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Abstract

Quantified Boolean Formulas (QBF) and their proof complexity are not as well understood as
propositional formulas, yet remain an area of interest due to their relation to QBF solving. Proof
systems for QBF provide a theoretical underpinning for the performance of these solvers. We define
a novel calculus IR-calc, which enables unification of the principal existing resolution-based QBF
calculi and applies to the more powerful Dependency QBF (DQBF).

We completely reveal the relative power of important QBF resolution systems, settling in
particular the relationship between the two different types of resolution-based QBF calculi. The
most challenging part of this comparison is to exhibit hard formulas that underlie the exponential
separations of the proof systems. In contrast to classical proof complexity we are currently short
of lower bound techniques for QBF proof systems. To this end we exhibit a new proof technique
for showing lower bounds in QBF proof systems based on strategy extraction. We also find that
the classical lower bound techniques of the prover-delayer game and feasible interpolation can be
lifted to a QBF setting and provide new lower bounds.

We investigate more powerful proof systems such as extended resolution and Frege systems. We
define and investigate new QBF proof systems that mix propositional rules with a reduction rule,
we find the strategy extraction technique also works and directly lifts lower bounds from circuit
complexity. Such a direct transfer from circuit to proof complexity lower bounds has often been
postulated, but had not been formally established for propositional proof systems prior to this work.

This leads to strong lower bounds for restricted versions of QBF Frege, in particular an exponen-
tial lower bound for QBF Frege systems operating with AC" [p] circuits. In contrast, any non-trivial

lower bound for propositional ACO[p]—Frege constitutes a major open problem.
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1. INTRODUCTION

Chapter 1

Introduction

In this chapter we will introduce the general background and give an overview of our contributions,

detailing the relevant chapters.

1.1 Background

Proof Complexity. Computational complexity is an important field in both theoretical and practical
computer science. The most studied topic is understanding the running time of algorithms. Proof
complexity is structured in a similar fashion. However, instead of algorithms, the focus is on proofs
and, instead of time, the main measure is proof size. Proof complexity is relevant to a wide range of
logics, but typically the focus is on propositional logic.

An area in logic that is linked to proof complexity is satisfiability solving (SAT). The SAT
problem is as follows: a statement with variables is written in purely propositional formal logic,
and it needs to be decided whether there is any consistent 0/1 assignment to the variables. SAT is
inextricably linked to non-deterministic polynomial-time decision problems (NP). The SAT problem
is the canonical NP-complete problem [42] and thus SAT is linked to long-standing complexity open
problems such as P vs NP (deterministic vs non-deterministic polynomial-time). The programs
that decide whether an instance of the SAT problem is satisfiable or not are called SAT solvers.
The idea is that since SAT is NP-hard, other NP decision problems can be feasibly transformed
into SAT problems. Therefore it makes sense from a practical point of view to focus specifically
on making fast and memory efficient SAT solvers. Modern SAT solvers such as MiniSat [51],
MapleCOMSPS [87] and Riss [89] compete on huge instances of SAT, with up to millions of
variables.

Resolution is a remarkably simple inference tool based on case analysis. It forms the main rule
of the resolution proof system, which is the best understood proof system. The motivation behind
S0 many investigations into resolution is that proof size in resolution corresponds to running time
for the most common type of SAT solvers.

From a proof complexity perspective, resolution is considered as a weak system, witnessed
by the wealth of proof size lower bounds (cf. [108] for a survey). Lower bounds in stronger proof
systems have been a part of ongoing investigations for many decades and bring about some of the
most important open problems in proof complexity.

Another important proof complexity connection is to complexity class problems. The famous
class NP, has an alternative natural definition in proof complexity [45]. Open complexity problems
such as NP vs coNP and NP vs PSPACE can be seen as natural proof complexity problems.

Finally, proof complexity is linked to ‘bounded arithmetic’. In complexity theory, first order

theories of arithmetic correspond to the levels of the polynomial hierarchy of complexity classes. A
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1. INTRODUCTION

neat connection can be made with proof complexity. Propositional proofs can be translated to first
order formulas, where provability in bounded arithmetic translates to short size proofs. (see [15] for

a survey).

Quantified Boolean Formulas. There are strong links between formal logic and complexity. The
fact that SAT is NP-complete, means that NP as a whole can be studied just by investigating SAT.
Quantified Boolean Formulas (QBF), which augment propositional logic with Boolean quantifiers,
are important because they also have a strong relationship with another complexity class. Just as
propositional SAT is considered as the canonical NP-complete problem, QBF truth or falsity is
considered as the canonical PSPACE-complete decision problem, where PSPACE is the class of
all languages decidable in a polynomial amount of required memory. Furthermore, restrictions on
the quantifiers in QBF give rise to languages that are complete for the appropriate classes in the
polynomial hierarchy.

Consequently, the above properties make QBF very important in complexity theory. This also
gives it practical importance. Due to its PSPACE completeness, QBF can express formulas more
succinctly than SAT and thus applies to further fields such as formal verification or planning [14,104].
These advantages broaden the amount the computational tasks that we may wish to rewrite as QBFs
compared to that of propositional logic. We wish to advance understanding of algorithms that find
solutions to QBF problems by better understanding QBF proofs. This is similar to the approach in
propositional proof complexity to propositional satisfiability (SAT).

SAT solving has been found to be tremendously successful [91], despite the NP-hardness of the
underlying problem. QBF is seen as one of many possible “next steps” after SAT. Hence, due to the
successes of SAT solving, QBF has seen an increase in interest over the past 15 years. Currently,
many QBF solvers such as DepQBF [88], RAReQS [72], GhostQ [78], and CAQE [101], to name
but a few, compete on thousands of QBF instances. However, QBF solvers are still significantly
behind in terms of the performance compared to SAT solvers. QBFs introduce the additional
difficulty of having to deal with quantification, as well as solver-dependent differences in how. Two
separate paradigms exists in QBF solving. Firstly, QBF solvers can take the state-of-the-art Conflict
Driven Clause Learning (CDCL) technique from SAT solving, and use a ‘reduction’ rule to deal
with quantification. On the other hand, QBF solvers can take a different approach where quantifier
expansion can remove the quantification in order to use SAT-based reasoning on the formulas.

Prior to this thesis, a handful of proof systems existed for QBF. Much like how runs of existing
SAT solvers correspond to lengths of resolution proofs, modern QBF solvers correspond to QBF
resolution systems. CDCL style solvers, such as DepQBFE, correspond to the QBF resolution system
Q-resolution (Q-Res) [77] and its variants. However for expansion based solvers, such as RAReQS,
a correspondence to Q-Res was not found. A basic expansion based proof system VExp+Res
was developed for this reason [74]. In comparison to proposition resolution, these QBF resolution
systems were not well understood. Firstly, the relationship between CDCL style and expansion

proof systems were not properly understood. Secondly, QBF should present an additional source
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1. INTRODUCTION

of difficulty, however there was a lack of QBF examples giving size lower bounds in proofs.
Propositional resolution has an important advantage here, it has a wealth of lower bound techniques.
In QBF there were only a few results [11,36,74, 116] based on ad-hoc methods, rather than general

techniques.

1.2 Contributions

We will highlight our main theorems and contributions in this section.

QBF Resolution. The first contribution is a better understanding of the relationship between CDCL
and expansion-based QBF solving. We do this through the framework of proof complexity. We
design a new system— |R-calc, that incorporates both CDCL and expansion-based proofs. IR-calc
is actually an improvement on an earlier system — VExp+Res. The key improvement is that partial
expansion is used instead of full expansion. Since |IR-calc uses a very simple improvement to
VExp+Res, it remains machine amenable. The hope is, that, by having a system like IR-calc that
unifies CDCL and expansion, solvers that operate in a similar way to IR-calc can be motivated.
Ideally, these would have the advantages of both types of solver.

Furthermore, towards this task we show that CDCL in QBF (QCDCL) and expansion have
mutual advantages. Indeed, there are formulas that have short proofs in expansion based proof
systems but not in QCDCL proofs and vice versa.

While CDCL and expansion is an insightful dichotomy to focus on, it is not the only source
of variation in QBF calculi. Q-Res has a number of improvements such as QU-Res [116], LD-
Q-Res [10,119] and LQU™*-Res [11]. These mainly deal with partially lifting some of the very
tight restrictions in Q-Res. We show that an improved IR-calc known as IRM-calc can capture the
additional power of one of these— namely LD-Q-Res.

We can summarize the calculi and their strengths in the Hasse diagram in Figure 1. The calculi
are arranged by their power to simulate other systems, marked in Figure 1 by a line. This means
that proofs can be transferred to the higher proof system (vertically higher in Figure 1) without a
super-polynomial blow-up in size. We actually find that these are the entire simulations due to the
existence of separations where we find a family of formulas with polynomial size proofs in one
system but only super-polynomial size proof in another.

These calculi also form the basis of an investigation into the more expressive logic of De-
pendency Quantified Boolean Formulas (DQBF) where the ordering of the quantifiers is made
explicit. QBFs form a special case of these, namely when the ordering is linear. The results of these
investigations find that most of these calculi are either incomplete or unsound in the DQBF setting.
However, our new calculus IR-calc is both sound and complete in DQBF due to its motivation from
first order logic.

DQBF is connected back again to regular QBF solving and proof systems. This manifests
as dependency schemes, which detect the dependencies in the linear order that are spurious, i.e.

whether the dependency can be removed and preserve soundness. This relates to a few of the calculi
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IRM-calc (LQU*-Res)

|IR-calc] (LD-Q-Res) (QU-Res)  mew proof system
1 expansion solving
(Q-Res (O CDCL solving

Fig. 1. Relative strength of QBF resolution calculi

that we have not mentioned here such as Q(D)-Resolution [111] which takes into a consideration
dependency scheme D. The QRAT proof system from [70] also appears to use a dependency
scheme in its reduction rule. These are omitted from the comparison because we believe dependency

schemes are an orthogonal approach worthy of its own separate full investigation.

Lower Bound Techniques. Lower bounds are important in proof complexity. They can be used
to highlight the relative strengths of the proof systems. There is also a vital practical importance
to solvers, especially where calculi are directly related. We typically care about super-polynomial
lower bounds, where a theorem cannot be proven in a proof that is bounded by some polynomial.

Since propositional logic is a sub-case of QBF, propositional lower bounds have an effect on
QBF lower bounds, indeed lower bounds in resolution count as lower bounds in QBF resolution
systems. This do not really illuminate on difficulty in QBF and do not provide separations between
the QBF resolution systems.

As discussed earlier, propositional resolution has many lower bound techniques. We find that
some of these classical techniques work in a QBF setting. The first of these is a two player game
between a Prover and a Delayer. This was adapted from a working technique for propositional
resolution [27-29]. A false QBF is chosen and the Delayer tries to score points while the Prover
tries to refute the QBF and end the game. The logarithm of the score corresponds to the proof size
in tree-like Q-Res and QU-Res.

Theorem 20. If OBF ¢ has a tree-like QU-Resolution proof of size at most s, then there exists a

Prover strategy such that any Delayer scores at most 1g[ 5 points.

We also show that feasible interpolation [80], which is one of the few examples of proof lower
bound techniques that uses circuit complexity, also works for certain classes of QBFs. Feasible
interpolation looks at implication formulas and allows interpolating circuits to be extracted from
the proofs in polynomial time. Hence any implication with only exponential-size interpolating
circuits must have exponential-size proofs. Feasible interpolation in a QBF setting differs from the
propositional setting because quantification allows more complicated formulas to be used as lower

bounds.
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Theorem 30. All QBF resolution calculi in Figure 1 have the feasible interpolation property.

However, not every technique can be lifted from propositional logic. An example would be the
most important technique from propositional resolution which is the size-width relationship [13].
This takes a second measure, the width, which is the maximum size of a proof line and shows
that the size grows exponentially in that measure. While size-width technique does hold in some
QBEF tree-like calculi, this relation is refuted from holding in the main QBF systems, even using a

improved notion of existential width [22].

Theorem 42 (Beyersdorff, Chew, Mahajan, Shukla [22]). There is a family of false 3-PCNF's

with linear size Q-resolution proofs and linear width.

In addition to these lifted techniques, we introduce a new technique only available in QBF—
strategy extraction. This technique is rather remarkable and involves using lower bounds from
circuit complexity. In particular we use the class AC® which is the class of problems expressible in
polynomial size circuits with bounded depth. We show that families of formulas can be generated

from hard functions for ACY.

Theorem 8. Let f,, be a family of functions not in AC°, then there are formulas Q- f,, that do not
have polynomial size proofs in QU-Res.

A link between circuit and proof complexity for propositional logic is conjectured, yet there are
very few examples of it materialising, feasible interpolation being another rare exception. In fact, we
see a connection between strategy extraction and feasible interpolation— with feasible interpolation

being akin to special case of strategy extraction.

QBF Lower Bounds. With the lower bound techniques mentioned above we can generate important
lower bounds, particularly separating formulas that have short proofs in one system but not in
another. We work towards the goal on completely separating the calculi in Figure 1. The first step is
to separate QCDCL and expansion-based solving.

Resolution is known to be directly related to the CDCL algorithm, which means that any
(super-polynomial) lower bound for resolution is also a lower bound for the CDCL algorithm. This
is similar in the QBF setting. Lower bounds for Q-Res roughly correspond to lower bounds in
QCDCL. On the expansion side of things, lower bounds for YExp+Res correspond to lower bounds
in expansion solving.

We show that without the hybridisation introduced in IR-calc, the difference between QCDCL
and expansion solvers really exists via lower bounds. We find a family of QBF problems— QPARITY
that were hard for all QCDCL proof systems but could be proved easy in YExp+Res (the converse
was already known [73]). The family of formulas essentially code that the parity function on a
subset of the variables is both true and not true— an obvious contradiction. However, the strategy
extraction technique shows that all Q-Res proofs must have size similar to the parity function
in bounded depth circuits, and hence using the parity lower bound result from Hastad [67] (cf.

Chapter 5, Theorem 7), all proofs must be exponential in size.
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Theorem 8. Any QU-Res refutation of QPARITY is of exponential size.

We continue to separate the known resolution systems and show every possible separation. To
do this we use the example from Kleine Biining et. al [77] and show a new lower bound for IR-calc.
This does not involve any general lower bound technique, but does use a counting on assignments

to universal variables.
Theorem 16. All proofs of KBKF in IR-calc have exponential size.

We fine-tune our hard examples to show separations for the advanced versions of the calculi. Along
with the strategy extraction lower bounds and previously known lower bounds we manage to
separate all the QBF resolution systems in Figure 1.

We can use our other techniques for more bounds. Our game technique from Theorem 20 can
be used to show a new lower bound for tree-like QU-Res. Feasible interpolation can show a new
lower bound for all the QBF resolution systems. This result uses the unconditional hardness of the

clique problem in monotone circuits.

Theorem 33. The CLIQUE-CoCLIQUE QBFs require exponential-size proofs in all the QBF reso-
lution proof systems of Figure 1.

Beyond QBF Resolution. While the initial focus of this work was on resolution and its relationship
to solving, proof complexity is much broader domain. Our extended goals are to see how our research
extrapolates outside of the typical settings, which are usually related to solving, and how it works in
wider proof complexity.

Resolution is actually considered as a weak proof system because it has known lower bounds. An
additional rule, known as extension, allows new extension variables to abbreviate more complicated
boolean functions. This gives phenomenal improvement, as the system becomes equivalent to one
of the most powerful propositional systems— Extended Frege (eFrege). In Tseitin transformations,
extension variables are used to encode arbitrary propositional formulas in Conjunctive Normal Form.
More generally, allowing the extension rule in proofs is known to shorten proof size drastically
for many examples. This makes extension variables also very interesting in the context of solving,
and indeed modern proof checking formats such as the ones from [69, 70] incorporate the use of
extension variables.

Extension can also work in QBF resolution [75], although how extension variables have to be
placed in the quantification order is not immediate. We use lower bounds to help shed some light on
this issue. We find that restrictively placing the extension variables in the innermost quantification
level, as in the weaker system, leads to lower bounds. This confirms an experimental observation by

Jussila et. al. [75] with a rigorous theoretical argument.
Theorem 52. Weak extended Q-resolution does not simulate extended Q-resolution.

Another way to go beyond resolution is to look at other styles of proof system. An example

would be the cutting planes proof system, which incorporates ideas from the NP-hard problem
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of integer programming. Instead of working with propositional formulas, it works with sets of
linear inequalities. The cutting planes system can be adapted for QBF refutation, by using the same

reduction rule as in the QBF resolution system— Q-Res.

Frege Systems. We find the same principle of adding the reduction rule to a proof system to be
generally applicable. The central proof systems under consideration here are Frege systems. Frege
systems are textbook style systems that operate on propositional lines with sound deduction rules.
Each Frege system defines its own axioms and rules, but all Frege systems are equivalent under
simulation. Frege can be augmented with extension variables to give the calculus eFrege. Frege and
eFrege are very powerful systems and finding lower bounds in these systems have been ongoing
problems for decades.

We introduce a new family of proof systems for QBF that utilise the rules of Frege and eFrege
systems— Frege + Vred and eFrege + Vred. These systems add the V-Red rule and we show that
they are sound and refutationally complete for QBF. A remarkable aspect of these systems is that
when adding the reduction rule, the strategy extraction theorem becomes applicable. The theorem
introduces a direct connection between circuit complexity and QBF Frege systems. Hence, circuit
size lower bounds can be turned into lower bounds for QBF Frege systems. In propositional proof

complexity such a connection has been conjectured but is not yet known.

Theorem 63 (Strategy Extraction). Given a false QBF Q¢ and a refutation w of Q¢ in eFrege
+V'red, it is possible to extract in linear time (w.r.t. |7t|) a collection of polynomial size circuits D

computing a winning strategy on the universal variables of ¢.

Furthermore, if we restrict the circuit complexity of the lines of Frege+ Vred we extract circuits
of exactly of that complexity. This means that we can utilise the full range of conditional and
unconditional lower bounds in circuit complexity and find lower bounds and separations in QBF
proof systems. This also allows us to slightly extend the picture of proof systems with known
lower bounds further than when projected down to the propositional case. Bounded depth Frege
(AC°-Frege) systems do have lower bounds, however bounded depth Frege systems with mod p
gates (ACY [p]-Frege) do not. Since the strategy extraction theorem again holds for Frege systems,
this allows us find some very strong lower bounds for these systems which are still open in the

propositional case.

Corollary 13. There are exponential lower bounds and separations for the QBF proof system

AC®[p|-Frege + Vred for all primes p;

AC°-Frege can be tuned to individual depth bounds for d which is written as ACS—Frege. In
propositional logic there are no known separating formulas with constant depth. However we can
show this in QBF.

Corollary 21. There is an exponential separation of the hierarchy of constant-depth systems
ACg-Frege+ Vred by formulas of depth independent of d.

7
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The circuit class TC? adds threshold gates to AC circuits. We show a separation for the
corresponding Frege systems in QBF.

Corollary 19. There is an exponential separation of AC° [p]-Frege+ Vred from TCO-Frege+ Vred.

Although it would appear that the reduction rule creates an additional source of hardness, it
is sufficient to create a very strong calculus. For eFrege+ Vred it was later shown [32] that lower
bounds could only come from eFrege lower bounds or strategy extraction lower bounds. In other
words lower bounds could not be found unless a breakthrough is made in propositional proof
complexity or a breakthrough is made in circuit complexity. The other direction also is true and we

provide that in this thesis.

Theorem 69. eFrege+ Vred is not polynomially bounded if and only if there are PSPACE-functions

that do not have non-uniform polynomially bounded circuits or eFrege is not polynomially bounded.

A similar result works for Frege+ Vred. The technique in [32] was to use a formalisation of our
strategy extraction theorem within the Frege calculus itself. This has larger implications for calculi
beyond Frege+ Vred. Any QBF proof system simulating Frege+ Vred (such as the proof system G
from [81]) would have the same difficulty in finding lower bounds.

1.3 Organisation

Part I contains background work that supplements the main content presented in later chapters.
Chapter 2 covers the preliminaries in propositional logic, SAT solving and proof complexity. In
Chapter 3 we look at the logic of Quantified Boolean Formulas as well as its own solving and
proof complexity. These sections also highlight important literature and the results therein. Further
discussions on related literature can be found in relevant chapters where appropriate.

The remaining chapters provide the main content of this thesis. Part Il is titled “QBF Resolution”
and concerns itself with the modern QBF resolution systems and their improvements. Part III is
“QBF Proof Systems Beyond Resolution” and looks at stronger systems and their QBF counterparts.

