pigeonhole is occupied by pigeon k we have Q. 2 Q7.

Before giving a formal proof of our claim we will explain how it allows us to prove our
lower bound. By the above claim |Q | = n and so for each k we have |Q | — |Ax| =
n — (k — 1). Hence, Delayer can follow the above strategy for the first n rounds. It follows
that Delayers score at the end of the nth round will be:

s" =) (log(n + 1 — k) = log (l_[(n +1-— k)) = log(n!).

k=1 k=1

As Delayer scores at least 0 at each round his final score must be > s” and so by Theorem 5
any K,,,.-Res refutation of .# 2.7 &} contains at least 25" — 1 =n!— 1 modal steps.
Proof of claim We will now give a formal proof of our claim. To prove that Q.« 2 Q7
it suffices to show that for every b € QZ}(‘”‘ there exists some model M = (W, R, V) and
some world w, € W s.t. (M, w,) = Uelétoik; @fl U UcegﬁuX\{b} Mo, Where each A, is
as defined in part (b) of Definition 24.

In fact we prove will aslightly stronger result. Namely that for every e and every b € QZ;(”
there exists a model M = (W, R, V) where:

W=fwe|eCe), R={(we, we) | we, wee € Wande € &), M

1 if j=kyande = ¢€'(a, (y,]{(z1 ,Ir,)) for some ¢’ € é_i;;,

V(we)(l)) = { )

0 if j #kyand e = €/(a, (y,fz',lkz)) for some e’ € 5_%‘;,

forallw, € W andall j, ki, ko € [n]. Further, (M, w,) & Ueleo“_kj 951 UUCEQ,,}CM\{H M.

To prove this we use induction on k.
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Ifk=1thene' =¢. Leth = (a, (y}.1,)) € Q2 andlet M = (W, Ry, V) where:
={we}, Ro=0, V(we)(xe) =1,

1 ifj<p,

0 if j # p, 0 if j > p,

for all j € [n]. Clearly (M, w,) E Ueeé”:. = %.. Further, for each ¢ = (a, (y] [j)) €
Q;”l““‘ the set ., contains only clauses that can be inferred by applying some modal rule of

V(wa(y}):{1 TI=P e V(wa(x}):{

K,,..-Res to some set of clauses containing (¢ : y Jl — Ql}). Hence, every clause in ./, is of
the form (¢ : AV —y;), where A is a propositional clause and so (M, w,) = (¢ Qmax\ (b /// .

Suppose k > 1. Delayer’s strategy ensures that eX = e*~!b| for some b € 07 \Ak 1-
Hence, by the inductive hypothesis there exists a partial model M’ = (W', R’, V') where:

W ={w,|eC ekil}, R = {(we, Wey) | We, wee € Wand ¢ € &g}
1 if j=jiande = ¢'(a. (y§l.1;,)) for some ¢’ € &7,

V(w)(1;) = K
Wl =1, if j # jiand e = ¢'(a, (!, 1)) for some ¢’ € &7,

for all w, € W and all j € [n], and (M', w,) = Umeé;ekflj Qfl UCGQZiafl\{hl} M1,

For each by = (a, (y,lg, Ip)) € Q’e’}(’” we can construct a model M, whose worlds, rela-
tions and valuations are as in Equations (1) and (2), and which satisfies | J @k
UCEQszM\{bz} M1, at we as follows. Let M = (W, R, V) where:

eleﬁkj

wW=wu {wk}, R= R'U {(Wer—1, W)},

L ifby = (a, (5, 1)),

V(w)(x) = V'(w)(x) for every w € W' and V(wai) () = { )
0 otherwise.

Clearly M is a model of the required form. Further, as M is an extension of M’ we have
(M, we) E Ue,egk 1 9" ! ce Q" \(b1) } M oi—1.. Hence, to show that Q7**\{b>} isnota

query set for ¢k w.r.t. 7% all we have to do is show that (M, w) =G UUCGQ;W\{b2 Mok

Recall that for each ¢ = (a, (¥ i i) € QZ’” the set .#,. contains only clauses of the
form (A v —|y§), where A € ¥.Z. Hence, to ensure that (M, w,) = UCEQn;(ax\{bz} Mo We
let: ‘