In Chapter 4 we present a new calculus, |IR-calc, which unifies concepts from both CDCL and
expansion-based solving in QBF. The calculus is shown to naturally simulate the base proof systems
from each solving technique. A stronger calculus IRM-calc is also shown to simulate more. The
simulations show the completeness of these systems. We show the soundness by strategy extraction—
that the witnesses of the universal variables that refute the formula can be calculated from the proof
in polynomial time.

In Chapters 5 and 6 we generate new lower bounds for QBF calculi. In fact, using these bounds
we show all possible separations for the resolution systems of QBF. Both new and old techniques are
used to generate and confirm the lower bounds. The main new technique is the strategy extraction
lower bound technique in Chapter 5. In this we show a new lower bound for QCDCL proof systems

using lower bounds from circuit complexity, and indeed we show that expansion based calculi are
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exponentially separated from all QCDCL systems. However, this does not give us all the lower
bounds, so in Chapter 6 we use the most well-known QBF lower bounds from [77].

In Chapters 7 through 9 we look at the standard techniques from propositional logic in the wider
QBF setting. Specifically in Chapter 7 we adapt the Prover-Delayer game from [27-29] for tree-like
QBF resolution systems. We use this to show some alternative proofs for lower bounds and show a
new lower bound. In Chapter 8 we adapt the feasible interpolation technique from [80,99], that uses
circuit lower bounds to show proof size lower bounds. In the QBF setting, we remark that there is a
similarity between this technique and the strategy extraction technique, namely they both use lower
bounds from circuit complexity. In the end of this section we show a connection between the two
techniques: for every feasible interpolation problem we can create a strategy extraction example
with the same proof size lower bounds. Not every technique can be adapted to QBF. In Chapter 9
we present from [22] that the size-width relation from Ben-Sasson and Widgerson [13] fails, unless
we use tree-like calculi.

In Chapter 10 we go beyond the QBF setting and study the more expressive Dependency QBF
(DQBF) language. The focus is still on QBF proof systems as we investigate all the QBF resolution
systems applied in a natural way to the DQBF setting. We find that only one of these proof systems
suffices in the DQBF setting; the IR-calc introduced in Section 4.

In Chapter 11 the lower bound from strategy extraction is used again to separate two improve-
ments on Q-resolution, each of which allows extension variables under different quantifier level
conditions. One system places all extension variables in the innermost quantification block, whereas
the stronger system allows extension variables to be placed in any block as long as they are right of
all variables they are defined on. Extension variables are especially important in proof complexity
because while propositional resolution is a fairly weak proof system with many known lower bounds,
extended resolution has no known lower bound and simulates even the most powerful systems.

In Chapter 12, we look at a slightly stronger system than resolution, namely the cutting planes
proof system. We find that the cutting planes proof system is both sound and complete for QBF
with one additional rule. The strategy extraction theorem and feasible interpolation result also holds
for this system.

The most important systems above resolution are arguably the Frege systems. In propositional
logic they have no known lower bound in general. We adapt a version of Frege called Frege+ Vred
to work for QBFs and find a number of interesting properties that hold in it. The most important
result here is that we show the strategy extraction theorem again holds for Frege systems, and this

used to show lower bounds for important fragments of the system.
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Chapter 2

Preliminaries

We begin our investigation into QBF proof complexity by first looking at propositional proof
complexity. QBFs are relatively simple modifications of propositional formulas and there are
important concepts in propositional logic that apply also to QBF. In particular, many of the proof
systems in QBF take inspiration from propositional systems.

In complexity theory, complexity classes group problems according to their inherent difficulty.
There is a three-way connection between solving, proof complexity and complexity classes, which
we will discuss.

In this chapter we cover the main preliminaries for proof complexity. In Section 2.1 we introduce
the propositional logic notation. SAT solving and proof complexity are covered by Sections 2.2 and

2.3, respectively. In Section 2.5 we cover some important relations between logic and complexity.

2.1 Propositional Logic

Boolean Operations. The foundation of Boolean algebra is the set of Boolean constants {0, 1},
namely false and true respectively. From here, we can then start considering the common connectives
on these constants. The first connective we introduce is the binary connective —. This is the logical

implication symbol and p — ¢ means that if p is true q is also true. Formally this is given below.

0 p=1,q=0
p—q= .
1 otherwise

We define the connectives —, V, A to mean negation, disjunction and conjunction respectively.
Negation considers when a proposition is not true, disjunction is a logical ‘or’ and conjunction is
a logical ‘and’. Formally they can be defined as below by using —, this allows us to inductively

describe propositional formulas using only —.
p=p—0
pVag=(-p) —q
pAg==((=p)V(~q))

p®q=((-p)V(=9) AP V(2)

While it is useful in some instances to consider 0, 1, — as the only operations and all others as

derived operations, in some instances due to the commutative nature of V and A we sometimes only

11



2. PRELIMINARIES

consider 0, 1, A, VV, = as the only connectives and exclude —. Note that (—p) V ¢ = p — ¢. The last
element to establish the entire set of propositional formulas— is a set of countably infinitely many

variables {z1, z2, ... }.

Definition 1. A formula is defined inductively. 0 is a formula. 1 is a formula. For every i € N, x; is

a formula when x; is a propositional variable. If p and q are formulas then, (p — q) is a formula.

The connectives follow an order of operations —, A, V, —, &. So a formula -z V y A =z is
equivalent to (—z) V (y A (—z)).

We introduce the notation A[x/y| indicating that in the formula A every occurrence of formula
y is replaced by formula . The notation var(A) denotes the set of propositional variables that
are present in formula A, this can be defined inductively with the rules var(x;) = {z;}, var(0) =
var(l) = @, var(p — q) = var(p) U var(q).

An assignment to a propositional formula ¢ is a function « : var(¢) — {0,1}. A satisfying
assignment is any assignment « to ¢ such that when every variable x in ¢ is replaced by a(x), ¢
evaluates to 1. Equivalently, a model M is a subset of var(¢) such that the following assignment is
a satisfying assignment.

1 ifxeM

0 ifzgM

Conjunctive Normal Form. Since associativity holds for A and V we can consider unbounded
versions of these with arbitrary arity; /\ and \/. Note that in the special case where we have the
empty disjunction we consider the formula to be equivalent to 0 and symmetrically where we have
the empty conjunction we consider the formula to be equivalent to 1.

Finally this gives us a way (although by no means a unique way) to express every propositional
formula by the commonly used conjunctive normal form (CNF) or disjunctive normal form (DNF).
We will see this below.

Literals are special kinds of formulas. We can represent all literals as [; where ly; = x; and
l2;+1 = (—x;) when z; is a propositional variable. In other words a literal is a propositional variable
or a negation of a propositional variable. The literals z;, —x; are complimentary to each other, so
——x; is simplified to x; accordingly. In practice we use other letters to denote literals and variables.

A clause is a disjunction of literals. A term is a conjunction of literals. Because disjunctions are
commutative and idempotent, we can treat clauses as sets of literals, likewise with terms. A CNF is
a conjunction of clauses. A DNF is a disjunction of terms. Every formula is equivalent to a DNF
and to a CNFE.

Circuits. We differentiate between a formula and circuit. A formula can be considered as a tree
with variable (or constant) leaves and connective nodes. We generalise this concept to a circuit
where we allow it to be a directed acyclic graph. Each node is a gate connected to an unbounded

number of input nodes.
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2.2 The SAT Problem

The SAT problem is the language of all propositional formulas ¢ that have at least one satisfying
assignment; dually it can be seen as the set of all formulas that are not self-contradictory.

Given an assignment « on formula @, it can be checked in polynomial time (in the size of @)
whether « is a satisfying assignment. A description of any « can be expressed in polynomial size of
@, hence it provides a polynomial-size witness that can be checked in polynomial-time. Therefore
this is exactly what is needed to be in the class NP. The problem is that there may be exponentially
many assignments to var(®) and checking them all exhaustively would not be efficient.

The Cook-Levin Theorem [42] states that SAT is in fact NP-hard, which means that all other
NP problems are reducible to SAT. Since SAT is in NP, this means that SAT is NP-complete.
This is hugely important to the complexity classes and gives a canonical NP-complete problem.
This also has practical considerations, suppose we have a decision problem L in NP. By Cook’s
Theorem we know we can reduces instances of the L problem to instances of the SAT problem and
then run the best SAT solver to decide this. Satisfiability or more specifically unsatisfiability, has a
clear connection to semantic implication: py, .. .p, F ¢ if and only if p1, ... p,, —¢ is unsatisfiable.

Due to its NP completeness, SAT solvers are hugely competitive and consequently SAT solvers

can solve industrial instances with millions of variables.

The DPLL Algorithm. The base algorithm for SAT-solving is the DPLL algorithm [48] named
after Davis, Putnam, Logeman and Loveland. It is remarkably simple but forms the basis of even
modern SAT-solvers. The DPLL algorithm is an enhancement of the original DLL algorithm [49]
(cf. Algorithm 1).

As follows: the input is a CNF, which is presented as a set of clauses (with clauses themselves
being sets of literals), then branching occurs on the variable values until either the branch yields a
satisfying assignment of the formula, or the assignment contradicts the formula.

The DPLL algorithm (cf. Algorithm 2) improves on DLL by adding unit propagation and pure-
literal elimination. Unit propagation restricts assignments to those that satisfy unit clauses. Pure
literal elimination checks for variables that only occur as one polarity and removes all clauses that
contain them. These two concepts are applied iteratively each time after each branching procedure

until fix-point.

CDCL Solving. The DLL and DPLL algorithms use chronological backtracking, that is it back-
tracks to the previous variable only once they have searched both values of the current variable.
One way to avoid this is as follows: wherever DPLL reaches a contradiction, observe which
of the assigned variables resulted in the contradiction. The set of literals that correspond to these
assigned variables is known as the conflict set [50]. A non-chronological backtracking algorithm
may instead backtrack to the last decision variable in the conflict set.
Another way the same idea can be implemented is through Conflict Driven Clause Learning

(CDCL). For example, whenever we generate a conflict set P we observe that {—l | [ € P} is an
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Algorithm 1 The DLL algorithm

function DLL(®)
if ® = @ then
return 1
else if & € @ then
return 0
else
Pick a as any variable that appears in P.
DPo—0 < {D|D=C\{a},C € ®,-a¢C}
Gy—1 <+ {D|D=C\{—a},Ceda¢C}
if DLL(®,—0) = 1 then
return 1
else if DLL(®,—1) = 1 then
return 1
else
return 0

Algorithm 2 The DPLL algorithm

function DPLL(®)
while & contains a unit clause {/} do
P (2 \{l})|i=1
for every literal [ that is pure in @ do
P @lzl
if » = @ then
return 1
else if & € @ then
return 0
else
Pick a as any variable that appears in P.
Po—0 < {D|D=C\{a},C P ,-a¢C}
Poy=1 < {D|D =C\ {—a},C € d,a ¢ C}
if DPLL(®,—9) = 1 then
return 1
else if DPLL(®,—1) = 1 then
return 1
else
return 0
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implicant of the original clauses. Once we backtrack we then also add this clause as if it were one
of the premises. This is called clause learning and has the advantage that it involves both search and

inference.

Practical Techniques. Modern propositional SAT solvers typically use CDCL solving. However
numerous other improvements are commonly put inside the solver. For example, data structures
make a huge practical difference, so it is usually inefficient to list every literal and its assignment in
each clause. Efficiency can be obtained by lazy data structures, which preserve the soundness of
the algorithm but whose data structures do not contain accurate information. Examples include the
Head and Tail data structure [118] and the Watched Literal data structure [92].

Branching in CDCL can also be guided by heuristics and there are many different examples
of such [90], including those that work with lazy data structures [92]. Variable selection can
also include restarts, and random restarts have been effective in countering the possibility of an
exponential time implementation [63]. Finally, while clause learning can help to improve speed,
unrestricted clause learning will eventually use up increasing amounts of memory, which in practice
is limited. In addition, this can also cause speed issues. The solution involves deletion of unnecessary

clauses.

2.3 Proofs

The concept of proof is a central idea in mathematics and logic. A proof is required to be correct,
in which case it is formally called sound. Proofs should also be easy to check, we do not want
exhaustive details that should be in the proof to be left to the reader.

In order to analyse proofs formally, and eventually from a complexity point of view, we need
to fix the frameworks that proofs can exist in. To do this proof systems are defined. Proof systems
dictate which strings constitute a proof of an element of a particular language (i.e. propositional
tautologies). Proof systems can be a line-based derivation or follow a more static structure.

As well as being sound and allowing proofs to be easily checked, a proof system needs to be
complete for a particular language by ensuring that every theorem has a proof. Typically there
are two kinds of completeness- firstly, implicational completeness requires that any semantic
implication of a set of statements I' can be derived when we take I" as a premise. Secondly,
refutational completeness only requires that the contradiction symbol (0 or sometimes the empty
clause) can be reached from an unsatisfiable set of formulas. A proof system that is implicationallly
complete is also refutationally complete. The converse is not always true, but refutational systems
are usually sufficient in practice for determining if an implication holds. For example, in classical
logic if I" implies a then I" U {—a} is contradictory.

Formally, a proof system [45] for a language L over alphabet [ is a polynomial-time computable
partial function f : '* — I'* with rng(f) = L.

The partial function f actually gives a proof checking function. Soundness is given by rng(f) C

L and completeness is given by rng(f) 2 L. The polynomial-time computability is an indication of
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feasibility, relying on the complexity notion that if something is in polynomial time it is considered
feasible. Individual authors may wish to modify the definition of a proof system, particularly
changing the condition of it being polynomial time, but these variations are ignored in this thesis

and we will always require proofs to be checked in polynomial time.

Proof Complexity. From the definition of a proof system, we can start defining proof size. For a
proof system f for language L and string x € L we define sy(x) = min(|w| : f(w) = x). Thus
the partial function sy tells us the minimum proof size of a theorem. We can overload the notation
by setting sf(n) = max(ss(x) : |z| < n) where n € N. We do not focus on the exact numerical
proof size, but how proof size behaves asymptotically. For a function ¢ : N — N, a proof system f
is called t-bounded if Vn € N, s;(n) < t(n).

A proof system f is polynomially bounded if there is a polynomial p(x) such that s¢(n) <
p(n). Cook and Reckhow [45] proved that NP = coNP if and only if there is a polynomially
bounded proof system of propositional tautologies, where coNP is the class of all languages whose
complements are in NP. A super-polynomial lower bound is an infinite family of formulas ¢,, where
there is no polynomial p such that the shortest proof of each formula is < p(|®,|). An exponential
lower bound is an infinite family of formulas @,, where there is an exponential function f = gn ()
such that the shortest proof of each formula is > f(|®,]|).

Proof systems are compared by simulations. We say that a proof system f simulates g (g < f) if
there exists a polynomial p such that for every g-proof 7, there is an f-proof 7 ¢ with f(7¢) = g(7g)
and |m¢| < p(|mg|). If 7 can even be constructed from 7, in polynomial time, then we say that f
p-simulates g (g <, f). Two proof systems f and g are (p-)equivalent (g =(,) f) if they mutually
(p-)simulate each other. Figure 2 details the p-simulation relations between the main proof systems
in propositional logic. Note that every system below the dotted line has a known super-polynomial
lower bound.

A separation is where we demonstrate that a simulation cannot occur. Typically, to do this
we have to find a super-polynomial lower bound @,, in one proof system, but show that &@,, has

polynomial-size proofs in the other.

Proof Systems for Propositional Logic. A line-based proof system operates with axioms and
rules to reach a conclusion. A proof 7 can be seen as a sequence of lines Ly, ... L, where if ¢
was the premise of the proof then ¢ A Ly A Ly A - -+ A L; is semantically equivalent to ¢ for any
1:1 <3< n.

Axiom lines are formulas that can be derived in any situation, these can take the form of
polynomial-time recognisable tautologies (not all tautologies are polynomial-time recognisable
unless P=coNP). Alternatively in some systems, particularly refutational ones, the whole of, or a
conjunct of the premise may be derived using the axiom rule, depending on the proof system.

Rules take one or more previous lines and use some (usually limited) recognition of semantic
implication to derive a new line. For example, in resolution, the resolution rule notices that if both
C V xand D V —x are lines before L; thenp A L1 A--- A L; ECV D.
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(Extended Frege)

Frege

AC®[p]-Frege

AC°-Frege (PCR)

Cutting Planes

(ResolutiorD (Polynomial Calculus)

@"ree ResolutiorD @\Iullstellensatz)

(Truth Table)

Fig.2. A simulation Hasse diagram for propositional proof systems

Resolution, introduced by Blake [34] and Robinson [107], is a refutational proof system manip-

ulating unsatisfiable CNFs as sets of clauses, and clauses as sets of literals. The only inference rule

is Cvz DY~z where C, D denote clauses and z is a variable. In other forms particularly

cCubD
when Resolution operates on ordered multisets, factoring and exchange rules are used, but these are

unnecessary when the clauses are sets. A resolution refutation derives the empty clause L.
The following observation underpins the key connection between SAT solving and proof

complexity.

Observation 1 If ¢ is input into the DLL algorithm and it returns O then ¢ has a tree-like resolution

refutation with the same or fewer number of lines as the total number of calls to DLL used in total.

Proof. We will construct a tree of partial assignments as the algorithm progresses and then compare
the assignments to the lines of a tree-like resolution proof. We start with the empty assignment
and add more values as we make recursive calls. When we call DLL(®,—¢) we add a = 0 to the
assignment and similarly we add a = 1 in the branch where we call DLL(®,—;). We continue to
add these assignments in the respective branches.

Notice that each assignment must eventually contradict one of the clauses in ¢. In order to
construct the refutation we mark each leaf with the clause it refutes. We then resolve where the
branches meet on the variable a that is split on, unless the variable does not appear in one of the
clauses. In that case we simply copy that clause without the variable (and pick arbitrarily if both
do not have the variable). The invariant we preserve by this process is that the assignment always
refutes the clause associated with it and since we end up with the empty assignment we must have

the empty clause at the end. g
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One of the most general and important line-based systems are the Frege systems [45]. These
are based on axiom schemes of tautologies with additional sound rules to make it complete. In the
context here we only look at Frege systems as classical propositional proof systems, although Frege

systems can exist for other languages.

For now we will fix a complete connective set {—, 0, 1} for simplicity, but the set {—, V/, A, 0, 1}
is commonly used and this will be more appropriate later when talking about CNFs. Each Frege

system is defined with a finite number of propositional rules—

C1,Cy,...C
D

where C1, Cs, ... Cy, D are propositional formulas in the variables x1, ...z, and C1 ACo A -+ A
Cy, E D (where F denotes classical truth functional semantic entailment). Nullary rules gives us
axioms  which require D to be a tautology. We consider substitutions o = f1,... f /1, ... Ty of
propositional variables x1, . . . z,, to propositional formulas f1, ... f,,. We can denote a substitution
on formula D as o D. A proof consists of a sequence L1, Lo, ... L, where L; has the requirement
that % is a rule in the system and that there is some o such that cC1,0Co, ... oC} are all
previous lines in the proof and oD = L,,. A Frege system has an additional requirement that it
must be implicationally complete for the language (note that the language technically changes if we

change the connective set). An example of a Frege system is given in Figure 3.

1 T — (.%'2 — 371) ((xl — 0) — 0) — I
1 1 — T2
(xl — (1‘2 — 1‘3)) — ((xl — xQ) — (1'1 — .7}3)) T9

Fig. 3. A Frege system for connectives —, 0, 1

It was first shown in [45] that for a fixed connective set x any two Frege systems p-simulate each
other, furthermore [103] extended this mutual p-simulation to systems with a different connective
set. This means that an exponential lower bound for one Frege system would show a lower bound
for all Frege systems. However, to this day, neither such an exponential nor super-polynomial lower

bound has been found.

This does not mean that Frege simulates every known proof system. There is a proof system
that is conjectured to be stronger than Frege— an improvement known as Extended Frege (eFrege).
Extended Frege takes a Frege system and allows the introduction of new variables that do not
appear in any previous line of the proof. These variables abbreviate formulas. The rule works by

introducing the axiom of v «> f1A fo for new variable v (not in appearing in fi or fs).
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Because there is no known super-polynomial lower bound for Frege there is no known sepa-
ration between Extended Frege and Frege. Instead one might think of the analogous relation of
circuits versus formulas. Extended Frege is a very powerful system, it was shown [15,79] that
any propositional proof system f can be simulated by eFrege + ||¢|| where ¢ is a polynomially

recognisable axiom scheme.

Sequent Calculi. An alternative to Frege systems are Gentzen systems. While Frege systems use

formulas as their lines, Gentzen systems use sequents.

Gentzen’s system LK is one of the first and best studied proof systems [61]. It operates with
sequents. Formally, a sequent is a pair (I",A) with I" and A defined as finite ordered multisets of
formulas. A sequent is usually written in the form I" — A. In propositional logic I" — A is true
if every model for A I" is also a model of \/ A. The system can be used both for propositional and

first-order logic; the propositional rules are displayed in Fig. 4.

(—)

(L-introduction) (T -introduction)

A— A 1l —

NABA 2 ey L ZABA
I'B.AA—% g I — X BAA

(exchange-r)

A,A,F—>E( traction-1) F*)E,A,A( traction-r)
AT 5 contraction- A contraction-r
ﬁ (weakening-1) % (weakening-r) % (=1
AT — XY (1) AT — XY (on]) AT — XY (he-D)
—_——— (- —_————— (®/\- —_— o-
I —x-A BAAT % AANB, T — %
r— X A I — X B (D) AT — X B,F—>E(VD
I 5 ANB B AVB,T — % )
r— X A y rr— X A (V1)
—_—_—nmm [ ] - —_—nmm o-
s Bva VP I 5 AVB g

r— X A Al — X
I — X

(cut)

Fig. 4. Rules of the sequent calculus LK [61]

The full version of LK is known to be p-equivalent to Frege systems. However a weaker system
without the cut rule (see Figure 4) known as Cut-free Gentzen is known to be a complete calculus,

yet there is an exponential separation between the cut-free and full version.
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Cutting Planes. Not every line-based proof system uses propositional formulas as its internal lines.
A good example is the cutting planes proof system which uses linear inequalities.
A translation from CNF to a system of linear equalities that preserves satisfiability is necessary.

We will use 6 to denote the translation.

— for a propositional variable z, 6(z) = .

— for a propositional variable z, 0(—x) = 1 — x.

— for a clause C, where n is the number of literals in C, The inequality §(C) = >, 0(]) > 1.
- foraCNF F, §(F) ={0(C) | C € F}U{x > 0,—x > —1| x is a variable}.

The cutting planes proof system is refutational, its aim is to derive the contradiction 0 > 1 from
a inconsistent set of linear inequalities. The rules of the cutting planes proof systems are presented

in Figure 5.

arTr > a brxr > b CkT) = €
ok 5 (k _+b | E: k+kb— (Addition) ZZIZZ Rk ; y (Multiplication)
L\Qk k)T = Q k OCkTE = GC
. >
L APRTE Z P o)

2 kPRt =[]

Fig. 5. Rules for the cutting planes proof system, d, q € Z*

2.4 First-order Logic.

First-order logic is a more expressive language than propositional logic. In propositional logic,
atomic formulas can only be true or false, but in first-order logic we allow atomic formulas to be
contingent on first-order variables. This is done via predicates where the truth is solely dependent
on the values of a finite number of ordered first-order variable arguments. The number of arguments
of an individual predicate is known as the arity. When the arity is zero the formulas are equivalent
to propositions. In order to make further use of variables, variables can be quantified via universal

or existential quantifiers.

First-order Formulas. A first order term is either a variable or a function where each argument is
an first order term itself. Afomic formulas are predicates in which every argument is a term. Well
formed formulas are grammatically correct formulas. If ¢ is a well formed formula it must satisfy

one of the following conditions.

— ¢ is an atomic formula.

— 1 is a well formed formula and ¢ is —).
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— x and ¢ are well formed formulas and ¢ is either x A ¢, x V ¢ or x — .
— 1 is a well formed formula z is a free variable in (it does not appear in any quantifier). and ¢
is either V1) or dx).

A sentence is a well formed formula where every variable in the sentence is quantified.

First-order Semantics. The semantics of first-order logic were most famously formulated in-
ductively by Tarski [114], it follows very similarly to propositional logic but with the following

considerations for quantifiers.

— Javp is true if and only if there is some value ¢ for which [c/x] is true.

— V) is true if and only if -3z is true.

A Decidable Fragment in First-order Logic. Determining whether a first-order logic formula
is true under all interpretations is not decidable, the best that can be done is under fragments of
first-order logic. One decidable fragment is the Bernays-Schonfinkel class also known as EPR
(a shortening of Effectively PRopositional). This class have formulas in prefix form I1¢, II =
Jx1, ... 2, VY1, ... ym and ¢ does not contain quantifiers or function symbols (except for zero-arity

functions, which are constant symbols).

First-order Resolution. Proof systems for first-order logic and EPR exist. In Figure 6 we define
the first-order resolution of Robinson (FO-res) [106] for EPR. The system is a refutation system
for prefix formulas I7¢ where ¢ is in conjunctive normal form (for first-order logic literals are
atomic formulas or their negations). By unifier of L(X) and L(Y"), we mean the first-order term
substitution 6 to the universal variables of X and Y such that L(X )60 = L(Y)0. o is more general
than 6 if there is another substitution v such that v applied to o is equal to 6. The most general

unifier is the unique unifier that is more general than all other unifiers.

Cuf{L(X)} DU{-L(Y)}
(CUD)o

(Res)

Where ¢ is the most general unifier of L(X') and L(Y') and C' and D do not contain common
variables.
CU{L(X1),...L(X;)}
(CULL(X) Do

(Fact) % (Inst)

Where o is the most general unifier of L(X1), ... L(X}). 6 is a term substitution for the universal
variables of C'.

Fig. 6. Rules for Robinson’s FO-res for EPR
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While first-order logic uses a different machinery to that of QBFs, both use quantification
albeit in different ways. We will introduce Boolean quantification in Chapter 3 alongside QBFs

themselves. We will revisit the fragment EPR in Chapter 10.

2.5 Relationship between Logic and Complexity

Circuit Classes. Complexity theory aims to understand the inherent difficulty of various objects in
theoretical computer science. Computational complexity primarily looks at problems, languages
or tasks and the important objects are algorithms. For these complexity is usually measured by
running time, leading to the famous class P which includes all problems that have a polynomial time
algorithm. Other measures such as space (the amount of memory required) can also be considered,
leading to complexity classes such as PSPACE where polynomial space algorithms exist.

In Section 2.1 we defined and differentiated formulas and circuits and there are many ways to
measure complexity using these. For example, 1) binary size of a circuit description ii) number of
gates needed iii) depth (longest directed path from an input node to an output node).

Like computational complexity, circuit complexity concerns itself with languages or problems.
In circuit complexity, these languages consist of boolean functions with multi-arity boolean domains.
The complexity classes usually concern themselves with the following question:

Can all the functions g in language L be found using a family of circuits c(g) (for each g) such
that the size/depth/other measure of c¢(g) is bounded by O(f(g)) where f is the growth function
and c(g) is subject to additional constraints?

This then brings up the question of uniformity versus non-uniformity. A uniform family of
circuits is a family that can be generated quickly by a computer program. Normally for family
{C}, | n € N} we require a Turing machine M to output the circuit C, (as a binary string) on input
1™ in polynomial time. A non-uniform family does not have these restriction on circuits. While the
terminology is confusing, every uniform family is also non-uniform.

The class P/poly is the class of languages such that if L € P/poly there is a non-uniform family
of boolean circuits {C; | ¢ € N}, such that for every binary string |x| = i, z € L if and only if
C;(x) = 1. There is the additional important distinction that there is some polynomial p such that
Gl = O(p()).

The class ACY is the smallest class from the A C-hierarchy, it is the class of languages that have
non-uniform polynomial-size circuits that are constant depth. In AC? the circuits can only use NOT
gates and AND, OR gates of unbounded fan-in. With this restriction the majority function, which
asks whether the number of 1 bits outnumbers the number of 0 bits, is not in AC® [67]. Allowing
threshold gates, which ask whether the number of 1 values are above a specified threshold, allows
new kinds of circuits. In the setting of non-uniform bounded depth polynomial-size circuits we use
the class TCY when we have threshold gates of unbounded fan-in.

Another family of problems that are not in AC” are the mod p functions, which test whether an
input’s sum value equals 1 mod p. The functions themselves can be added individually as gates to

get the AC°[p] class when bounded depth and polynomial.
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ACP circuits can also be given individual depth restrictions, ACg is the class of functions that
can be represented by a family of polynomial size non-uniform circuits of depth at most constant d.
Finally we look at the class NC?, this class contains all functions that have logarithmic depth

non-uniform circuits where all gates have bounded fan-in.

Completeness. As discussed in Section 2.2, the SAT problem is NP-complete. This means that
all NP problems can be transformed into SAT in polynomial time, and that SAT itself is an NP
problem. This is not the only case of a logical problem being complete for a natural complexity

class. In Figure 7, we show some of these important connections that are related to this work.

Complexity Class|Language Complete for Class
NP SAT
coNP TAUT
PSPACE QBF
NEXPTIME EPR

Fig. 7. Some important logics complete for complexity classes

First-order logic in general is not decidable, so one way to understand it from a complexity
point of view is to study decidable fragments such as EPR. It is known that the EPR problem in
general is not solvable in polynomial time and instead complete for non-deterministic exponential
time (NEXPTIME) [86].

PSPACE is the class of all problems that can be decided with a polynomial (in the size of the
input) amount of memory. The true Quantified Boolean Formulas (QBF) form a PSPACE-complete
language. The QBF logic will be our main focus for this thesis. In Chapter 3 we will discuss the

important preliminaries for QBF.
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Chapter 3

Quantified Boolean Formulas

Quantified Boolean Formulas (QBFs) express formulas from propositional logic more succinctly
and thus apply to further fields such and verification and planning. In Chapter 2 we introduced
important practical and theoretical aspects of propositional logic, in this chapter we do the same for
QBFE.

In this chapter we study the preliminaries specific to QBF. We define the semantics of QBF in
Section 3.1, using both the standard and game semantics. In Section 3.2 we discuss the solving
techniques for QBF, including both CDCL and expansion techniques. We then introduce a number

of proof systems for QBF in Section 3.3.

3.1 Quantified Boolean Formulas

Quantified Boolean Formulas extend propositional logic with quantifiers ¥, 3 [76]. The standard
semantics are that V. ¥ is satisfied by the same truth assignments as ¥[0/z] A¥[1/z] and Jz. ¥ is
satisfied by the same truth assignments as ¥[0/x] V ¥[1/z].

Bound and Free Variables. We now express what it means to be a bound variable in a QBF. This
can be described formally using set By (¢) for QBF ¢, where every element is a bound variable.

This can be defined inductively as below. We let  denote any propositional variable.

BV(O) = Bv(l) = Bv(x) =9, Bv(p - Q) = Bv(p) U BV(Q)
Bo(F2.W) = B, (V2. W) = By(¥) U {z}

Similarly the set of free variables is given by F, (¥). We let « denote any propositional variable.

fv(o):]:v<l) =2, fv('r) :{$}
Folp = q) = Fv(p) UFR(g), Fv(Fz.¥) = Fy(Va.¥) = Fo(¥) \ {z}

In order to make manipulation of QBFs easier, we only allow QBFs ¥ where F,(¥) N By (¥) is
empty, so, in fact, F,(¥) = var(¥) \ By (¥). We also avoid quantifying the same variable twice.
In both these cases we create new “fresh” variables to replace any duplicated ones. For example,
using the semantic expansion definition of QBFs, Vy3xz¢ = Jz¢p[0/y] A F2'¢[1/y], we distinguish

x from 2’ which is bound elsewhere.
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Closed QBF. A closed QBF is a QBF where all variables are bound (cf. Example 1). A closed QBF
must be either true or false, since if we semantically expand all the quantifiers we have a boolean
connective structure on 0, 1. Intuitively this gives a naive exponential time algorithm for finding

whether a QBF is true or false.

Example 1. Jy(—y V —z) V Vz(z A x) would not be a closed QBF because of the free variable z.
Instead in order to make this closed z needs to be quantified i.e. Vz(Jy(—y V —z) V Va(z A x)).

Prenex QBF. A prenex QBF is a QBF where all quantification is done outside of the propositional
connectives. A prenex QBF @ therefore consists of a propositional part ¢ called the matrix and a
prefix of quantifiers I7 and can be written as @ = I - ¢. When the propositional matrix of a prenex
QBF is a CNF, then we have a PCNF (cf. Example 2). We can feasibly transform any QBF into
prenex form by moving the quantifiers to the outside.

If we have that each variable is bound only once then this causes no issues. We then can
transform the matrix into a CNF using Tseitin variables, these Tseitin variables need to be quantified
and the quantifier of the new variable must occur to the right of all variables they depend on.

A prenex QBF without any variables in the prefix is just a propositional formula.

Example 2. Yx(3y3z(y V -z A x)) A (Va3b(x V a A —b)) is not in prenex form. However this can
be easily remedied by taking Jy3z and Ya3b to the left as VoIy32VaIb(y V -z Ax) A (x V a A —b)
(VzVa3b3Iy3z(y V -~z A x) A (z V a A —b) also works). This still is not a PCNF but (y V =z A )
can be expanded to (y V —z) A (y V z) and (z V a A —b) can be expanded to (z V a) A (x V —b)
using distributivity rules. This gives the following PCNF:

VaIyIzVadb(y vV —z) A (y V) A (x Va) A (xV-d).

Quantifier Order. Let Q1 X ... Q;X}. ¢ be our prenex QBF, where for 1 <i < k Q; € {3,V}
and X; are pairwise disjoint sequences of variables. If z € X;, we say that x is at level 7 and write
lv(z) = i. We write 1v([) for lv(var(l)). In contrast to the level, the index ind(z) provides the
more detailed information on the actual position of x in the prefix, i.e. all variables are indexed by
1,...,n from left to right. We remark that if variables are permuted such that are still in the same

level, truth is still preserved.

QBF Game Semantics. Often it is useful to think of a closed prenex QBF Q1 X1 ... O Xi. pasa
game between the universal and the existential player. In the i-th step of the game, the player Q;
assigns values to all the variables X;. The existential player wins the game if and only if the matrix ¢
evaluates to 1 under the assignment constructed in the game. The universal player wins if and
only if the matrix ¢ evaluates to 0. Given a universal variable u with index ¢, a strategy for u is a
function, which maps assignments of 0/1 values to the variables of lower index than « to {0, 1} (the

intended response for u). Therefore a QBF is false if and only if there exists a winning strategy for
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the universal player, i.e. if the universal player has a strategy for all universal variables that wins
any possible game [65] [5, Sec. 4.2.2] [95, Chap. 19].
The natural games semantics mean that QBFs are good at coding two-player games. Indeed,

“Connect4” can be neatly coded in QBF [60], in addition to subproblems in checkers [4].

3.2 QBF Solving

In comparison to SAT, in the case of the OBF problem, instead of asking whether a satisfying
assignment exists, we ask whether a closed QBF is true or false. We can also ensure every input
QBF is in prenex form. Instead of being NP-complete it has a connection to PSPACE. This
means that other PSPACE problems are reducible to QBF [95]. Note the PSPACE algorithm below
in Algorithm 3. Note that the function Simplify may vary on the exact solver used but always
performs both unit propagation and pure literal elimination. Likewise, the choice of [ is intentionally
ambiguous as the heuristic used can be decided in each individual solver.

In order to verify that this algorithm uses only polynomial space we observe that the algorithm
calls other instances of itself but there can only be as many running instances as there are variables

in the prefix at any one time.

Algorithm 3 The QDPLL algorithm
function QDPLL(Q1 X7, ..., Qr X, )
Simplify &
if ® = o then
return 1
else if & € @ then
return 0
else
Pick [ as any literal whose variable x appears in X;.
if 91 =Vand QDPLL(Qle \ {a;}, Qo Xo ..., 9L X, U {{l}}) = 0 then
return O
else if Ql = Jand QDPLL(Qle \ {x}, Q2X2 ceny Qka,@ U {{l}}) = 1 then
return 1
else
return QDPLL(Qle \ {x}, Qo Xy ..., 01X, PU {{ﬁl}})

Much like the relation between DPLL and resolution there is a relation between QDPLL and
QBEF resolution. This is preserved when clauses-learning is added (QCDCL).

CEGAR Solving. Counterexample guided abstraction refinement (CEGAR) solving [41] is based
on the principle of quantifier expansion. However, full expansion would lead to an exponential blow
up every time. Instead, it queries winning strategies for the variables at the n + 1th level in order to
find counteractive winning strategies at the nth level. An example of a CEGAR algorithm is given

in Algorithm 4.
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Algorithm 4 A CEGAR algorithm that outputs winning strategies
function CEGAR SOLVE(QX. D)
if @ has no quant then

return (Q = 3) ? SAT(¢) : SAT(—9)
W

while true do
0 —(Q=3)7 Ape ®lt] Ve @l
7’ + CEGAR solve(prenex(QX. «))
if 7 = NULL then
return NULL
T« {l|ler Avar(l) € X}
w < CEGAR solve(2[])
if 4 = NULL then
return 7
w—wU{p}

CEGAR solving uses a different paradigm than QDPLL. While traces of QDPLL algorithms
can be transformed in Q-Res, CEGAR has a relation to a different calculus known as VExp+Res.
This calculus will be introduced and explained in Chapter 4.

3.3 Proof Systems for Quantified Boolean Formulas

Resolution Systems. Q-resolution by Kleine Biining, Karpinski, and Flogel [77] is a resolution-like
refutation system that operates on QBFs in prenex form where the matrix is a CNF. It uses the
propositional resolution rule on existential variables with a side condition that prevents tautological
clauses (for Figure 8 recall that =—z = z for literals). We also forbid tautologies from being
introduced in the proof system via axiom. In addition Q-resolution has a universal reduction rule to

remove universal variables.

— (Ax) CVzx DV —x
¢ CVD

Ax: C is a non-tautological clause in the propositional matrix.
Res: variable x is existential and if literal z € C, then —z ¢ D.

(Res)

CVu CV—u
C C

variable u is universal and all other existential variables x € C' are left of w in the quantifier
prefix.

(V-Red)

Fig. 8. The rules of Q-Res [77]

Example 3. We wish to refute the following PCNF in Q-Res:
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Jz13waVy1 Yy dag(z1 V yr V ag) A (a1 V oy Vag) A (mxe Ve V —as) A (x2 V oy V —as)

This QBF can be shown as false by a semantic argument, using the two-player game. As long
as the universal player plays y; <— x; and y2 <— —x2, then whatever the existential player sets for
x3 one clause gets refuted.

A refutation is given in Figure 9. Note that we cannot perform universal reduction on any of the
axioms. We first can resolve the x3 variables in every possible combination. The resulting clauses
unblock universal literals which can then be reduced. Finally we can use resolution to reach the

empty clause.

x2VYya2VIT3

T1VX2Vy1 VY2

[x1 VZaVy1 Vyz]

[731 VzaVy1 \/372]

Fig.9. An example of a Q-Res refutation

Q-Res has a number of augmentations. Long-distance Q-resolution (LD-Q-Res) appears
originally in the work of Zhang and Malik [119] and was formalized into a calculus by Balabanov
and Jiang [10]. It merges complementary literals of a universal variable « into the special literal u*.
These special literals behave like universal literals in that they can be reduced. The issue comes with
the condition of merging. In particular, different literals of a universal variable u© may be merged
only if ind(z) < ind(u), where x is the resolution variable. There are some restrictions on merging
given in Figure 11. LD-Q-Res uses the rules L3R, V-Red and V-Red * of Figure 10.

Example 4. We again use the same false QBF from Example 3:

E|$1§|$2Vy1Vy25|$3($1 ViV 1‘3) VAN (—031 V oy V 333) VAN (—|$2 Vya V —|$3) VAN ($2 V —ys V —LT3)

Here we will use L3R from Figure 10. Recall that our resolution pivot must be to the left of our

merged universal variable, so we can use x1 or 3. We find examples of both that merge y; and 2
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—— (Axiom) D U {u}

D u{u*}
C D

(V-Red) D

(V-Red*)
C'is a clause in the matrix. Literal « is universal and lv(u) > lv(l) forall [ € D.

ClUU1U{$} CQUUQU{—'Z'}
CituCyuU

We consider four instantiations of the Res-rule:

S3R: z is an existential variable. If literal [ € C, then =l ¢ Cy. Uy = U = U = ().

SVR: z is an universal variable. Otherwise same conditions as SAR.

L3R: x is an existential variable.

If I} € C1,lp € Oy, if var(l;) = var(ly) = z then [; =l # z*. U1, Us contain only universal
literals with var(Uy) = var(Us). ind(x) < ind(u) for each u € var(Uy).

If wy € Uy,wa € Uy, var(wy) = var(wz) = u then w; = —wg, w1 = u* or wy = u*.
U={u*|uevar(Uy)}.

LVR: z is an universal variable. Otherwise same conditions as L3R.

(Res)

Fig. 10. The rules of Q-Res-based proof systems

respectively. Despite the restrictions on merged variables, y] and y5 are indeed allowed in the same
clause when we resolve on x3. V-Red * steps finalise the proof deriving the empty clause. Here is a
good example of the benefits of the merged variables— notice how the proof (given in Figure 12) is

considerably more compact compared to the proof in Figure 9.