1 ifj=p,
(W) (%) {0 e
Note that the set €« consists of every literal clause in ¢ with modal context a*~!, every

positive modal clauses in 4 with modal context a¥~2 and the negative modal clause (a*—2
yeml — 0Oly), where g s.t. by = (a, (YA~ ',1p)). As V(wa)(lj) = 1iff j = g clearly
(M, wy) | (aF2: qu‘_] — Oly). If we further let:

1 ifj <p,

V)G = 1 and V() () = {o i£)> p

forall k < iy < n and all j then it is not hard to see that every positive modal clause of the
form (a*=2 : Zy_, —> Uz;_,) and every literal clause in Py_1 is satisfied at w, in M.
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We have now shown that (M, we) &= %k nY; 13 It remains is to show that (M, w,) =
C.xN U,# j H ,. The set €.« N Ul#l ;j H;';, consists of all clauses of the following forms:

1. (a kfz:xl.]./

l’k_1—>Dx
2. @2y,

k=2 . .
zz’k) 3. (a xk 1,i" k— 1_)Dﬁl./)’

k-2
iilk—1 " Dy: i 1> 4. (a 'yi,kfl,kfl — U=l)),

where i < i’ € [m] and j € [n]. Every clause of the form 1 and 2 can be satisfied at w, in
M by letting:

V(wek)('xij,i’,k) = 1and V(wek)(yi].i/’k) =1.

However, clauses of the form 3 and 4 do not contain any unassigned variables, s0 we cannot
simply extend V to ensure that they are satisfied at w, in M. A clause (a*~2 : x]Ll Vel
[—I;) is not satisfied at w, in M iff V(wekfu)()c’,{i1 k1) = 0and V(wui)(l;) = 1. As
V(we)(j) = 0forall j # g this can only be the case if j = q. Hence, to ensure that every
such clause is satisfied we set:

V(we,-l)(x/{il’i,,il) =0and V(w, )(y,{il’i,’i]) = 1foralli; <k,

Note that every clause containing these variables is in H l:j ;- By inspection, we can easily
see that changing the assignments of these variables as above does not change the truth
valuation of any clause in €« N Hl.j - Similarly to ensure that every clause of the form

(ak_2 : yij;kfl,kfl — [=1;) is satisfied at w, in M we set:
V(w3 =Tand V(w,i)(y/ ;) =0 foralliy <k

Note that this will not cause the clause (a' =2 : xij’k_]’l. — [=l;) to be falsified as Delayer’s
strategy ensures that X contains no repeated pigeonholes and so V (w,i) (I j) = 0. Hence, as
above changing the assignments of these variables will not change the truth valuation of any
clause in €« N H

This concludes the proof of our claim, and so the proof of the theorem. O

8 Comparing Modal Frege Systems with Modal Resolution Systems

In proof complexity, Frege systems are among the most studied proof systems for proposi-
tional logic.

Definition 27 A Frege system for propositional logic is a line-based proof system P consisting
of a finite set of inference rules and axioms of the form ¢q,...,¢x Fp ¢ and Fp ¢,
respectively, where ¢y, ..., ¢k, ¢ are propositional formulas. Further, P must be sound and
strongly complete.

One way to prove that a propositional formula ¢ is a tautology using a Frege system is to
refute its negation. That is, to derive a formula of the form —¢ — 0.

An example of a propositional Frege system is given in Fig. 4. It was shown in [31] that
every Frege system is p-equivalent hence we can take this system (or any other) to be the
canonical Frege system.

Definition 28 Let P be a Frege system. We say that a rule ¢1, ..., ¢, = ¢ of P is sound if
every model which satisfies ¢, . . ., ¢, also satisfies ¢.
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Modus ponens: w
03
Al g1 = (2= 1) A6 (i Nd) = 2
A2 (01— (2= ¢3)) = (01 = ¢2) = (61 = 93)) AT ¢ = (62— (91 A ¢2))
A3 (201 = ~¢2) = (¢ — ¢1) A8 1 — (91 V)
A4 (01— ¢2) = (92 = 03) = (1 — ¢3)) A9 = (91 V)
AS (1 A$) = A0 (@1 = ¢3) = (62— ¢3) = (1 V §2 — ¢3)

Fig.4 A propositional Frege system

The resolution rule is sound and so can be taken as a rule of any Frege system and so
clearly Frege p-simulates propositional resolution. Furthermore, there exists an exponential
separation between Frege and propositional resolution [28]. That is, there exist propositional
formulas that are known to require exponential-sized proofs for propositional resolution and
polynomial-sized proofs for Frege.