QU-resolution (QU-Res) [116] removes the restriction from Q-Res that the resolved variable
must be an existential variable and allows resolution of universal variables. The rules of QU-Res
are SR, SVR and V-Red. LQU™ -Res [11] extends LD-Q-Res by allowing short and long distance
resolution pivots to be universal. However, the pivot is never a merged literal z*. LQU™"-Res uses
the rules LIR, LVR, V-Red and V-Red *.

Stronger Calculi. In addition to calculi that work with resolution, there are calculi that work with
Gentzen sequent systems. The central calculus here is the system G [81] which is the propositional
system LK with four additional rules that deal with boolean quantifiers:

V-introduction

o(/x), [ — A I'— A ¢(p/x)
Voo IT—2 OV TS5 Avee OV
and J-introduction
¢(p/x), '— A I'— A, (/)

GroT—A OV TS AT G0

Where ¢ and 1 are arbitrary QBF and p is a boolean variable.
For i > 0, G; is a subsystem of G with cuts restricted to prenex X U II!-formulas (QBF
restricted to ¢ quantifier alternations) [43, 81].
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3. QUANTIFIED BOOLEAN FORMULAS

C, D are clauses without x, u or v literals, u, v are universal.

. . CVzxzVu DVzIVu . . CVzVu DVzIVu
d d

ind(x) < ind(u) OCVvVDVauy ind(u) < ind(x) no resolution on x

. . CvVzVu* DVzIVau . . CvVzVu* DVzVau
d d

ind(z) < ind(u) CvDvVu* ind(u) < ind(z) no resolution on =

CVzxzVu DVzZIVu* CVzxzVu DVzZVu*

ind(z) < ind(u)

ind(u) < ind(x)

cCvDvVu* no resolution on x
. . CVazxVu* DVzZVu* . . CVazVu* DvzVvu*
ind(z) < ind(u) VDV ind(u) < ind(x) o resolution on =
CVazxVu* DVz CVaxVu* DVzIVv*
CvVvDVu* CVvVDVuVvVv*

Fig. 11. Merging rules and restrictions

yi Vs Y5 VI3

Fig. 12. An example of a LD-Q-Res refutation

Correspondence to Solving. With the exception of the powerful system G, the QBF proof systems
discussed in this chapter correspond roughly to versions of the QDPLL and QCDCL algorithm. This
means that Q-Res proofs can be extracted from runs of QCDCL solvers such as DepQBF. However,
CEGAR solving and other expansion based techniques do not have this relation. In Chapter 4 we

introduce expansion based proof systems that can deal with expansion based techniques.
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Chapter 4

Expansion-based Resolution Calculi

In Chapter 3, we introduced the QBF proof system Q-resolution and its improvements LD-Q-Res,
QU-Res and LQU™-Res. These form the QBF Conflict-Driven Clause-Learning (QCDCL) style
proof systems. However, many QBF solvers do not fit under the QCDCL style of solving— in
particular, expansion based solvers such as RAReQS [72], Ghost-Q [78] and CAQE [101].

Recently, a proof system VExp+Res was introduced [74] with the motivation to trace expansion-
based QBF solvers [71]. VExp+Res also uses resolution, but is conceptually very different from
Q-Res. Conceptually, the variants of Q-resolution correspond to solving QBF by search and
clause-learning. In contrast, expansion-based systems correspond to solving QBF by rewriting
quantifiers into Boolean connectives, such rewrites may be iterative and may require introduction
of fresh variables. Hence, the division between expansion-based systems and Q-resolution based
systems is naturally reflected in solving techniques.

In this chapter we create a new calculus IR-calc that naturally unifies the concepts in Q-Res
and VExp+Res. The inspiration for this calculus comes from a known QBF connection to first
order logic [109], in particular the fragment EPR, also known as the Bernays-Schonfinkel class.
The rules of IR-calc simplify the rules of first order resolution [107] in way that is congruent with
the expansion based VExp+Res. In this way |R-calc is a natural evolution of YExp+Res that uses
the partial expansion of universal variables as an advantage.

We offer an additional improvement IRM-calc, which simulates IR-calc and LD-Q-Res. IRM-
calc roughly corresponds to IR-calc but introduces merged annotations to simulate the merged
universal variables in LD-Q-Res.

As with any calculi, we need to establish soundness. For this we use the two-player game
semantics for QBF given in Section 3.1. We show that any refutation in IRM-calc has a winning
strategy for the universal player. In fact, we show that such a strategy can be extracted in polynomial
time from the refutation. A similar technique is used for Q-Res [65] and LD-Q-Res [53].

Completeness of the calculi comes from their simulations of other complete calculi. IR-calc
simulates both Q-Res and VExp+Res and IRM-calc simulates LD-Q-Res.

We organise this chapter in the following way. Firstly, we define the new expansion calculi
IR-calc and IRM-calc (Section 4.1), with examples (Section 4.2). We then show their soundness
by strategy extraction — a very desirable property in practise (Section 4.3), and show that they
simulate previously defined QBF resolution systems (Section 4.4), hence showing completeness.
Since these calculi simulate both expansion and reduction calculi, they help unify the two concepts
by looking at a single powerful concept: instantiation.

The work in this chapter appeared at the 39th International Symposium on Mathematical

Foundations of Computer Science Science [18].
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4. EXPANSION-BASED RESOLUTION CALCULI

4.1 Introducing the Expansion Calculi IR-calc and IRM-calc

In contrast to the QBF resolution systems from the previous section the expansion calculi we will
consider here use only existential variables. Before giving the technical details, let us try to explain
the idea of expansion of universal variables.

Consider the QBF JzVuJy. ¢(x, u,y). Expanding the universal variable u, this is semantically
equivalent to 3z 3y Iy, ¢(x,0,5°) A ¢(x, 1,y'), where we need to create two fresh copies of the
existential variables right of u (in this case we create two copies " and %!, but keep x). In fact,
instead of just renaming the variable y to 4° and y! it will be more convenient to record in the

0/u and

annotation, which expansion caused the renaming. In our example, we would name 3 as y
y' as y/* to remember that we created the copies of y by expanding w.

In this way we expand all the universal variables in the QBF, which results in a purely ex-
istentially quantified formula. Of course, in general this will produce an exponential increase in
the formula size. However, in some cases it may suffice to expand a universal variable in just one
polarity and still preserve the falsity of the QBF. Consider the example Vu3z. (u V ) A (u V —x),
where we can just expand u by O to obtain the false QBF Ja0/u, 20/ s —g0/n We refer to [74] for
more background information on expansion.

This approach is in line with the workings of the highly competitive QBF solver RAReQS [72],
which gradually expands all universal variables to obtain a purely existential formula that is then
passed to a SAT solver. Proof theoretically, RAReQS corresponds to the calculus VExp+Res [74],
introduced below. On a technical note, the solver also simultaneously expands the formula’s negation,
which enables proving true formulas.

We now start to set up the formal framework allowing us to define our new calculi. The

framework hinges on the concept of annotated clauses.
Definition 2.

1. An extended assignment is a partial mapping from the universal variables to {0,1, x}. We
denote an extended assignment by a set or list of individual replacements i.e. 0/u,*/v is an
extended assignment.

2. An annotated clause is a clause where each literal is annotated by an extended assignment to
universal variables.

3. For an extended assignment o to universal variables we write ["5%"'%(9) 1o denote an annotated
literal where restrict;(0) = {c/u € o | Iv(u) < Iv(l)}.

4. Two (extended) assignments T and p are called contradictory if there exists a variable x €
dom(7) Ndom(u) with T(x) # p(x).

For extended assignments, we remark that this * notation has nothing to do with the proof
complexity convention to map unassigned variables to *. Rather, a variable u will be mapped to
x if u* appears in some clause. This will made precise later. In contrast to extended assignments,
an assignment has range {0, 1}, as usual. To highlight the difference, we will sometimes refer to

assignments as 0/1 assignments.
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Further we define operations that let us modify annotations of a clause by instantiation.

Definition 3. For (extended) assignments T and i, we write T o p for the assignment o defined as
follows: o(x) = 7(x) if x € dom(7), otherwise o(x) = p(x) if © € dom(u). The operation T o p

is referred to as completion because . provides values for variables that are not defined in T.

The completion operation is associative and therefore we can omit parentheses. However, it is
not commutative. The following properties hold: (i) for non-contradictory i and 7, we have
poT=17o0 pu=pUr.(i)T o T=r.

We also need an auxiliary operation of instantiation, which completes the annotations of literals

in a clause by a partial (extended) assignment.

Definition 4. For an extended assignment T and an annotated clause C, the function inst(t, C')

returns the annotated clause {lres”iCtl(" °m) |17 eC 2

We are now ready to describe the expansion QBF systems.

The first of these is the calculus YExp+Res from [74]. In Figure 13 we present an adapted
version of this calculus so that it is congruent with the new concepts presented here (semantically it
is the same as in [74]). The axiom rule for YExp+Res simply downloads a clause by picking a total
0/1 assignment to the universal variables, applies it to the clause, and records the used assignment
in the annotations.

Note that 7 is always a complete assignment to all universal variables. However, when appearing
as an annotation to an existential variable x, it is truncated to the universal variables left of x. This
is reflected in the notation restrict, (7) (cf. Definition 2). For example, if we have a formula
Vu3dxVv3y. ¢ and T assigns u and v to 0, then a clause u V x V v V y from ¢ would be instantiated
to 20/t 0/u0/v,

The resolution rule of YExp+Res is just the propositional resolution rule. Note, however, that
the pivot annotations need to match exactly in both parent clauses. This makes sense, because in
our framework, different annotations formally lead to distinct variables.

In VExp+Res, proofs can be easily split into two phases. The first consists only of axiom
downloads, removing all universal variables and annotating the existential variables. This is followed
by the second phase, consisting only of classical resolution steps on the new annotated variables, cf.
Section 4.2 for an example.

We now describe our first new system IR-calc. Like VExp+Res it completely eliminates
universal variables and operates with annotated clauses. The main difference is that, unlike in
VEXxp+Res, where existentials are always annotated by all universals preceding them in the prefix,
the system |IR-calc can deal with partial assignments. The calculus introduces clauses from the
matrix and allows to instantiate and resolve clauses; hence the name IR-calc. It comprises the rules
in Figure 14.

The axiom download rule is similar to VExp+Res, but only annotates the existential literals

with those preceding universals which actually occur in the clause. For example, if VudzVo3dy. ¢
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. (Axiom)
{lrestructz (1) |leClis existentia]} U{r(l) |l € C,l1is universal }

C is a clause from the matrix and 7 is an assignment to all universal variables.

cCiu {:ET} CyU {—WT}
CiLUCy

(Res)

Fig. 13. The rules of VExp+Res (adapted from [74])

0/v

contains the clause x V v V y we download it in IR-calc as = vV "/, whereas in VExp+Res we also

need to choose a value for u and could either download it as z0/% \/ y0/w0/v o g1/u s 4 1/uw0/v,

The resolution rule is identical to VEXxp+Res. Again, annotations in the pivot need to match
precisely, and for this reason we also adopt an instantiation rule, which can increase annotations in
the clause. This can enable further resolution steps. Again, in instantiation steps we need to truncate
the annotations to universal variables left of the annotated existential variable, as indicated by the

notation ["estricti(@ © 7) in Definition 4.

Unlike in the YExp+Res system, IR-calc proofs are no longer separated into an annotation
and a resolution phase, but can mix instantiation and resolution steps in the proof by “delayed

instantiations” as and when they are needed. An example is contained in Section 4.2.

. (Axiom)
{lrestrlctl(‘r) |leClis existential}

C' is a non-tautological clause from the matrix. 7 = {0/u | u is universal in C'}, where the
notation 0/u for literals u is shorthand for 0/z if u = x and 1/z if u = —x.

" v (Cy "V Cy . c
oG, (Resolution) inst(r, O)

(Instantiation)

7 is an assignment to universal variables with rng(7) € {0, 1}.

Fig. 14. The rules of IR-calc

Note that in VExp+Res, propositional variables are introduced so that their annotations assign
all relevant variables. In this way, each literal corresponds to a value of a Skolem function in a
specific point. In contrast, in IR-calc, variables are annotated “lazily”, i.e., it enables us to reason
about multiple points of Skolem functions at the same time. This is analogous to specialization of
free variables by constants in first-order logic (FO). Similarly, resolution in IR-calc is analogous to

resolution in Robinson’s FO resolution [107]. Chapter 10 and the recent paper [52] further explore
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Axiom and instantiation rules as in IR-calc in Figure 14.

J)TUE V Cl —|xTUO' v/ 02 .
i i Resolut
inst(o, C1) Uinst(¢, Cy) (Resolution)

dom(7), dom(&) and dom(o) are mutually disjoint. rng(7) = {0, 1}

C VbtV
C Vs

dom(u) =dom(o). & = {c/u|c/u € p,c/u € ot U{x/u|c/u € p,d/u € o,c# d}

(Merging)

Fig. 15. The rules of IRM-calc

the connection between |R-calc and FO resolution. From the FO perspective, IR-calc appears to be
a very natural proof system.

Our second new system IRM-calc is an extension of IR-calc where we allow as annotations
extended assignments with range {0, 1, *}. The purpose of * is similar to the role of * in LD-Q-Res

(cf. the remarks in Chapter 3).

Axioms and instantiation rules of IRM-calc are handled as in IR-calc, which do not create *.
The annotation * may be introduced by a new rule called merging. It merges two literals on the
same existential variable to one copy where all conflicting annotations produce *. For example, the

0/u,0/v,0/w 0/u,1/v,%/w 0/u,x/v*/w.

merge of and x produces =

The resolution rule is defined slightly differently, annotations of the pivot need not necessarily
match before application of the rule, but are matched “on the fly”” while resolving (the resolution
rule is designed such that this matching is possible). More precisely, the resolution rule in Figure 15

TUo

uses pivot z, annotated as ™€ in the first parent clause and as =™ in the second parent, where &

and o are partial extended assignments with disjoint domain. Thus, by instantiating the first parent

with o and the second parent with ¢ we create a pivot 27-¢7

with matching annotations and obtain
a sound resolution step. The resolution rule can now deal with *, but when £ = o = () we have

exactly the resolution rule from Figure 14. Thus IRM-calc encompasses IR-calc.

IRM-calc is defined in Figure 15, an example is contained in Section 4.2.

Intuitively, a literal z9/%

asserts that any interpretation of the Skolem function for x must
yield 1 whenever v = 0. Thus the clause 2'/% \/ 20/% asserts that for any value of the remaining
relevant universal variables, the Skolem function must yield 1 on v = 1 or on © = 0. Note that
this does not mean that the function has to be constantly 1. Merging enables compressing such
clauses. For instance, in IR-calc, to refute the clauses {—z'/*, z0/% v z/*} one would apply
the instantiation rule to obtain {—z0/%1/w —gl/wl/w 50/u1/w s g1/ul/w} and then proceed as in
classical propositional resolution. In contrast, IRM-calc enables merging the binary clause into the

unit clause z*/*, which in turn gives a contradiction with the original clause —z:/%.
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de;Vudes VuidegVugVuydes

|61VuV€2I—|€1V—\u\/62| |U1V€2VU3VU4V65| |u3V—|e5| |u1\/—|62Vu3\/—|U4Ve5|
U1U3U4 I I us3 UUU4 I
[egl Veglu3u4] [ﬁe?] [ﬁe;ﬂ Ve§1u3u4]

UL U3U4 ULU3UL

[_@7;1“3“4][_‘6;1“3“4]
rd

(a) An example proof in VExp+Res (b) An example proof in IR-calc
VU1VU2 363VU43€5
|u2V—\e5| |U1V_\€3VU4V65| |63\/_\u4\/65|

I UL U4 U4 I
0 0 0 1
[—.es/u1Ves/u1’ /u4] [63V85/u4]

[eg/ULO/MVeg/ulﬁl/M]

0/u1,0/uy 0/uq,1/uy
€5 €5

eg/ul’*/u‘l

(c) An example proof in IRM-calc

Fig. 16. Proof examples

4.2 Proof Examples

We illustrate the expansion calculi from Section 4.1 with a few examples. For existential literal [

and universal variable u we write [* as a shorthand for [1/% and [® for [0/%,

Example 5. Figure 16(a) exemplifies a proof in YExp+Res. In this case there is only one universal
variable u. The variable needs to be instantiated whenever a new clause is introduced into the
proof. In the case of the clause —es there are two options for instantiation. In the case of the two
other clauses only one of the instantiations is useful. Note that only e3 is annotated by u because
lv(er) < lv(u).

Example 6. Figure 16(b) exemplifies a proof in IR-calc; most notably, —e5 needs to be annotated

only by @3 when it enters the proof.
Example 7. Figure 16(c) shows an IRM-calc refutation, containing * in an annotation of es.

Example 8. Consider the (true) QBF JzVuw3b. (z V u V b) A (mz V —~u V b) A (u V w V —b).
In both calculi axioms yield (z V b%/%), (=2 v b!/*), and (=b%/*:0/%), IR-calc enables deriving
(b%/% v p1/%) from the first two clauses. IRM-calc further enables deriving b*/* by merging.

Intuitively, (bO/ u s pl/ %) means that the existential player must play so that for any assignment
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to w it holds that b = 1 if uw = 0 or if w = 1. For instance, the player might choose to play b = 1
ifw=0,u=1andif w=1,u = 0 (and otherwise b = 0). The clause b*/* can be seen as a
shorthand for the clause (b°/* Vv b*/*). Note that it would be unsound to derive the clause (b) (with
no annotation). This would mean that b must be 1 regardless of the moves of the universal player.

However, b needs to be 0 when u = w = 0 due to the axiom (—b%/%-0/%),

Example 9. Consider again the QBF 3zVuw3b. (x VuV b) A (mzV —u V b) A (uV w V —b) from
Example 8. If the third clause of the formula is changed to —b, the formula becomes false, which is
shown by instantiating —b to =b%/* and to —b'/*, using those to obtain = and -z by resolution and

deriving the empty clause.

Example 10. Consider the QBF 3xVu3bc. (x V u V b) A (mxz V —uV e) A (=bV ¢) A (—c). The
following derivation is possible in IR-calc. Resolving z \V b%/% and -z V ¢!/ yields b%/* v ¢!/%,
Instantiating —b V ¢ by 0/u gives b0/ O/ resolving this with the previous resolvent yields
O/t v/ ¢1/v_ Refutation can be obtained by instantiation of —c once by 0/u and once by 1/u and
subsequent two resolution steps. In IRM-calc it is possible to obtain ¢*/* by merging and resolve

that directly with —c, which yields L.

4.3 Soundness and Extraction of Winning Strategies

The purpose of this section is twofold: to show how to obtain a winning strategy for the universal
player from an IR-calc proof, and, to show that IR-calc is sound. First we show how to obtain a
winning strategy for the universal player from a proof. From this, the soundness of the calculus
follows because a QBF is false if and only if such a strategy exists. We will then explain how to
extend this technique to IRM-calc.

The approach we follow is similar to the one used for Q-Res [65] or LD-Q-Res [53]. For this

approach to work for a QBF proof system P we need two properties:

1. The proof system P shall be closed under restrictions, i.e., if m is a P-proof of QX. & (where
@ may contain further quantifiers) and « is an assignment to the variables X, then we can
efficiently construct from 7 and o a P-proof 7, of @|.

2. Restricting a proof 7 by an assignment to the leftmost block of existential variables to a proof

T as in item 1, we can read off from 7, a response for the universal player for the next round.

We therefore consider QBFs in the form I' = JEVU. @, where E and U are sets of variables and
& is a QBF (potentially with further quantification beginning with 3). Suppose = is an IR-calc
refutation of I', and let € be a total assignment to the variable block E. The assignment € represents
a move of the existential player. We reduce 7 to a refutation 7 of the restricted formula YU. @|.. To
obtain a response of the universal player, we construct from 7. an assignment y to the variables U
such that reducing 7. by  gives a refutation of @|c,.

Now let 7, ,, be the proof resulting from restricting 7. by u. The game continues with @|c,

and 7 . In each of these steps, two quantifier levels are removed from the given QBF and a
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refutation for each of the intermediate formulas is produced. This guarantees a winning strategy
for the universal player because in the end the existential player will be faced with an unsatisfiable
formula without universal variables.

We now implement this approach for IR-calc. We start with item 1, showing closure of IR-calc

under restrictions.

Lemma 1. Let w be an IR-calc refutation of ¢ and let € be a partial assignment of existential

variables from ®. We can then construct from m a refutation ¢ of ?|e.