Definition 29 An extended Frege system is a Frege system with the additional axiom:

P9,

where p is a new propositional variable (called an extension variable), that does not appear
in ¢, any previously derived formulas or the final formula of the proof. We call this axiom
the extension axiom.

While extended Frege obviously p-simulates Frege, there is as of yet no known separation
between these systems. In fact there are currently no propositional formulas that have been
shown to require super-polynomial size proofs in Frege.

Given any propositional Frege system we can obtain a Frege system for the modal logic
K, by adding the following rules, for every a € <7:

A
0,A -

Further, an extended Frege system for K, can be obtained by adding the extension axiom
to any K,,-Frege system.

K.: 0,(A— B)— (0,A — O,B) and NEC,:

Definition 30 [42] We say that a K,,-Frege system P is standard if every formula ¢ for which
d1, ..., ¢r Fp ¢isinthe closure of K, U{¢1, ..., ¢r} under MP and NEC, foreverya € <.

We can extend Definition 28 to K,-Frege systems by saying that a rule, ¢1, ..., ¢; is
sound iff whenever ¢y, ..., ¢, are satisfied at some world w in some Kripke model M, so is
¢. Clearly a K,,-Frege system can be non-standard only if it contains some rule, other than
NEC,, which is not sound. Every standard K,,-Frege system p-simulates every other standard
K, -Frege system [42]. The analogous statement is not known to hold for non-standard K, -
Frege systems, hence in this paper we only consider standard K, -Frege systems.

Lemma 6 K,-Frege p-simulates K, -Res.

Proof Each of the rules of K,,.-Res is sound. Hence, the lemma follows immediately. O
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8.1 Separation of K,-Frege and K,.-Res

It was proved by Buss in [28] that there exist polynomial-sized Frege refutations of the
propositional pigeonhole principle with m > n pigeons. Buss’ proof relies on the fact that
Frege systems can count efficiently. The idea behind the proof is as follows. If we assume
that the pigeonhole principle holds for some m > n and count the number of holes that are
occupied by the first n 4 1 pigeons then we can construct a polynomial-sized Frege derivation
of some formula encoding that this number is greater than n. However, as there are only n
pigeonholes, we can also construct polynomial-sized Frege derivation of a formula encoding
that the number of occupied holes is less than or equal to n, leading to a contradiction. A
very similar proof can be used to show that there exists a polynomial-sized K,,-Frege proof
of the modal pigeonhole principle. We will give a sketch of Buss’ proof of the pigeonhole
principle, highlighting the steps that make explicit use of P H P)".

Theorem 7 [28] There exist polynomial-sized Frege refutations of PH P, where m > n.

Proof (Sketch) The proof has two parts. First we show that there exists a polynomial-sized
extended Frege derivation of O from P H P)’. We will then show that this extended Frege
derivation can be used to obtain a polynomial-sized Frege derivation of O from P H P)".
The extended Frege refutation of P H P)" is obtained as follows. First, for each i € [m]
and j € [n] we introduce an extension variable r; which abbreviates the formula \/; ;1 Pk, ;-

Clearly r; is true iff one of the first i pigeons occupies pigeonhole j. Hence, the number of

rj. ’s that are true in a given assignment is equal to the number of pigeonholes occupied by the
first i pigeons. If we assume w.l.0.g. that n is a power of 2 then for each i we can define log n
formula’s a’!, ..., a"1°8" (henceforth denoted by the vector a') which encode the number
of r;. ’s which are true in a given model. We denote the number encoded by a’ as A‘.

Let ¢ = (/\je[n](r; — r}“) A \/je[n](rj.Jrl A —-r;)). It is not hard to see from the
definition of r} that there exists a polynomial-sized Frege proof of PHP — \/ jem rjl..
Further, given \/ jeln) rjl. there exists a polynomial-sized Frege derivation of a formula encod-
ing that 0 < A'. Similarly, for each i € [m] there exists a straightforward polynomial-sized
Frege proof of PH P — ¢; and, for each i given ¢; there exists a polynomial-sized Frege
derivation of a propositional formula encoding that A’ < A*!. Finally these proofs can
be combined to obtain polynomial-sized proofs of a formula encoding that n < A”*! from
Nietm) @i AV jem r} (and so from PH P)").