Proof. Let € be a partial assignment to the existential variables of @ and let 7 = (C4,...,Cy, = L).
We describe the construction of the restricted proof 7. and simultaneously argue that it is a valid

refutation. For this we define inductively clauses C! such that

1. if C} # T then C! C C; and C/ has a valid IR-calc derivation in 7.
2. if C] =T then e satisfies Cj, i.e., (x) = 1 for some 27 € C;.

We note that from these two conditions it follows that 7. contains a refutation, because C,,, = L
and hence C/, = L, as € does not satisfy C,.

We now inductively construct C and show the two items above.

Let C; be derived by the axiom rule. If € satisfies a literal [ with [” € C; for some annotation
7 we set C = T. Otherwise we define C] = C; \ {I” | [ is a literal falsified by € and 7 is an
annotation }.

If C; is derived by instantiating C; by 7 and C?} # T, then we set C} = inst(7, C}). Obviously,
C; C Ci. If C; = T then also C} = T and e satisfies C; by inductive hypothesis. Hence e also
satisfies C; in the sense of condition 2.

Assume now that C; was derived by resolution from C; and Cj, with pivot 7 € C; and
—2” € Cf. We distinguish four cases.

In the first case we have z7 € CJ’- and —z7 € (. We perform the resolution step and set
Ci=C;UC\ {27, ~2"}. We then have C] C C; U Cy \ {27, ~2"} = C, fulfilling condition 1.

In the second case we have 27 ¢ C} and C} # T, and set C] = C}. Then C; C C;\ {27} C C;,
fulfilling condition 1. (In the case of 2™ ¢ C}, and C}, # T we analogously set C] = C}..)

The third case is 27 € C]’- and C;, = T. Then we set C] = T. We have to show condition 2.
By inductive hypothesis, € satisfies C}, hence ¢ satisfies some literal [ € C}. Necessarily, | #
27, because otherwise ¢ falsifies 27 and thus 27 ¢ C, contradicting our assumption. Thus
l € Cp\ {—2"} C C;, which satisfies condition 2.

In the last case, C; = C), = T. We set C; = T. By inductive hypothesis, ¢ satisfies both C;
and C', hence by soundness of the resolution rule also C;.

Lemma 2. Similarly as in Lemma 1, we can show closure of IRM-calc under restrictions.
Proof. The proof is similar in structure, but we have to be careful of the following:

— We also need to consider the merge rule.
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— IRM-calc has an instantiation part to the resolution rule, so dummy instantiation steps may have
to occur in the reduced proof in place of resolution steps.

— We cannot instantiate * annotations outside of the resolution rule, so we have to instantiate
instead by a constant (e.g. 0). This does not cause any invalid inferences as * is more restrictive
than constants.

— Annotations may differ between the original and reduced proof on *, so the clauses in the
reduced proof may not be subsets of the clauses in the original proof. In order to make sure the
clauses in the reduced proof are smaller than the original, we inductively define an injection
from the reduced clause to the original.

— To define such an injection, it will be convenient to treat contraction of two identical literals to
one literal as a separate rule and not perform contraction automatically in the proof system. This
does not affect the complexity of the calculus. Contraction can also be thought of as a special

case of the merging rule.

Details of the reduction are shown in Figure 17. By induction on the derivation depth we show
that this construction yields a valid IRM-calc refutation 7, of VU. ®|.

The induction hypothesis states that any derived clause C’ in the reduced proof corresponding
to clause C' in the original proof has a valid derivation 7. Further, if C’ is non-tautologous there
is an injection fo : €' — C, where fc(1°') = 1% and o satisfies the following: dom(¢”) = dom(o)
and for every ¢/u € o there is exactly one d/u € o where d = c or d = *. If C’ is tautologous
then C' is satisfied by e.

The purpose of this injection is to ensure that in the reduced proof the clauses have at most
the number of literals in the original proof. This along with the condition on tautological clauses
ensures that the reduced proof is a refutation. The condition on fc regarding annotations allows
resolution to occur whenever the pivot literals are present.

Base Case. In the axiom step (A), the clause in the reduced proof either has some literals
removed, or is set to T when e satisfies the clause.

Instantiation. An instantiation step (I) keeps the number of literals exactly the same, giving
rise to a bijection between literals in C' and inst(co, C').

Merging. Consider the first merge case (M1) in Figure 17. In the reduced clause the literals [”
and [ become |7 and [7, respectively. Some x in the annotations 7, o might be 0 or 1 in 7’ or ¢”.
However, the domains of 7, 7/, o, and ¢ are all equal. The reduced proof will contain a merge of
I” and 1.

In order to satisfy the annotation condition, we note that wherever a */u appears in &', a */u
will appear in &, since it either comes from a x itself or a 0/1 conflict. Either the 0/1 conflict is
present in the original merge or there is a * there by the condition from the induction hypothesis.
This means our condition is satisfied.

Now consider the second merge case (M2) in Figure 17. If the reduced clause contains only

one of the literals, say I, the merge step is not performed in .. The injection is constructed
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Rule Original proof step Proof step reduced by € Construction of fp
leading to clause D & case condition
Viecea ™ ] - -
A Cis alleclzl\fse in ¢. Zlec’lea’tlgvat’fe)fl o fo(™) =1
7 falsifies all V lit in C. € does ot Satishy &
| C 4 fp(inst(c,17))
Virece "7 Virear 17°° = inst(o, fc(I7))
K'vim'vie! @ /
K'VIE folx), r€e K
M fol"y =1 fo(@) = { : ,
o o l s =1
fel”) =1
C=KVvVI Vvl C'=K'VI” )
€ Ky fe(x), zeK
VIo e O, fo(l7) £ 1° : -
C/
ol _
M3 VZO'I c C/,ZT ?é fc(lg’) 7& 1o fD(x) fC('r)
KI VT © o’ K,\/_\CCT o 5/ . a
iﬁst(g/,K{)v/inQSt(a/,Kg) fp(inst(3,1%)) =
R1 fo, (a7 7) =ame? inst(8, fc,(1%)) 1*eC}
Ci Oy foo (2™ €)= =27 ¢ N inst(8, fe, (1)) 1% € C
inSt(f, K1> V inSt(O', KQ)
cy C
Cl = Kl VaTee inSt%é’,C%{)
R2 Cy=KyVv—-aT®t  |VI* €O, fo,(1%) #a7°° fo(inst(¢,1%))
T, 0, & pairwise disjoint , 0 E(u) = * =inst(¢, fo, (1%))
u) =
mg(7) = {0, 1} &) &(u) else
R3 Kivares T
I
fCl(xTOU ) :;UTOO'

Fig.17. Transformation of IRM-calc proof steps under the restriction € with conditions and
construction of the injection fp

straightforwardly: the literal [’ in the new proof is mapped to the merged literal in the original proof
and all other literals remain the same. The third case (M3) is similar to the second, but simpler.

Merging does not affect the presence of a literal that is satisfied by e.

Contraction. Contraction is a special case of merging, so the same argument applies.

Resolution. Consider the first resolution case (R1) in Figure 17. The function fp is an injection
due to the induction hypothesis, as well as the fact that we do not perform contraction in this
step. We need to show the required properties hold. Suppose, without loss of generality, { o e K 1
and fo,(I*) = 1%. Since dom(a) = dom(c’) and dom(¢) = dom(¢’), then dom(a o &) =
dom(a) Udom(&) = dom(a/) Udom(¢') = dom(a/ o &’). This shows that the domains remain
the same under fp, which is one part of the condition. For the remaining part we consider two

cases; either u € dom(«) or u ¢ dom(«), and we let ¢ € {0, 1}.
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For u € dom(a) we have

cluea=clucd =cluea o and xued =x/u€a=x/ucao
Now suppose u € dom(a o &) and u ¢ dom(«). Then

clucé=cluel =cluead o and xuet =*x/ucé=x*/ucao k.

Hence the inductive claim holds.

Consider now the second case (R2). Here C1 is simply instantiated, crucially the pivot literal
is missing from C7, so fp is an injection. In order to show the inductive condition, we suppose
again that [ € K/ and fc, (I*) = 1. Since dom(a) = dom(a’) and dom(¢) = dom(¢’), then
dom(a o &) =dom(a/ o &'). Now let ¢ € {0, 1} and suppose u € dom(c). As in (R1) we have
cJuca=c/lucd =c/ucd o andx/ucad =x/uca=x*/uca o .

Now suppose u € dom(a o &) and u ¢ dom(a). */u cannot be in £’ because * annotations
become 0. All 0/1 annotations remain the same. This satisfies the inductive condition.

Finally, consider the third case (R3), which has a tautological resolvent. By induction hypothesis
e satisfies Cq, but € cannot satisfy - since this would prevent any z literal from appearing anywhere
in the reduced proof, such as the one we require for fo, (7 ° U’) = 2" ° 7. Hence ¢ satisfies K9 and
thus satisfies D.

We now proceed with item 2 of our general approach to strategy extraction, i.e., we show that
the strategy for the universal player on U can be read off from 7. In fact, we show a slightly more

general statement for arbitrary IR-calc proofs.

Lemma 3. Let 7 be an IR-calc refutation of a QBF starting with a block of universally quantified
variables U. Consider the set of annotations i on variables U that appear anywhere in 7. Then p

is non-contradictory.

Proof. The proof proceeds by induction on the derivation depth. Let i1 denote the set of annotations
to variables in U appearing anywhere in the derivation of C' (i.e., we only consider the connected

component of the proof dag with sink ). The induction hypothesis states:

(i) The set pc is non-contradictory.
(ii) For every literal [? € C, it holds that uc C o.

Base Case. Condition (i) is satisfied by the axioms, because we are assuming that there are no
complementary literals in clauses in the matrix. Condition (ii) is satisfied because all existential
literals are at a higher level than the variables of U.

Instantiation. Let u € U and C' = inst(c/u, C") in the proof 7. By induction hypothesis, u
either appears in the annotations of all the literals (¢ in C” or it does not appear in any of them. In

the first case, the instantiation step is ineffective. In the second case, ¢/u is added to all literals in C'.

43



4. EXPANSION-BASED RESOLUTION CALCULI

By the induction hypothesis, u does not appear in any annotation of any clause in the sub-proof
deriving C”, and hence C is the first clause containing w.

Resolution. Let C' be derived by resolving 7 vV (' and —z” V Cs. Let u € U. Consider the
following cases:

Case 1. ¢/u € 7. By induction hypothesis, ¢/u appears in all annotations of C4, C and hence
in all annotations of the resolvent.

Case 2. u ¢ dom(7). Then u does not appear as annotation anywhere in the derivation of either

of the antecedents and neither it will appear in the resolvent.
Remark 1. We can show that Lemma 3 also holds for IRM-calc.

Proof. To do this we add a third condition to the inductive claim.
(iii) */u ¢ pc, forany u € U.

Since * is only introduced by the merging rule, we argue that we do not obtain any annotations
involving */u for u € U. This holds because by condition (i) there are never contradictory

annotations on .

Therefore we obtain winning strategies. Given a QBF JEVU. @ and an assignment € to the
leftmost existential block E, we construct an assignment to the universal variables U by collecting
all the assignments p to U appearing in annotations in 7. (or instantiations when we have the empty
clause instantiated immediately); any variable not appearing in 7. is given an arbitrary value.

To obtain 7 ,,, remove occurrences of U-variables from the annotations in the proof .. This
yields a valid refutation because by Lemma 3 for each variable in U only a single-value constant

annotation can appear in the entire proof 7.
Theorem 2. The construction above yields a winning strategy for the universal player.

Proof. For any QBF I' = 3EVU. ¢ and assignment ¢ to I, the above construction provides an
IR-calc (IRM-calc) refutation 7, of @|c,. This process is iterated until no universal variables are
left in the formula. Hence we get an IR-calc (IRM-calc) refutation of whatever was left from the
matrix of I". Since an IR-calc (IRM-calc) refutation on a formula with no universal variables is in
fact a classical propositional resolution refutation, we are left with an unsatisfiable formula, i.e. a
formula with no winning move for the existential player. Hence, all the considered assignments
correspond to a game won by the universal player. Since this process works for any assignment

made by the existential player, it yields a winning strategy for the universal player.

The soundness of IR-calc (IRM-calc) follows directly from Theorem 2.

Corollary 1. The calculi IR-calc and IRM-calc are sound.
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— new results
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Fig. 18. The simulation order of QBF resolution systems

4.4 Completeness and Simulations of Known QBF Systems

In this section we prove that our calculi simulate the main existing resolution-based QBF proof
systems, doing so we add the new simulations shown in Figure 18, which in Chapters 5 and 6 we
show are the only remaining simulations. As a by-product, this also shows completeness of our
proof systems IR-calc and IRM-calc. We start by simulating Q-resolution, which is even possible

with our simpler calculus |R-calc.
Theorem 3. /R-calc p-simulates Q-Res.

Proof. Let C1,...,C) be a Q-Res proof. We translate the clauses into Dy, ..., D, which will
form the skeleton of a proof in IR-calc. Below we describe how this translation works and we

repeat this in Figure 19.

— For an axiom C; in Q-Res we introduce the same clause D; by the axiom rule of IR-calc, i.e.,
we remove all universal variables and add annotations.

— If C; is obtained via V-reduction from C;, then D; = D).

— Consider now the case that Cj; is derived by resolving C; and C};, with pivot variable x. Then
Dj = 2™V Kj and Dy = —27 V Kj. We instantiate to get D’ = inst(o, D;) and D) =
inst(7, Dy,). Define D; as the resolvent of D’ and Dj.. In order to obtain D; we must ensure
that there are no identical literals with different annotations. For this consider the set { =
{c/u]c/uet,l' € D;} and define D; = inst(¢, D}). This guarantees that we will always
have fewer literals in D; than in C;, and we get a refutation.
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Q-Res rule IR-calc p-simulation
, (axiom)
(axiom) D; = {Irestien(™) | | € C;,1 € 3}
Ci
7 = {0/u | wis universal in C'}
Cj D
red —
c; " Di = D;
Dj:K]/'\/l‘T . Dk:Kllc\/ﬁﬂ,’U .
W (inst) W (ln(st) |
res
Ci=K;jvz Cr = Ky V -z (res) | _Di=nst(o, D;) Uinst(r, Dy)\{2" ° *, —a” ° °} (ins0)
Ci D; = inst(¢, D))
¢={c/ulc/uctl €D}

Fig. 19. A table outlining the IR-calc p-simulation of Q-Res

We will prove inductively on the lines of the proof starting from the axioms, that the resolution
steps are valid, by showing that 7 and o are not contradictory and ¢ does not contain contradictory
annotations.

Induction Hypothesis. For all existential literals [ we have [ € C; if and only if I* € D; for
some annotation ¢. Additionally, if 0/u € t for a literal u, then u € C; (where for a variable z, we
equivalently denote the annotation 1/z by 0/—x).

Before proving the induction we argue that this yields the claim above. Assume for a contradic-
tion that 7 contradicts o. This means that for some universal variable u, both v and - appear in
C;, which is not allowed; similarly if { contains contradictory annotations.

We now show the inductive claim by induction on the proof length.

Base case: Axiom. ' € D; if and only if | € C; by definition. As annotations falsify all universal
literals in the original clause, 0/u € t for literal v implies u € C;.

Inductive step: V-Reduction. Suppose Cj; is obtained via universal reduction from C;. We have
I' € D;iffI' € D;,iff | € C;. Since [ is existential it is not reduced and [ € C;. If 0/w is in ¢, by
inductive hypothesis we have u € C}. Further, u cannot be reduced in this step because it is blocked
by [; hence u € C;. If [ € C; then ! € C}, so by induction hypothesis there is some ¢ such that
I' € Dj, and hence ' € D;. Assume now [' € D; and 0/u € t. By inductive hypothesis we have
u € Cj.

Resolution. Suppose that C; is derived by resolving C; and C}, over variable z, and D; =
o™ V K and Dy = —~a? V K. Then I' € D; iff I¥ € D} iff I € inst(o, K}) U inst(r, K},) iff
1" € KJ UK} iff | € C; U Cy\{w, ~a} iff | € C; (cf. Figure 19).

Without loss of generality, if 0/u € t then there is some literal pt'oo e D! (with Pt e Dj)
such that 0/u € t o ¢.If 0/u € t' then v € C; by inductive hypothesis, and if 0/u € o then
u € Cy, again by inductive hypothesis; hence u € C;. O

Despite its simplicity, IR-calc is powerful enough to also simulate the expansion proof system
VExp+Res from [74].
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Theorem 4. /R-calc p-simulates ¥ Exp+Res.

Proof. Let C1, ..., C) be an VExp+Res proof. We transform it into an IR-calc proof D1, ..., Dy
as follows. If C; is an axiom from clause C' and assignment 7 we construct D; by taking the |IR-calc
axiom rule for C' and then instantiating with inst(r, C). If C; is derived by resolving C}, Cj, over
variable =7, then D; is derived by resolving D;, Dy, over variable z7. This yields a valid IR-calc

proof because I! € D; iff I' € C;, which is preserved under applications of both rules. O
VExp+Res rule IR-calc p-simulation
. (ax)
Ci={Iretinl@) |1 e C,1 € 3} D} = {restiu™) | 1 € C;,1 € 3) %X)t)
— y ins
o is a complete assignment that does not D; = inst(a, D;)
satisfy C. 7 ={0/u | uis universal in C'}
Ci=K;Vva Cr = Kp V-’ D;=K;Vva© Dy = Ky V —z”
C (res) D. (res)

Fig. 20. A table outlining the IR-calc p-simulation of VExp+Res

We now come to the simulation of a more powerful system than Q-resolution, namely LD-Q-
Res from [10]. We show that this system is simulated by IRM-calc. Compared to Theorem 3, the

proof uses a similar, but more involved technique.
Theorem 5. /RM-calc p-simulates LD-Q-Res.

Proof. Consider an LD-Q-Res refutation C1, .. ., C,,. We construct clauses Dy, ..., D,, which
will form the skeleton of the IRM-calc proof. The construction will preserve the following four

invariants fori = 1,...,n.

(1) For an existential literal /, it holds that [ € C; iff I! € D, for some t.

(2) The clause D; has no literals [** and 2 such that ¢; # 5.

(3) If I* € D; with 0/u € t, then u € C; or u* € C;, likewise if [ € D; with 1/u € t, then
—u € C;oru* € C;.

(4) IfI* € D; with /u € t, then u* € C;.

The actual construction proceeds as follows (also see Figure 21). If C; is an axiom, D; is
constructed by the axiom rule from the same clause. If C; is a V-reduction of C; with j < 4, then we
set D; equal to D;. If C; is obtained by a resolution step from C'; and C}, with j < k < 4, the clause
D; is obtained by a resolution step from D; and Dy, yielding clause K, and by performing some
additional steps on K. Firstly, we let 0 = {c/u | ¢ € {0,1},c/u € t,I' € K} U{0/u | x/u €
t,I* € K}. Here 0 is chosen because we cannot instantiate by *. We perform instantiation on K by
substitutions in 6, in any order, to derive K'. After this, all annotations in K’ have the same domain.

We merge all pairs of literals [, [” € K’ with 7 # o (in any order) to derive D;.
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LD-Q-Res rule IRM-calc p-simulation
. - (axiom)
e (axiom) D; = {lrestieu(n) | | € ¢y, 1 € 3}
(2
7 = {0/u | wis universal in C'}
c; D;
J J
red - N
Dj =KjVva™? Dy, = K}, V —x™¢ (res)
K =inst(¢, K}) Uinst(o, K},) (insD
ins
K’ =inst(0, K
Ci=K;VU;Vz Cr =Ky VUr V (tes) #(merge)
C; = Kj UK VU ) ¢
0 ={c/u|ce{0,1},c/u € tl" € K}U{0/u |
x/u€tl € K}
Merge is on all pairs of literals (7,1 € K’ with T # 0.

Fig. 21. A table outlining the IRM-calc p-simulation of LD-Q-Res

To show that this construction yields a valid IRM-calc refutation, we first need to prove the

invariants above. This proceeds by induction on %.

Base case (axiom). Because we do not remove or add any existential literals in the axiom
case, condition (1) holds. Likewise we do not create duplicates, so (2) holds. Any 0/1 annotation
corresponds exactly to the opposite literal appearing in the clause, by definition of the axiom rule,

hence (3) holds. As we do not obtain any * annotations from axioms, (4) holds.

Inductive step (V-reduction). Consider a V-reduction step from C; to C; on universal variable
u. Because we do not alter the existential literals in a V-reduction and the corresponding clause
D; in the IRM-calc proof remains unchanged, conditions (1) and (2) are satisfied by induction
hypothesis. For conditions (3) and (4) we note that [); cannot contain any annotations involving .
This holds because v would only appear as annotation on existential literals with level higher than

u. These cannot exist as they would be blocking the reduction by (1).

Resolution step. For this consider C;, Cy, being resolved in LD-Q-Res to obtain C; as in Fig-
ure 21. As only the resolved variable is removed, which is removed completely due to condition (2),
D; fulfils (1). By induction hypothesis we know that there can be at most two copies of each variable
when we derive K. Their annotations have the same domain in K’, because instantiation by 6
applies the entire domain of all annotations in the clause to all its literals. It then follows that all

copies of identical literals are merged into one literal in D;. Therefore (2) holds for D;.

To prove (3) consider the case where I € D; with 0/u € t. The case with 1/u € t is analogous.
We know that 0/u appearing in D; means that 0/« must appear in K’ as merging cannot produce a
new annotation 0/u. Existence of 0/u in K’ means that either */u appears in K or 0/u appears in
K. No new annotations are created in a resolution step, so either */u or 0/u must appear in one or

more of D;, Dj,. By induction hypothesis this means that u or u* appears in C; U C},, hence also in
C;.
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To show condition (4), let I' € D; with */u € t. Then either */u is present in K’, or 0/u and
1/u are present in K’ and will be merged. In the first case it is clear that some */u annotation
appears in K and thus in D; or in Dy, in which case from (4) of the induction hypothesis u*
must appear in C;. In the second case it is possible that 0/u in K’ was obtained from */u in K.
Thus as already argued, «* must appear in C;. If instead 1/u, 0/u are both present in K then they
must come from the original clauses D;, Dy. If they both appear in the same clause D, then by
condition (3) it must be the case that u* appears in Cj and thus in Cj. If, however, they appear in
different clauses, then by (3) either of the clauses C;, Cy contains «* or they contain literals over u
of opposite polarity. Both situations merge the literals to u* € C; .

We now show that these invariants imply that we indeed obtain a valid IRM-calc proof. We
only need to consider the resolution steps. Suppose ! € D; and —~2'2 € Dy, where C; and Cy, are
resolved on z to get C; in the LD-Q-Res proof. To perform the resolution step between D; and Dy,
we need to ensure that we do not have ¢/u € ¢, d/u € ty where ¢ # d or ¢ = d = *. Assume on
the contrary that x/u € t; and c¢/u € t2. By (4) we have u* € C}, and by (3) some literal of u is
in C. But as Iv(u) < lv(z) the LD-resolution of C; and C}, on variable x is forbidden, giving a
contradiction. Similarly, if there is 0/u € t; and 1/u € t9, then either we get the same situation or
we have two opposite literals of u in the different clauses C;, Cy. In either case the resolution of
C}, C}, is forbidden. Hence the IRM-calc proof is correct.

It is not difficult to see that the IRM-calc proof is indeed a refutation and all steps of the

construction can be performed in polynomial time, thus we obtain a p-simulation. g

We use IR-calc and IRM-calc for our proof complexity investigation in the remaining chapters.
In particular, we show relevant lower bounds and separations in Chapter 6 and we show a connection
to dependency QBF (DQBF) in Chapter 10. We will continue the comparison of QCDCL and

expansion solving in Chapter 5.
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Chapter 5

Strategy Extraction: Lower Bounds for
CDCL Resolution Calculi

In Chapter 3 we introduced the CDCL-style QBF proof systems Q-resolution and its adaptations;
LD-Q-Res, QU-Res and LQU™-Res. Chapter 4 introduced VExp+Res and the two new calculi
IR-calc and IRM-calc, which are expansion-based QBF proof systems. These seven calculi as well
as the tree-like version of Q-Res, give us all the QBF resolution calculi that are of part of our
investigation into the simulation order of QBF resolution.

We already know many simulations for QBF resolution calculi; many of the systems naturally
p-simulate each other by definition. There are other p-simulations such as the one in [74] and
those in Theorems 3, 4 and 5. In fact, in this chapter and Chapter 6 we show these are the only
simulations. The remaining relations are exponential separations where there are false formulas that
have polynomial-size refutations in one system, but require exponential size in another system. We
detail all simulations and separations in Figure 22.

This chapter further explores the dichotomy between CDCL-solving and expansion based
solving. We primarily explore the relation between Q-Res and VExp+Res.

We exhibit a new method to obtain lower bounds to the proof size in QBF proof systems, which
directly allows to transfer circuit lower bounds to size of proof lower bounds. This method is based
on the property of strategy extraction, which is known to hold for many resolution-based QBF proof
systems.

The basic idea of our method is both conceptually simple and elegant: if we know that a family
i, of false QBFs requires large winning strategies, then proofs of ,, must be large in all proof
systems with feasible strategy extraction. Now we need suitable formulas ¢,,. Starting with a
language L — for which we know (or conjecture) circuit lower bounds — we construct a family of
false QBFs ¢, such that every winning strategy of the universal player for ,, will have to compute
L for inputs of length n. Consequently, a circuit lower bound for L directly translates into a lower
bound for the winning strategy and therefore the proof size.

Carefully implemented, our method yields unconditional lower bounds. For Q-Res (and QU-
Res) it is known that strategy extraction is computationally easy [10]; it is in fact possible in
AC? as we verify here. Using the hardness of parity for AC? we can therefore construct formulas
QPARITY,, that require exponential-size proofs in Q-Res (and QU-Res).

Conceptually, our lower bound method via strategy extraction is similar to the feasible interpo-
lation technique [80], which is one of the most successful techniques in classical proof complexity.

In feasible interpolation, circuit lower bounds are also translated into proof size lower bounds.
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However, feasible interpolation only works for formulas of a special syntactic form, while our
technique directly applies to arbitrary languages. It is a long-standing belief in the proof complexity
community that there exists a direct connection between progress for showing lower bounds in
circuit complexity and for proof systems (cf. [44]). For QBF proof systems our technique makes

such a connection very explicit.

Section 5.1 shows the new lower bound for QU-Res (and thus for Q-Res). We use a new
general technique that is widely applicable- strategy extraction. We illustrate this technique here
with an exponential lower bound for parity formulas in QU-Res. This provides a separation between
QU-Res and VExp+Res. We then lift this lower bound to the long-distance systems LD-Q-Res
and LQU™-Res (Section 5.2).

The work in this chapter appeared at the 32nd Symposium on Theoretical Aspects of Computer
Science [19].

————— bl PN RN
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Fig. 22. The simulation order of QBF resolution systems
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5.1 Lower Bounds for Q-Res and QU-Res via Strategy Extraction

The lower bound argument hinges on strategy extraction, which is a widely used paradigm in QBF
solving and proof systems. We recall that QU-Res admits strategy extraction via a computationally

very restricted model, namely decision lists.

Definition 5 (decision list [105]). A decision list D = (t1,¢1), ..., (tn, ¢y ) is a finite sequence of
pairs where t; is a term and ¢; € {0, 1} is a Boolean constant. Additionally, the last term is the
empty term (equivalent to true). For an assignment i, a decision list D evaluates to c; if i is the

least index such that p |= t;, in such case we say that (t;, c;) triggers under p.

Intuitively decision lists code a succession of “if-then-else” queries in order that return true/false
after a condition is satisfied. Winning strategies in form of decision lists can be efficiently extracted
from QU-Res proofs:

Theorem 6 (Balabanov, Jiang, Widl [10,11]). Given a Q-Res or QU-Res refutation 7 of OBF ¢,
there exists a winning strategy for the universal player for ¢, such that each of its strategies for the

universal variables are computable by a decision list of size polynomial in |r|.

Balabanov et al. use a different form than decision lists, but it is semantically equivalent. We
deem decision lists as more intuitive for our purposes. Note that that under our definition, a strategy
for a universal variable may take as input the outputs of strategy functions with a smaller index
(similarly as in the strategy construction by Goultiaeva et al. [65]).

The general idea behind our lower bound technique is as follows. First, we observe that we
can define a family of QBFs ¢ such that every winning strategy of the universal player must
compute a unique Boolean function f (Lemma 4). If we know that strategy extraction is possible
by a weak computational model, say AC’, we can carefully choose the Boolean formula ¢ ¢ such
that the unique winning strategy f cannot be computed by AC? circuits. As the extracted strategy is
polynomial in the proof, this implies a lower bound on the proof size. Thus we immediately turn
circuit lower bounds to lower bounds for the proof size.

We will now implement this idea for the parity function PARITY (z1,...,2y,) =21 D -+ ® Ty,

which is the classical example of a function not computable in AC®.!

Theorem 7 (Ajtai [1], Furst, Saxe, Sipser [59], Hastad [67]). PARITY ¢ ACY. In fact, every

non-uniform family of bounded-depth circuits computing PARITY is of exponential size.
We first observe how to construct a QBF that forces a unique winning strategy.

Lemma 4. Consider the QBF x1,...,x,V2. (2V @) A (—2V —dy), where ¢y is a propositional
formula depending only on the variables x1, . .., xy. Let f : 2" — {0, 1} be a Boolean function
that returns 1 iff ¢y evaluates to true. Then there is a unique strategy for the universal player for z,

which is z < f.

! The parity function determines if the number of true variables is odd (& denotes exclusive-or).
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Proof. The strategy for z may only depend on the variables x1, . . ., x, and it must be so that the
matrix evaluates to false under the given assignment g to the z; variables. By inspecting the matrix,

z must be set to 0 whenever ¢ ¢ evaluates to 0 and the other way around. g

We will now use this idea specifically for the parity function. Consider the QBF
@ =3IXVIT.(FTANF7)

where F'* is a CNF encoding of 2z V PARITY(X ) and F'~ encodes —z V —=PARITY(X). Both F'™
and '~ use additional variables in I". More precisely, for N > 1 define QPARITY  as follows. Let
xor(o01, 02, 0) be the set of clauses {—01 V =02 V =0, 01 V 02 V =0, =01 V 02 V 0, 01 V =02 V 0},

which defines o to be 01 P 0.

Definition 6. Define QPARITY y as
N
Jz,...,an VeI, ... tn. xor(21, 22, t2) U U, g x0r(tiz1, i, ti) U {2 Vin, 2V —tn}.

Note that since we want to encode parity in CNF, i.e. a bounded-depth formula, and PARITY ¢ AC,
we need to use further existential variables (recall that existential AC® characterises all of NP).
Choosing existential variables t; to encode the prefix sums x1 & - - - © x; of the parity x1 B - - - PN

provides the canonical CNF formulation of parity.

To use the lower bound of Theorem 7 we need to verify that QU-Res enables strategy extraction

in AC®. This holds as decision lists can be turned into bounded-depth circuits.
Lemma 5. If fp can be represented as a polynomial-size decision list D, then fp € AC’.

Proof. Let S = {i| (t;,1) € D} be the indices of all pairs in D with 1 as the second component.
Observe that fp evaluates to 1 under p iff one of the ¢; with ¢ € S triggers under u. For each ¢;
with ¢ € S construct a function f; = ¢; A /\};i —t;. Construct a circuit for the function \/ie g fis

which is equal to fp and is computable in AC as all ¢; are just terms. O

We can now put everything together and turn the circuit lower bound of Theorem 7 into a lower

bound for proof size in QU-Res.
Theorem 8. Any QU-Res refutation of QPARITY y is of exponential size in N.

Proof. By Lemma 4 there is a unique strategy for the variable z in QPARITY p;, which is the PARITY
function on N variables. From Theorem 6, there is a polynomial-time algorithm for constructing
a decision list Dy from any QU-Res refutation of QPARITY . Dy must be a decision list
computing the parity function. Such decision list can be converted in polynomial time into a circuit
with bounded depth by Lemma 5. Due to Theorem 7 the bounded depth circuit and the decision list

computing parity must be of exponential size in V. O

In contrast to this lower bound, the parity formulas are easy in VExp+Res.
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Lemma 6. The formulas QPARITY y have polynomial-size ¥ Exp+Res refutations.

Proof. Instantiate all clauses in both polarities of z, which generates the clauses xor(z1, 2, tg/ U
0 0 0 1 1 1
Ui]ig XOI"(tl/Zi,l‘Z, l/z) U {t /Z} and XOI"(:L‘l,{L‘Q,t2 A u UZ 3X0r(tl/i,ajz, l/z) U {-t /Z}.
Inductively, for ¢ = 2,..., N derive clauses representing ti/ & ti/ . This lets us derive a

contradiction using the clauses to/ and tl/ ? O

Theorem 8 together with Lemma 6 immediately give the following separations.
Corollary 2. Q-Res and QU-Res do not simulate ¥V Exp+Res, IR-calc, IRM-calc.

This also has consequences for the complexity of strategy extraction in YExp+Res.

Corollary 3. Winning strategies for YExp+Res cannot be computed in AC. This even holds when
the system ¥ Exp+Res is restricted to formulas with constant quantifier complexity.

Proof. The formulas QPARITY p have polynomial-size VExp+Res refutations by Lemma 6. Hence
we cannot extract strategies in ACY as these would compute parity. O

Note, however, that strategy extraction for VExp+Res and in fact even IRM-calc is in P due to

Theorem 2.

5.2 Extending the Lower Bound to LD-Q-Res and LQU"-Res

We now aim to extend the lower bound from the previous section to stronger QBF proof systems

using long-distance resolution. For this we cannot directly use the strategy extraction method from

the last section. In fact the formulas do not work as a lower bound as we show in Theorem 9.

However, we will slightly modify the parity formulas and then reduce the hardness of those in the

stronger systems to the hardness of QPARITY in Q-Res. As the modified formulas remain easy for

VEXxp+Res, these lower bounds imply many new separations between the proof systems involved.
We first show that short proofs exists in LD-Q-Res for QPARITY.

Theorem 9. There are O(N) length LD-Q-Res refutations of QPARITY y.

Proof. We can utilise long distance resolution to merge the polarities of the z literals.

[znVEn—1V—tn| }:ﬂ]{wnvﬂtn 1Votn| [ oZnVin-1Vin| [—2vote|  [znVate-1Vie|

anZ\/tn 1 —\Z‘n\/zv—\tn 1 V2V, — 1] [J:n\/—\z\/—\tn 1]

We can inductively use z* V t;, z* V —it; to derive z* V t;_1,2* V =t;_1 for 1 < i < n.

z;Vt; 1Vt sz\/_‘tz 1\/—'t| |—'!E¢\/ti_1\/ti| |z*V—|ti| |337,‘\/—'ti—1\/ti|

LL‘ZVZ Vi;— 1 ﬁzl\/z V-t;—1 ﬁJLL'\/Z*Vti_l] [:L‘iVZ*\/ﬁti_l]
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And finally we can derive the empty clause.

|$1V962Vﬁt2| }%l ﬁxlvﬁmvﬁtzl |$1Vﬁ$2th| |z*\/ﬂt2| |ﬁx1V:c2\/t2|

[331\/x2Vz*] [—\xl\/—'zg\/z* [—mlv;tg\/z*]

The DAG-like nature of these proofs gives a linear size. O

In order to separate LD-Q-Res and VExp+Res we need a new set of formulas. For this we
consider a variant of the parity formulas. Let xor;(01, 02, 0, z) be the set of clauses {z V =01 V
=03 V 70, 2V 01 V o2 V =0, 2V —01 Vo2 Vo, zV o1V —ogV o} (xor; defines o to be equal to
01 @ o0z if z = 0). The formulas LQPARITY  are constructed from QPARITY p; by replacing each

occurrence of xor(. .. ) by two copies xor;(. .., z) and xor;(. .., —z), yielding

N
1, ..., xnV2z3te, ... ty. xOT)(21, T2, T2, 2) U U xory(ti—1, Ti, ti, 2)
i=3
N
U xory(z1, T2, ta, 72) U U xory(ti—1, i, ti, z) U{z Viny, -z V -tn}.
i=3

It is easy to verify that the same arguments as for QPARITY in Section 5.1 also apply to LQPARITY,
yielding:

Proposition 1. The formulas LQPARITY y have polynomial-size ¥ Exp+Res refutations, but re-

quire exponential-size Q-Res refutations.

We now want to show that LQPARITY is hard for LD-Q-Res by arguing that long-distance
steps do not help to refute these formulas. In the next two lemmas we will show that this actually
applies to all QBFs @ meeting the following condition.

Definition 7. We say that z is completely blocked in a QBF @, if all clauses of @ contain the

universal variable z and some existential literal | such that Iv(z) < lv(l).

Lemma 7. Let @ be a QBF and z be completely blocked in . Let further C be a clause derived
from @ by LD-Q-Res. If C contains some existential literal | such that Iv(z) < lv(l), then z € C,
-z C,orz*e(C.

Proof. We prove the lemma by induction on the derivation depth. The base case is established by
the clauses in the matrix of @ due to the condition that z must be in all matrix clauses and also that

all these clauses contain some existential literal that blocks z.
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The hypothesis is preserved by V-reduction because a literal over z cannot be V-reduced if the
clause contains an existential literal [ with 1v(z) < 1v(l).

Consider now two clauses C7 = D; V x and Cs = D5 V —x resolved into the clause C'5. If
('3 contains some literal [ such that Iv(z) < 1v({), then one of C7, Co must contain [ and from

induction hypothesis it must also contain the variable 2z, which then appears in C’s. a

Lemma 8. Let @ be a QBF such that z is completely blocked in ¢ and let 7 be a refutation of
such that the variable z is V-reduced as early as possible. Then the derivation of the empty clause

in w does not contain z* in any of its clauses.

Proof. Assume that we have a clause C' in 7 that contains z*. We will argue that C' is not necessary
to derive the empty clause L, i.e., there is no path in 7 from C' to L. Since z* does not appear in
any of the matrix clauses, there must be a resolution step where it is introduced. Consider any such
two clauses C1 = D1 Va V zand Cy = Dy V —x V =z resolved into C' = D3 V z*. From the
assumption that V-reductions are carried out as soon as possible, in both clauses C'; and Cs there
must be some literals that block z and —z, respectively. From the conditions on LD-Q-Res, x or
—z cannot be the blocking literal (it must be that Iv(z) < 1v(z) upon merging). This means that C'
contains at least one literal b that blocks z*.

Now we argue that b cannot be resolved away. For contradiction assume that there is a resolution
step of some C” and D on b where there is a path from C to C’. Moreover, let that be the first
resolution step on b, i.e., b appears in all clauses on the path between C' and C’. From Lemma 7, the
clause D must contain a literal on the variable z. But this contradicts the conditions of LD-Q-Res
because resolution steps are not permitted on literals b with 1v(z) < 1v(b) if one of the antecedents
contains a merged literal z* and the other contains some literal on z. This means that C' does not

participate in the derivation of the empty clause 1. O
This enables us to prove the hardness of LQPARITY in LD-Q-Res.
Theorem 10. Any refutation of LQPARITY y in LD-Q-Res is exponential in N.

Proof. Any LD-Q-Res refutation 7 can be translated in polynomial time into a refutation 7’ such
that V-reductions are carried out as soon as possible (such a refutation has clauses that are equal to
the clauses of 7 or some universal literals are missing). From Lemma 8, the derivation of | in 7’
contains no occurrences of the merged literal z*, hence any such clauses can be removed from the
refutation. Therefore 7’ is in fact also a Q-Res refutation. Hence, m must be exponential in N due

to Proposition 1. g
Theorem 11. There are O(N) length LQU™ - Res refutations of LQPARITY y.

Proof. We simply derive the clauses in xor (o1, 02, 0) from xor;(01, 02, 0, z) and xor; (o1, 02, 0, —1z)
by resolving the clauses on z. In other words we can derive QPARITY p; from LQPARITY y; in an
O(N) length proof, then we use Theorem 9 and the fact that LQU™-Res simulates LD-Q-Res to

complete our short proof. O
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Our next goal is to extend the lower bound for the parity formulas to the system LQU™"-Res,
which enables both long-distance and universal resolution. For this we must again modify the
formula QPARITY, using a similar technique as in [11]. The trick is essentially to double the
universal literals so they form tautological clauses when resolved. This way resolution on universal
variables does not give any advantage.

We define formulas QUPARITY py from LQPARITY y as follows: replace the universal quantifier
Vz by two new quantifiers Vz1Vzs and replace all occurrences of the literal z by z; V 22 and likewise

of =z by =21 V —z9. This gives the formulas QUPARITY y,

A1, ..., xNVz21, 203t0, . ..ty x0T, (21, T2, ta, 21, 22) U
N
U x0ry (ti—1, T;, i, 21, 22) U x0Ty (21, T2, t2, 721, 722) U
i=3
N
U Xoru(ti,l, T, i, D21, —\2’2) U {Zl VzoVin,—2z1 V2V —|tN},
=3

where xor,, (01, 02, 0,1, l2) is the set of clauses
{ll\/lg\/—@l V=09V —0,l1 VIgVoi VoV —o,li ViV —01VorVo, ll\/lQVOl\/_‘OQ\/O}.