There further exists a polynomial-sized Frege proof of a formula which encodes that
n < A". Hence, there exists a polynomial-sized Frege derivation of a formula encoding that
n < nfrom PHP)". As n = n this formula must be false and so we have a polynomial-sized
Frege refutation of PH P)".

For every i, each formula in @’ can be defined so that it has size polynomial in that of
the largest propositional formula abbreviated by any r. Hence, replacing all the extension
variables in the extended Frege proof of PH P) — 0 with the formulas they abbreviate
yields a polynomial-sized Frege refutation of P H P)". O

Theorem 8 There exists a polynomial-sized K,-Frege refutation of M P H P)', where m > n.

Proof (Sketch)Note that the only parts of the extended Frege refutation of P H P, that depend
on the formula itself are the proofs of PHP)" — \/ ¢y r} and PHP" — N;cim @i
Hence, to show that there exists a polynomial-sized extended K,-Frege refutation of
MPHP]" it suffices to show that we there exist polynomial-sized K,-Frege proofs of
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MPHP" —\/
variables rj

Let r < Viepiy OF1j. Clearly we can derive M PH P — Viem " ,
j € ln] and i € [m — 1] there exists a simple Frege proof of ri — ri*1 It remains to show
that for each i € [m — 1] there exists a polynomial-sized Frege proof of ~M PHP)! —
\ jemn] (r}Jrl A —|rj.)). To see this first note that there exists a polynomial-sized Frege proof
of (<>i+]lj A /\ke[i] —-<>klj) — r}“ A —-r;. As the formulas Oy; A DYy — Oy and
QY v Qv — QY1 V ) are theorems of K, we can assume w.l.o.g. that they are
axioms of our K;,-Frege system. Hence, we can easily obtain a polynomial-sized K, -Frege
proof of P41 — \/je[n] oIl [j. Given this it is not hard to see that P; 1 A /\jE ]
Ot VA keli] =0k 7). Putting these proofs together, we obtain a polynomial-sized proof of
MPHP" = \/ i (r;"+1 A=r'')). Hence, we have shown that MPH P — /\; 1) @i
and so by the reasoning in the proof of Theorem 7 there exists a polynomial-sized extended
K, -Frege refutation of M PH P)".

That the refutation size remains polynomial when replacing these extension variables with
the corresponding modal formulas again follows as in the propositional case. Hence, we have
a polynomial-sized K,,-Frege proof of M P H P)". O

jem T YandMPHP" — /\iefn—17 @i for some suitable choice of extension

. Further, for each

ll+1—>

Corollary 1 There exists an exponential separation between the proof size required to refute
MPHP]" in K,-Frege and K, -Res.

Proof This follows immediately from Theorems 6 and 8. O

Propositional separations between K, -Frege and K,,.-Res follow trivially from the fact
that a number of propositional formulas (including the propositional pigeonhole principle)
have previously been shown to be hard for propositional resolution but easy for propositional
Frege. Hence, the significance of the above result is that K,,.-Res requires an exponential
number of modal resolution steps to refute M P H P, whereas there exists a polynomially
sized K,,-Frege refutation of M P H P)"". Clearly, any polynomial-sized K, -Frege refutation
may contain at most a polynomial number of modal proof steps (i.e. applications of K, or
NEC,) and so the separation in Corollary 1 is a truly modal one.

8.2 Game Theoretic Lower Bound Technique vs Existing Lower Bound Techniques

In [40], Hrube§ adapted a propositional lower bound proving technique to obtain lower
bounds for K,-Frege. This lower bound proving technique works by allowing hardness
results from circuit complexity to be applied to proof complexity and is similar to well-
known propositional lower bound proving technique called feasible interpolation [56].

The statement “if a graph of size n has a clique of size k + 1 then it is not k-colourable”
can be formulated as a propositional formula:

Cliquek (p,7) — (=Colourk(p, 5)).

where:
Cliquel (p,7) = /\\/r JNIN N\ Crinvorn) N\ G At = Pii).
i Ji#F) i1#i2,J1)2
and  Colours(5.5) = \\/siy A\ (Piix = (5815 V =i ).
i i17#i2,i2,]
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In [39,40], a lower bound is obtained for a modal version of this formula:
Cliquek (Op, ) — O(=Colourk(p, 5)),

where Clig uefl (dp, r) denotes the formula obtained by replacing each p;,;, in Clig uefl (p,1r)
with Op;. Notably, the exponential lower bound obtained is on the number of K axioms
needed to prove Cli queﬁ (™p, r). Hence, it is a modal lower bound.