It is clear that these formulas are false as the universal player should play both z; and 29 as they
would z in QPARITY.

We will now assume that in an LQU™-Res refutation we V-reduce immediately. It is easy to
verify that this does not increase proof size (cf. also Proposition 1 in [11]). For QUPARITY we now

show an analogous result to Lemma 7.

Lemma 9. Let C be a clause in an LQU™ - Res refutation of QUPARITY y where V-reduction steps
are performed as soon as possible. If C' contains some existential literal | such that 1v(z2) < lv(l),

then either 21,z € C, or —z1,29 € C, or z5 € C.

Proof. The proof is the same as for Lemma 7, except for the possibility of universal resolution
steps. As V-reductions are required to happen immediately, in our induction hypothesis we know
that a z; literal can only occur together with the corresponding z» literal. Therefore resolving on z;
removes this variable and merges the complementary 2 literals; hence we get the 25 literal.

The merged literals cannot be pivots, neither can z5. This holds because we know by induction
hypothesis that when 22 appears unmerged, then also z; appears unmerged with the same polarities.
Hence resolving with z; as the pivot would merge z;, which is illegal due to the index restriction.

O

We now argue that neither long-distance nor universal resolution steps help to refute QUPARITY.

Lemma 10. Any LQU" -Res refutation of QUPARITY y does not contain any clauses with z} or

z5 or any application of resolution on universal pivots.
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Proof. We first argue for z3. Let z5 € C. As we assume that V-reductions are performed immedi-
ately, the literal 23 is blocked by an existential literal [ when 23 is created in C by a long-distance
resolution step. Then [ cannot be removed from C by resolution as any clause with —/ in it contains
a literal over 22 by Lemma 9. Also 235 cannot be removed via universal resolution. So the empty
clause can never be derived from any clause containing z3.

Let us now argue for 2] and assume 2] € C' If 2] is introduced into C' by resolving clauses D
and D, the literals z; and —z; in D and D5, respectively, must be blocked by existential literals.
Therefore by Lemma 9, the clauses D and D5 also contain 2z and —z9, respectively. Hence also z3
is introduced into C' and we get back to the previous case.

Finally, universal resolution steps cannot be performed when deriving the empty clause. For
universal resolution on z;, using again Lemma 9 together with the assumption of performing
V-reductions as early as possible leads to the introduction of 23, and we again get back to the case
above.

No resolution on 29 is possible as from Lemma 9 it would cause both literals of z; to be merged,

which is illegal due to the index restriction in long-distance resolution over universal variables. O

This immediately implies the hardness of QUPARITY for LQU™-Res because by the previous
lemma any LQU™ - Res refutation of QUPARITY y is a Q-Res refutation, which by Theorem 8 is

exponential in size.
Theorem 12. QUPARITY y require exponential-size refutations in LQU™ - Res.

As QUPARITY y still remains easy for VExp+Res in a proof similar to Lemma 6 we get the

following separations.
Corollary 4. LQUT - Res does not simulate ¥YExp+Res, IR-calc, and IRM-calc.

In Chapter 6 we complete the remaining separations using a counting argument on the formulas
from [77], rather than the strategy extraction technique used here. On the other hand, we find that

strategy extraction can be used in a much wider context, this is explored in Part III.
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Chapter 6

Lower Bounds for Q-Res and Expansion
Calculi

While the strategy extraction technique from the last section is very effective for CDCL systems, it
does not yield lower bounds in expansion systems. For the strong system IR-calc we know that the
strategy extraction method on AC? circuits is not directly applicable.

Therefore, to obtain such lower bounds, and separations in turn, we need to use different
techniques — and in fact different types of formulas. We obtain an exponential lower bound for
the well-known formulas KBKF of Kleine Biining, Karpinski and Flogel [77] in IR-calc. In the
same work [77], where Q-Res was introduced, these formulas were suggested as hard formulas for
Q-Res. In fact, a number of further separations of QBF proof systems builds on this [11,53]. Here
we show in a technically involved counting argument that the formulas are even hard for IR-calc.
As IR-calc simulates Q-Res we obtain as a by-product a formal proof of the hardness of KBKF in
Q-Res.

KBKF was shown to be easy for long-distance Q-resolution [53] and thus via simulation does
not provide a lower bound for the stronger IRM-calc calculus. Instead we use the modified KBKF)
formulas from [11], to show a lower bound for IRM-calc that build upon our result for IR-calc.

This chapter is organised in the following way. We first introduce the KBKF formulas and their
previous applications (Section 6.1). We then show a lower bound for IR-calc (Section 6.2) and then
extend this bound to even IRM-calc (Section 6.3).

The work in this chapter appeared at the 32nd Symposium on Theoretical Aspects of Computer
Science [19].

6.1 The QBFs of Kleine Biining, Karpinski and Flogel

We present a proof complexity analysis of a well-known family of formulas KBKF(¢) first defined
by Kleine Biining et al. [77]. In this chapter we prove that the KBKF(¢) formulas are hard for
IR-calc, which is stronger than Q-Res (Corollary 2). This provides the first non-trivial lower bound
for IR-calc, and further even separates the system from LD-Q-Res.

KBKF(¢) has prefix 3yo,y1,0,y1,1 V21 3Y2,0, y2,1 VT2 ... Vi1 Y0, ye1 Vo 3f1 ... fr and

matrix clauses

C- ={~wo} Co = {yo, ~y1,0, 71,1}

C? = {¥i,0, i, Wi+1,0, Wit1,1} CF = {wi1, 7i, ~Wit1,0, i1} fori € [t — 1]
CY ={yro e, ~fro- 2 fed O ={yer, e, ~frs . fe)

F? = {x;, f;} Fl = {~z;, fi} fori € [t].
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Let us verify that the KBKF(¢) formulas are indeed false QBFs and — at the same time —
provide some intuition about them. The existential player starts by playing yg = 0 because of clause
C_. Clause C forces the existential player to set one of y1,,%1,1 to 0. Assume the existential
chooses 41,0 = 0 and y;,1 = 1. If the universal player tries to win, he will counter with z1 = 0, thus
forcing the existential player again to set one of ¥ ¢, 2,1 to 0. This continues for ¢ rounds, leaving
in each round a choice of y; 0 = 0 or ;1 = 0 to the existential player, to which the universal
counters by setting x; accordingly. Finally, the existential player is forced to set one of fi,..., f; to
0. This will contradict one of the clauses Y, Fl, ..., F?, F}, and the universal player wins.

It is clear from this explanation, that the existential player has exponentially many choices and

the universal player likewise needs to uniquely counter all these choices to win.

Theorem 13 (Kleine Biining, Karpinski, Flogel [77]). A Q-Res refutation proof of KBKF (t)
that requires each resolution step to resolve with a positive existential unit clause (a clause that

contains exactly one existential literal which is positive) is at least of size 2°.
This kind of refutation is called a Q-unit-resolution refutation. The argument is as follows:

Proof. We take the induction hypothesis on 0 < ¢ < ¢ that any derivable existential unit clause
containing y;—; . for ¢ € {0, 1} must contain a universal literal for every variable x; when0 < j <
t — i and also requires a derivation with 2’ existential unit clauses each containing ;_; if ¢ = 0 or
—xp_; if c = 1.

Base case: Positive literal y; . only appears in clause Cf. In order to remove — f}, literals they
must be resolved with one of the F,? or Fk1 clauses, either one will introduce a x; or —x; respectively,
which if ¢ < t cannot be removed until y; . is also gone. The corresponding x;_; is present in
the resolvent once all negative literals are removed (it must agree with CY), it can be reduced
immediately afterwards.

Inductive step: Any derivation of a positive existential unit clause containing y;_; . must use
the clause Cf_; = {Yt—ic, (7)Tt—i, "Yt—i+1,0, ~Yt—i+1,1} as this is the only possible source of the
positive y;_; .. Clause Cf_, must be resolved with an existential unit clause which is required to
contain y; ;1,0 or y—;—1,1. Each of these contains every variable x; for 0 < j < ¢ — 1 and requires
derivations the size of 2/~ 1. Each of these derivations will have a different ;_;, 1 literal. So when
resolution is performed, to remove both negative literals, the size must be at least 2¢. Note that in
each of these 2¢ unit clauses there must be a x;_; literal and it must always be the one that agrees
with the induction hypothesis as that is necessary to resolve with Cy_,. Afterwards only x;_; can be

reduced so the clause must contain a universal literal for every variable z; for0 < j <t —i. 0O

The essence of this lower bound generalises to an exponential lower bound for Q-Res and
eventually stronger calculi (Theorem 16). In contrast the KBKF(¢) formulas have short proofs in
QU-Res and LD-Q-Res.

Theorem 14 (Van Gelder [116] ). KBKF (t) has polynomial-size proofs in QU-Res.

Proof. We can derive the unit clauses { f;} using universal resolution.
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{xi, fi} {—zs, fi}
{fi}

With these we can resolve with CP or C} to derive {y;0,7:} and {y: 1, ~x:} and by universal

reduction we derive {y; o} and {y; 1 }. Inductively we use {y;+1,0} and {y;41,1} to derive {y; o}
and {y;1}.

{Yi.0, Tis 2Yit1,0, 7Wit1,1 ) {Wit10}
{vio, zi, ~yig11} {yiv11}
{yz‘,o, Iz}
{vio}
{1, 2%i, ~Yir1,0, Yiv1,1} {yiv1,0}
{yi71a i, ﬂyi+171} {yi-i-l,l}
{yin, i}

{yi,l}

Finally with y1 ¢ and y1,1 we can derive the empty clause.

{yo0, ~y1,0, 1,1} {y10}
{yo, ~w1,1} {y11}

{vo} {—vo}
T

Theorem 15 (Egly, Widl [53]). KBKF (t) has polynomial-size proofs in LD-Q-Res.
Proof. First we can make the following derivations:

{yt,07$t7f17"'7ﬁ} {xt7ft}
{yt,07xt7 fla ) ft—l}

{yt,lvjtvflv"‘v‘ft} {jt)ft}
{yt,17jt7f1> . '7](_‘1571}

Next, we inductively derive the clauses

{yi,o,u’ﬂi,%fﬂ . '-x?’fl - ﬁfl}a {?Ji,l,ifi,flrl oy, fl e fifl}
for decreasing .

{vi,00 %, Yit1,0, Jit1,1} {yiv1,00@it1, @i yo- - af, f1-.. fi}

{yi,0, i, “Yit1,1, Tit1, @i o @i, f1.. - fi} {vit1,1,Big1 @7y g - af, f1... fi}

{vi,0, @i, @iy xf f1o. fi}

{vi,o, @i @fyr - @i, 1o fi} {zi, fi}

*

{vi,o, @i, @fyy - @i, fioo fica}

{Yi,1, @i, Jit+1,05 Fit1,1} {yir1,00@it1,@iyo- - af, f1-. fi}

{yi, 1, i, “Yig1,1, Tit1, @iyo - xf, f1o . fi} {vit1,1,Big1 @i yg .-}, f1-.. fi}

{vi,s @iy aiyy - oaf, fio. fid
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{vin, @i, @fpy @i, i fid {z;, fi}

{vi, 2, @iy 2f, fioo fica}

And finally derive a contradiction.

{y1,0’$17$3 .- 13:}

{yo, 71,0, 71,1} {y1,0} {y1,1,&1,25 ... x;}
{yo, ~y1,1} {y1,1}
{yo} {Bo}
1

6.2 A Lower Bound in IR-calc for the Formulas of Kleine Biining et al.

We move on to the IR-calc lower bound argument, firstly we use a key property of these formulas.
Syntactically, KBKF(t) are existential Horn formulas, i.e., they contain at most one positive
existential literal per clause. In fact, they even have a stronger property: C'_ is the only clause
without a head (a positive existential literal).

We will strengthen this in the next lemma by a simple modification such that now all clauses

have a head.

Lemma 11. We can transform every IR-calc refutation m of KBKF(t) into an IR-calc proof 7' of
yo from G(t) = KBKF(t) \ {—yo}. We perform this by:

1. deleting every instance of the axiom {—yo}, and removing the steps where yy is a pivot;
2. replicating all other steps, using the same rules, same pivots and same annotations when

instantiating.

Proof. The proof is immediate, observing that yg cannot gain annotations and the only rules
applicable on y are resolution rules between the axiom {—yo} and clauses containing yo. Thus

instead of the empty clause we derive {yo}. O

After this transformation, which preserves proof length, we can focus on proofs of yy from
G(t) = KBKF(t) \ {—yo}. Exploiting that all axioms now contain exactly one positive literal we
show a number of invariants, which hold for all clauses in all IR-calc proofs of the formulas.

Let C be an annotated clause in an IR-calc proof of yo from G(t). Then the following invariants
hold for C.

Invariant 1 C has exactly one positive literal y;:‘a or f;;‘ for h <t (or yg with no annotation). We
call this unique literal the head of C' and use the indices h and a also in the following invariants to

denote its position as well as A for its annotation.

Proof. Invariant 1 as well as all further invariants is shown by induction on the number of steps to
derive C.

Invariant 1 holds in the base case as we no longer have {—yo} present in the axioms.

For the inductive step we only need to consider the resolution case as annotations do not affect

the polarities of the literals.
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Suppose C' is derived from resolving D; and Dy with pivot z. Without loss of generality let z
be positive in Ds. Then Invariant 1 holds for C' as there are two positive literals between D; and

D>, but the head z of Dy gets removed by resolution. g

The next invariant states that when we order the literals in the clause by the prefix, the head,

that is the positive literal, appears leftmost. Note that item 3 is for the benefit of Section 6.3.

Invariant 2 Let j € [t], b € {0, 1}, and B be some annotation.

1 Ify;?a is the head of C and ﬁyfb € C then j > h.
2. Iff,fl is the head of C then there is no ﬂyfb eC.
3. Iff;;‘ is the head of C and —|ij € Cthenj > h.

Proof. Invariant 2 holds in all axioms.

For the inductive step we only need to consider the resolution case as annotations do not affect
the indices of the literals. Let C' be derived from resolving D and Ds.

Assume first that the resolved variable is yf . in D3. By induction hypothesis we know that
y;ia or yg of C is the head of D1, but we can ignore the case of . If we have a negative literal
ﬂyfb € C, then ﬁyfb € Dyor ﬂyfb € Ds.If in D then 5 > h by Invariant 2 for D;. If in D5 then
7 > k by Invariant 2 for Ds. As —|y£ . € Dy we get k > h again by Invariant 2 for D;. Therefore
7 > h and Invariant 2 holds for C'.

If the resolved variable is f,f € D5 then by induction hypothesis we only add negative literals
- ff from D; with b > k. In order to falsify the invariant we would need f;;‘ € D as the head, but
then we know h < k < b, satisfying the invariant. O

The next two invariants explain how the annotation of the head determines all further annotations

in the clause.

Invariant 3 If positive literal f;7 € C then the following two conditions hold: x; € dom(7) and

all literals in C' have exactly the same annotations.

Proof. This is true in all axioms, and these annotations cannot be removed in the inductive step. We
can only alter the annotations uniformly by instantiation. Suppose we have that C'is the resolvent of
D1 and Ds. Using Invariant 2, any resolved variable is = f;” € D; and must resolve with a clause
where all literals have the same annotations as well, hence C' has the same annotation in every

literal. U

Invariant 4 Ify;ia is the head of C and ifﬂyfb e C (or ﬁfJB € C), then AU{a/zp} C B, where
all extra annotations in B are of the form cy/xy, for k > h. In other words the head literal y;?a

determines all annotations up to xy,.

Proof. For the base case we only need to consider the axioms C; with negative existential literals.

The head of C7 is y; . and there are no universal variables in the clause of lower level than the head,
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hence its annotation A = (). The axiom is instantiated so that ¢/z; is added to the negative literals,
hence we satisfy the invariant.

For the inductive step, suppose first that C' is derived from instantiation of clause D. By
Invariant 2 we know that y,{i ., 18 the lowest level literal in the clause D. Any annotation involving x;
with [ < h is therefore both added to A and to the annotations of all other literals.

Now suppose C' is derived from resolving D; and Dy. Without loss of generality the pivot
appears positively in Dy. We again use the fact that the head y,ﬁ{a of C'is also the head of Dy. If
negative literal 2% € C comes from D; then A U {a/z},} C B by Invariant 4 for Dj.

If, on the other hand, negative literal —zB € C comes from Ds, then we consider the nature of
the resolved variable. We first let the resolved variable be y}g . in Dy. Then E U {e/z} C B by
Invariant 4 for Dy. However, as —|y£€ € Dythen AU {a/xp} C E C EU{e/x} C B. Likewise
for an annotation in B of level lower than Iv(yy, o), it must be in £ and hence in A.

If the resolved variable is f then E = B by Invariant 3, but since A U {a/x;,} C E we are
done. O

Invariant 5 If—|ijb € C then forall k, h < k < j there is ¢, € {0, 1} such that ci/xy, € B.

Proof. Invariant 5 holds in the axiom case and is unaffected by instantiation.

Now suppose C is derived from resolving D; and Dy. Without loss of generality the resolved
variable is zZ in Ds. All literals in C' that come from Dy already fulfil Invariant 5. Now we can
branch on the nature of variable z.

If 2E = yf’e then for the literals coming from D, we use Invariant 4. Since ﬂyge € Dy the
annotation F already contains all the necessary assignments for head yfl{ .- Butsince EU {e/x;} C
B for any ﬁyfb € Do, then together with Invariant 5 for Dy, these literals have the required
annotations for the new head y,‘i o

If the resolved variable is ka , then we do not add or remove any y literals. Hence the induction

hypothesis is preserved. g
Invariant 6 IfﬁyJBb € C with j < t, then there is no ﬁyde € C such that BU {b/z;} C D.

Proof. We start with the base case for which we consider the axioms. Invariant 6 holds, because C
and all C'f with j < ¢ are the only clauses with negative existential literals, these are all of the same
level.

For the inductive step there are two possibilities: either C is derived by instantiation or by
resolution. Suppose first that C' is derived by instantiation of clause D. We know from Invari-
ants 2 and 5 and induction hypothesis that for any ﬁyfb € D and ﬁylg . € D with k > j there is
some ¢/x; € BU{b/x;} suchthat (1—c)/x; € E and this conflict does not change by instantiation.

Now suppose C' is derived from resolving Dy and Ds. The important case is when the resolved
variable is y,? . in Dy. We need to check that if ﬁyfb € D; and ﬂyf ;€ Dy, then there is some
conflict in the annotations (by using Invariants 2 and 5 for C'). By Invariant 6 for D; we know that
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there is some ¢/x; € BU{b/x;} such that (1—c)/x; € E. By Invariant 4 we have EU{e/z} C F,
hence (1 —¢)/x; € F.
The case where the resolved variable is fk,E is simpler. We do not add or remove any y literals

so the induction hypothesis is preserved. O

0/x2,1/%x4,0/x5,1/x6,1/27
Y81

——
0/x2,1/%x4,0/x5,1/x6,1/27
/ —|y8’0

/ 0/X2,1/X4,0/X5,1/x6,0/337
Ys 1
0/x2,1/X4 _— O/Xz,l/X4,0/X5,1/(£6,0/:B7,0/:E8
Ys —f3

~ —
ﬁy()/xz,]./X4,0/X5 _‘fi)/xz,1/X4,0/X5,1/£6,0/£B7,0/(E8

)

Fig. 23. Structure of an example clause in an IR-calc refutation of KBKF(8)

In order to provide some intuition on the proofs of KBKF (¢)\{—yo}, we will illustrate how the

invariants allow us to study clauses as binary trees.

Example 11. Consider Figure 23. The literals are labelling a tree that branches on the variable index
and annotations. By Invariant 1 there is only one head of the clause and we place it at the root of the
tree. We branch by increasing the index i of the literals y; ., which will make all negative literals
descendants of the root by Invariant 2. In bold we highlight Invariant 4. The remaining annotations
must be present by Invariant 5, but we have two choices for each annotation, plus a choice of ¢ for
Yi.c. We use these choices to construct a binary tree. Notice that none of the internal nodes produces
a literal: this is prevented by Invariant 6.

Hence the positive literal is the root and the negative literals are the leaves. We can imagine
instantiation of clauses to increase the bold part of the annotations and resolution on ¥ literals to

merge two different trees on leaf and root to form a new tree.

We will now give the overall idea of our lower bound argument. For a clause C' we define a
set X'(C') of annotations associated with C'. Our lower bound argument then rests on counting the
set X (C') as we progress through the proof. More precisely, we show that axioms have empty X
(Lemma 12) and that instantiation steps do not add any new elements to ' at all (Lemma 15). In a
resolution step %, the set X(C') either equals X'(D;) U X(D3) or grows by exactly one new
element (Lemma 16). In some sense, we only make progress in the proof in the latter case, and
we need exponentially many resolution steps of this kind. Putting everything together, we find that
by the end of the proof we must have collected all the exponentially many annotations in X (yo),
implying an exponential lower bound to the proof length (Theorem 16).