As K,,-Frege p-simulates K,,.-Res, this modal clique-colour formula must also give an
exponential lower bound for K,,.-Res. However, as the negation of the modal clique-colour
formula is of the form:

Cliquek (Tp, 7) A OColourk(p, ),

it is not hard to see that the corresponding set of SNF,,. clauses must contain only one
negative modal clause. As our game theoretic lower bound technique counts the number of
distinct negative modal clauses needed to refute a formula, it clearly cannot be used to show
that the modal clique-colour formula gives a lower bound for K,,.-Res.

In [18], it was shown that a propositional Prover—Delayer game characterises the proof
size of tree-like propositional resolution. That our game cannot be used to prove the hardness
of the modal clique-colour formula illustrates that it is not a characterisation of the modal
proof size of K,,.-Res. It is unsurprising as our game fails to provide such a characterisation
as it counts only the number of distinct negative modal clauses needed to refute a formula,
not the total number of modal resolution steps required.

9 Conclusion and Future Work

In this paper, we have initiated the proof complexity of modal resolution systems by (i) show-
ing the robustness of existing [48,50] and new modal resolution systems by establishing their
equivalence through simulations; (ii) devising the first lower bound technique for these sys-
tems; (iii) illustrating the technique by a new class of formulas; and (iv) comparing resolution
to the stronger modal Frege systems of [40].

We believe that these findings are just the beginning of a more comprehensive understand-
ing of proof complexity of modal resolution. Our new Prover—-Delayer game presents the first
lower bound technique for modal resolution. This prompts the question whether propositional
lower bound techniques such as the size-width technique [7] or feasible interpolation [43]
can be lifted to modal resolution. Initial research into this direction is reported in [61].

Further, it would be interesting to obtain more modal formulas with a combinatorial
structure that lends itself to a proof complexity analysis. Here we believe that our modal
adaptation of the pigeonhole formulas can be used for further principles such as the clique
formulas from [3,19,20]. Most of the benchmark formulas from [4], however, do not appear
to be suited for a proof complexity analysis.

On the practical side, we hope that the research line initiated here will also contribute
towards better modal theorem provers, through tight calculi (such as K,,.-Res), new bench-
mark formulas, and their proof complexity analysis.

‘We mention that besides the modal resolution systems studied here, there are further modal
resolution systems. In particular, the first such systems have been developed by Enjalbert and
del Cerro [35]. We have concentrated here on the modal resolution systems of [48,50] because
they are technically simpler (though still quite complex), more recent, and form the basis
for modal solving [51]. A partial proof complexity comparison of the system of [35] to the
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modal systems studied here is performed in [61], where it is shown that the system of [35]
simulates the systems studied here. The reverse simulation is open, but conjectured to hold
[61]. If true, this would give additional justification to focus on the modal systems studied
in this paper. We also mention that there are further modal resolution systems, introduced in
[1,2]. To compare these two systems of [48,50] is left for future work.

A further direction for future research is to explore whether our lower bound method via
Prover—Delayer games is applicable to further non-classical logics. At this point, it is known
to work for propositional resolution [18,19,57], QBF [17], and resolution for the modal
logic K, (shown here). There are further logics, e.g. coalition logic [53] and preferential
logic [52], for which resolution systems exist and it would be interesting to explore whether
similar techniques work there. In general, it appears that proof complexity of non-classical
logics is at a quite early stage (cf. [23] for a survey), and a number of the existing proof-size
lower bounds for some logics, such as for default logic [24,34], autoepistemic logic [9], and
circumscription [13], are somewhat ad hoc without using general techniques. It would be
interesting to explore existing propositional proof complexity techniques [44] more widely
in the context of non-classical logics. One such technique is feasible interpolation [43], which
also (in a restricted version) applies to modal Frege [40] and modal resolution [61]. From
QBF proof complexity, we know that attempting to lift propositional techniques to different
logics can be challenging.'? We hope that our work here will trigger more research in this
direction.
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