We now give the details of the formal argument. We start with the definition of 2/, which we

will first define for annotated variables and then for clauses.
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Definition 8 (X for variables).

1. We define X(yo) as the set of all complete assignments to variables x1, . . ., Ty.

2. For yfb with dom(B) = {z; | i < j} we define E(yfb) ={X € Y(y) | BU{b/z;} C X}
Invariant 6 ensures that if —\yfb and —\ylg g appear together in a clause, then X (yfb) ny (y,? ) =
0.

3. For fJB with a complete assignment B, we define X( fJB ) = { B}, otherwise if B is not complete
we set E(f]B) =0.

We now extend this definition to clauses, which we first classify into three types.
Definition 9. We class C' a clause in the proof of G(t) as follows:

— Type I clause: The head of the clause is fZA
— Type 2 clause: The head of the clause is y;?a and there is some xj with j < h where x; is not

given a value in A.
— Type 3 clause: Any other clause. These will have head yg or y;ﬁ o Where forall j < h, x; €

dom(A).
Definition 10 (X for clauses). Let C' be a clause in an IR-calc proof of yo from G(t).

1. When C'is a type-1 or type-2 clause we set X(C) = ().
2. For a type-3 clause C with head y we set X(C) = X(y) \ (U_jec 2(0)).

Remark 2. For a type-3 clause C' we have the following properties of X(C):

— We only remove an annotation when it was originally added from the presence of the head y,‘:"a
(or yp). This is true by Invariant 4.

— Unless for some 0 < j < ¢ we have — ij € C, we only remove an annotation X at most once
from X'(C'). This holds by Invariant 6. If — ij € Cfor0 < j < t, then X can be removed from
X up to ¢ times in total by —f;X € C.

An important fact is that for axioms we get empty ) as we verify in the next lemma.

Lemma 12. For each clause C € KBKF(t) \ {—wo}, instantiated as an IR-calc axiom C?, we
get X(CP) = (.

Proof. For axiom Cj we first add all annotations to X, but then due to the presence of —y; o and
—y1 0 remove all annotations starting with 0/z; and 1/z1, respectively. This results in X(Coy) = 0.

Using CY = {y1,0,%1, Y20, Y21} as an IR-calc axiom results in {y; o, ﬂyz ‘0 ,ﬂyg/lxl}.
Computing X' of this clause, we first add all annotations starting with 0/x1, but then remove
all annotations starting with (0/x1,0/2z2) and (0/z1,1/x2), yielding again empty Y. Analogous
reasoning applies to C7.

When using clauses C?, C} with 2 < i < ¢ as IR-calc axioms, we obtain type-2 clauses, which
have empty X' by definition. The remaining clauses Ct Y C 1 give rise to type-1 clauses, again

with empty 2. O
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It will be crucial for our lower bound argument to understand how X'(C') changes when we go
through the clauses C' in the proof. For this we first need two technical lemmas on the structure of
IR-calc proofs of KBKF(¢) \ {—yo}.

Lemma 13. In an IR-calc proof from G(t), a type-2 clause cannot be resolved with a type-3 clause.

Proof. Suppose we have a resolution step between a type-2 and a type-3 clause. We can deduce
that the resolved variable is ykE .» otherwise one of the clauses is a type-1 clause.

The resolved variable has a complete annotation as, by Invariants 4 and 5, type-3 clauses have
them for literals ﬁyfe. However, this means that, by Invariants 4 and 5, the head of the type-2 clause

also must have a complete annotation, contradicting our assumption. O

Lemma 14. Let C be a type-2 or type-3 clause in an IR-calc proof from G(t). If — fJB e C and
ﬂle ¢ C with j,1 > 0, then there is an annotation of x; in B.

Proof. We proceed by induction on the number of lines to derive C. The base case is vacuously
true as all — f; literals get introduced in the same axioms.

For the inductive step, we distinguish whether C' is derived by instantiation or by resolution. If
C is derived by instantiation of D we do not lose any annotation, so the hypothesis remains true. If
C is derived by resolving D1 and Do, the claim still holds if the resolved variable is different from
any le . If we resolve on le then Dy is a type-3 clause and by Invariant 3, x; appears in B and any

other annotation of a literal introduced by Ds. O

The next two lemmas are the key to our lower bound. We show first that the set 3 is not affected by

instantiation steps. In Lemma 16 we will then analyse how Y’ changes in a resolution step.

Lemma 15. Suppose in an IR-calc proof from G (t) we instantiate clause D to get clause D'. Then
X(D) 2> X(D").

Proof. If D is a type-1 clause it remains a type-1 clause under instantiation. Hence X'(D’) remains
empty.

If D is a type-3 clause it has complete annotations in its head, and this is unchanged by
instantiation. Moreover, by Invariant 5, every ﬂyfb € D has a complete annotation, which again
is unaffected by instantiation. The only possible effect of the instantiation on type-3 clauses is
therefore that negative literals — fJB € D receive a complete annotation, which means that the
assignment B is deleted from X'(D’), thus X (D’) C X(D).

If D is a type-2 clause then the only problem arises when instantiation makes the head annotation
complete, i.e., the clause turns into a type-3 clause. In this case we will show that X'(D’) is empty,
hence X (D') = X (D) = (). By induction on the number of lines we show:

Induction Hypothesis: Let D be a type-2 clause with head y,’i ., that can be instantiated by o to
get a type-3 clause D’. Then X(D’) is empty.

For the base case, we observe that instantiating any type-2 axiom always gives empty ' by
Lemma 12. For the inductive argument we can ignore the case where D is derived by instantiation

as that instantiation could have been incorporated into o.
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Let D now be derived by resolving two clauses Dy and Dy. Assume without loss of generality
that D is a type-2 clause. By Lemma 13 the other clause D2 must be type-1 or type-2.

Suppose first that D is a type-1 clause with head f]B . Let D] be the instantiation of D; by o.
Since o gives a complete assignment to the annotations of yfb in D it must also do so in D;. We
also observe that — f]B € Dj becomes — ij € D/ under o. This will only have an effect when X
is complete, otherwise we can ignore this literal in terms of 3. By inductive hypothesis we have
XY (D)) = 0. The only result of the resolution step with D5 is the removal of the literal — fJB and
(by Invariants 2 and 3) potential replacement with other literals — flf for k£ > j. In order for this to
have any effect on the inductive claim, there can be no other — le (for1 <1<t 1+ j)in Djor
D5, nor can there be ﬁyfu € D’ such that G C B. Hence by Lemma 14, B contains annotations
forall z; with 1 <1 <'¢,[ # j. Further B contains an annotation of x; as Do must contain such an
annotation by Invariant 3. Therefore B is a complete assignment to x1, . . ., x,. By Invariant 4 this
can only happen when D; is a type-3 clause rather than a type-2 clause.

Suppose instead, Do is a type-2 clause, and without loss of generality the resolved variable y,;E
is positive in D, i.e., it is the head of Ds. Let Dé be the instantiation of Dy by ¢. Under o the
resolved variable is ykE . Since o gives a complete assignment to the annotations of the y; ; literals
in D it must also do so in Dy, i.e., D} is type 3. This holds since Dy is type 2 and therefore has a
negative literal; with Invariant 4 this implies that DY is type 3. By inductive hypothesis we therefore
have X'(D),) = (). When computing X'(D’), the lack of the negative literal on the resolved variable
means we may have additional elements only from X(y/) in X(D’). However, these were exactly
the assignments that were added by the head yflin D}, and so we know — as X (D4) is empty —
that we have the sufficient literals in D’ to remove all elements in X'(D’). We do not lose any — f jB

literals in this case, so the inductive claim holds. O

The next lemma is crucially important for the lower bound, it explains the conditions of new

elements being added to Y.

Lemma 16. Let LI denote disjoint union. Suppose in an IR-calc proof from G(t) we resolve D,
with Do to get clause D, where the resolved variable is positive in Do.

If D1 is a type-3 clause that is resolved with the type-1 clause Dy with head f]B forj >0
and there is no k > 0, k # j such that ﬂf,f € Dy nor ﬁy,ge € Dy such that E C B, then
XY(D) = X(D;)U X(Dy) U{B} = X(D;y) U{B}. Otherwise X (D) = X (D) U X(D>).

Proof. In the first case, D is a type-3 clause and Ds is a type-1 clause. Then the resolution step
removes — ij from the clause D;. The resolvent D must be a type-3 clause as all annotations
remain. Because there is no k > 0, k # j such that ~f? € Dy, we infer by Lemma 14 that B is
complete and B € X(D). All other annotations remain in X(D).

If we otherwise resolve a type-3 clause D; with a type-1 clause Ds, but there is another
- f,f € Dy, ﬂy,]i . € Dy suchthat E C B, or = f,? € Dy (by Invariant 3 this will necessarily occur
if D5 is not a singleton), then the same assignments are added and deleted in X'(D) as in X(D1)
hence X(D) = X (D;) = X(D1) U X(D3).
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Consider now the remaining cases. If we resolve a type-1 clause with a type-2 clause, then we
obtain a type-2 clause, hence Y remains empty. Likewise, resolving two type-2 clauses results in a
type-2 clause and therefore again empty 2. By Lemma 13, we cannot resolve type-2 with type-3
clauses.

Therefore the last case is when two type-3 clauses are resolved. Let Do provide the positive
resolved literal y}g .- Because y,f . is the head of Do, every annotation X € X(D) has EU{e/x}} C
X. As _'ylf/:e € Dy, the sets of assignments X'(D;) and X'(D3) are disjoint. But also there is no
annotation Y € X(D;) with E U {e/x;} C Y because of the presence of ﬂyfy . in Dy and
Invariant 6. Therefore X(D) is the union of X' (D;) and X'(Dz2) because in our adding/removing
process we only get rid of instructions from y,ﬁ . and ﬂy,ff . Which cancel, and keep all other

instructions. O
We can now deduce that all proofs of KBKF(¢) in IR-calc are of at least exponential size.
Theorem 16. All proofs of KBKF(t) in IR-calc have length at least 2.

Proof. We will show that all IR-calc proofs of yo from KBKF(¢) \ {—yo} are of exponential size.
By Lemma 11 each refutation of KBKF(¢) can be transformed into one of these in polynomial
time. Hence each refutation of KBKF(¢) must be of exponential size.

Consider now an IR-calc proof @ = (Dy, Dy, ..., Dy,) of yo from G(t) and define s; =
| U;zl XY (Dy)|. By Lemma 12, the axioms all have empty X, hence s; = 0. By Definition 10, the
set X (yo) contains all 2! complete annotations, therefore s,, = 2¢. Progressing in the proof from
the axioms to yg, we therefore build up the set X’ from an empty to an exponential-size set. If the
clause D, is an axiom or derived by instantiation, then s; = s;4+1 by Lemmas 12 and 15. For a
resolution step, we have s;,1 < s; + 1 by Lemma 16. Therefore the proof 7 contains at least 2¢

resolution steps. O

Since IR-calc simulates (Theorem 3), we get as a corollary the hardness of KBKF(¢) for
Q-Res as already stated in [77].

Corollary 5. All proofs of KBKF(t) in Q-Res are of at least exponential size.

As the formulas KBKF(t) are easy for long-distance and universal resolution [53, 116] we

obtain the following exponential separations.
Corollary 6. IR-calc neither simulates LD-Q-Res nor QU-Res.

Proof. The formulas KBKF(¢) admit polynomial-size proofs in LD-Q-Res [53] and QU-Res [116],
and therefore by the known simulations (including those shown here) also in LQU-Res, LQU*-
Res, and IRM-calc. O
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6.3 Extending the Lower Bound to IRM-calc

In the previous section we showed that IR-calc neither simulates LD-Q-Res nor QU-Res. The
stronger calculus IRM-calc simulates LD-Q-Res by Theorem 5. Therefore, in terms of the simula-
tion order (cf. Figure 22) the only question still open by now is whether IRM-calc also simulates
QU-Res. We will show here that this simulation does not hold. To do this we need formulas that
are hard for IRM-calc, but easy for QU-Res.

For this we use a modification of the KBKF(¢) formulas from the last section. These modified
formulas were introduced in [11], where they are shown to be hard for LD-Q-Res. We will show

here that they are indeed hard for the stronger system IRM-calc.

Definition 11 (Balabanov, Widl, Jiang [11]). The formula KBKF4(t) has quantifier prefix
Fyo, ¥1,0,¥1,1 V1 Y20, Y21 V22 . .. Vi1 Yp.0, Ys,1 Vor f1 . .. fr and matrix clauses

C- = {-wo}

Co = {¥0, ~¥1,0, 7¥1,1, ~f1,- -, 2 fe}

C? = {Yi0, Ti» “Wit1,00 “Wit1,1, f1, .., fe} fori€ [t —1]
Ct = {yin, i, “Wit1,0, i1, 1, o, fe} fori € [t —1]

Ctoz {yt,07$t7_‘f13"'7_'ft} Ctl :{yt,la_'xtv_'fla"'a_'ft}
F;O = {mi7fi7_‘fi+17 . '7_'ft} Fil = {_'xivf%_'fi-f-l?' . '7_'ft} fori € [t]

We first observe that these formulas remain hard for IR-calc.
Lemma 17. KBKF(t) require exponential-size proofs in IR-calc.

Proof. We define G(t) as KBKFq(¢)\{—o} and use exactly the same chain of arguments as in the
previous section to show that KBKF(¢)\{—yo} require exponential proofs of {yo}. We remark
that in the previous section we relaxed the invariants for G(t) more than was necessary, but these
are important for the KBKF, () lower bound argument to go through. This shows that KBKF,(¢)

requires exponential-size proofs in IR-calc. O

Remark 3. Note that from Section 6.2 Invariant 1 still holds as there are never two positive literals.
Invariant 3 holds as merging does not disrupt annotations as they are all identical. Invariant 4 also

holds because the role of the head does not change under merging.
We also introduce new invariants specifically for IRM-calc proofs.

Lemma 18. For any clause C in an IRM-calc proof of KBKF4(t) the following holds:

A. If positive literal y] . € C then for all j < i either xj € dom(T) or —f7 € C for some o.
B. Ifvar(f;)" € C then for all j > i either x; € dom(7) or =f7 € C with dom(r) = dom(o)

and T and o differ only where x appears.
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Proof. We prove these claims by induction on the number of lines. For the base cases it is sufficient
to observe that all the axioms have these properties.

For the inductive step, we first consider instantiation and merging steps. These keep literals and
elements already in the annotation domains, thus preserving Invariant A. For Invariant B, merging
may turn a constant value into *, but this is allowed and preserves the invariant.

We next consider resolution steps. For Invariant A, assume the head of one of the parent clauses
is y; .. We only have to consider the case when f; with 7 < i is the pivot. This means that we
resolve with a clause that contains a positive literal f7. From Invariant 3 we infer z; € dom(o).
During the resolution step the head of the clause y; . will be instantiated by ; which will give it an
annotation as j < 4.

For Invariant B, we only need to consider a loss of an f; literal for j > ¢, which is the pivot
when var(f;)” is otherwise present. In this case we must resolve with a clause that contains a
positive f7. By Invariant 3 we get x; € dom(o). During the resolution step var(f;)” will therefore

get annotated with the correct value for z;. O
Theorem 17. KBKF(t) require exponential-size proofs in IRM-calc.

Proof. We can now show the lower bound for IRM-calc. The proof uses the same technique as
in [11]. There they showed that any LD-Q-Res refutation of KBKF}, can be transformed in
polynomial time into a Q-Res refutation. Instead we show here that any IRM-calc refutation of
KBKF, can be transformed in polynomial time into an IR-calc refutation.

To do this we consider the * annotations and the merge rule. Without applications of the merge
rule in IRM-calc we essentially have an IR-calc proof (the slight change in the resolution rule will
not matter). We therefore now consider exhaustively all the possible literals that can be produced by

merging.

A positive literal [” with */x; € 7 is introduced.
A negative literal - f] with x/2; € 7 is introduced, where Vj > i, x/x; ¢ 7.
A negative literal —f] is introduced, where */x; € T.

A negative literal - f] is introduced, where 35 > i, x/x; € T.

A e

A negative literal —y;  is introduced.

We will either show, that these are impossible or are not essential and can be removed in a

polynomial number of IR-calc steps.
1. Itis impossible that there is a positive literal [” with x/z; € 7.

It is not possible to introduce a * by merging as there are never two positive literals in a clause.
It is also impossible by resolution as we would need a positive pivot with a */z; annotation. There
must be an earliest point in the proof where this occurs but by the well-ordering principle this is

impossible.

2. Literals = f* and - f]? are merged in clause C' to get = f where Vj > i,%/x; ¢ 7.
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This is possible, but here we show that we can transform this step into a number of steps that do
not require merging. If we start and repeat from the first time this appears, we can deal with 2 by
resolving — f/* and — f/? away before the merging. This is done by resolving twice with clause D
(which we will construct below) with f* and f;? as pivots. The purpose of D is to resolve while
only adding literals that are there already and not introducing any new annotations. To construct
D we first observe that by Invariant 3, C' has head y;?,b (or yp). For any j < i such that ¢/x; € 7
and (1 — ¢)/xz; € m, either x/x; € A, which is excluded by case 1, or h < j. Therefore since one
* must be created for merging to occur, h < j < i. Now consider all j > i: there may exist c;
such that ¢j/x; € 7, ¢; € {0, 1} because we are not merging on these annotations. D is created
by repeatedly resolving axiom F;* with the set of axioms A = {F jcj | j >i,¢j/x; € T} in order
of increasing j. After this D will be a clause with a f head, which will be our pivot and contains
some literals — f¢, which will later be merged with literals from C. The fact that ¢ C 71 and o C 7
means we can use f{ as a pivot literal resolving with —f* and —f;2, and in fact we do both by
reusing D.

After resolving twice with D we remove —f/* and —f* without instantiating the clause C.
There may be some additional literals — ij1 and - f jT 2 for j > ¢ from resolving with D, but similar
literals must have previously existed in C' by Invariant B. These possibly had * annotations in C,
but 0, 1 values from D, so merging can make these the same as they were in C' (but we will see
below that this is not needed as the remaining cases exclude this possibility). Thus we end up with a
subclause of C' and thus shorten the remaining proof.

We repeat this until all literals of this form have been removed. We will look at the remaining
cases to observe that we actually already have an |IR-calc refutation, as all the remaining cases are

impossible.

3. There cannot be a negative literal - f] where */x; € 7 and j = 1.
4. There cannot be a negative literal = f; where there is some j > ¢ with x/z; € 7.

5. There cannot be a negative literal —y7 . where there is some j < @ with /x; € 7.

In all the cases consider that later in the proof we must resolve this negative literal as part of
clause C' with a clause D to remove that literal. D must now have the positive version of the literal,
but it must contain no annotation on ;.

For case 3, this is impossible as by Invariant 3 it must contain an annotation on z;. In case 4
we must have f7 € D by Invariant B and so in the resolvent we have f7 " But since we instantiate
when we resolve and x; ¢ dom(o), we get */x; € o’ which takes us to case 3 again. In case 5 we
must have f7 € D by Invariant B and so in the resolvent we have f7 ". By Invariant 2 we have that
xj ¢ dom(o), hence */x; € o’ which takes us to case 3 again.

Therefore every IRM-calc proof of KBKF), can be transformed in polynomial time to a IR-calc

proof. Hence IRM-calc inherits an exponential lower bound from Lemma 17. O

In contrast, KBKF, admits polynomial-size refutations in QU-Res as shown in [11]. Therefore

we obtain the following separation.
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Corollary 7. IRM-calc does not simulate QU-Res.

It is interesting to note that the short QU-Res refutations of KBKF given in [116] (cf. Theo-
rem 14) uses DAG-like structures, reusing derived clauses. In Chapter 7 we explore a new lower
bound technique and clarify that DAG-like proofs are required for short QU-Res refutations of
KBKF.
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Chapter 7

A Game Technique and Lower Bounds
in Tree-like QBF Calculi

In the previous sections we looked closely at the different QBF analogues to resolution calculi that
were structured as the usual directed acyclic graph (DAG), and explored a new technique— strategy
extraction for finding proof size lower bounds. In this section we will now concentrate on tree-like
QBEF resolution calculi using a lifted version of the game-theoretic technique developed for classical
resolution.

This begins an investigation into lifting lower bound techniques from propositional to QBF
logic. In Chapters 8 and 9 this is continued, with different techniques. In this chapter we exhibit
a positive result, where the lower bound technique works very similarly in QBF as it did before,
although we see in Chapter 9 that not every technique can be easily lifted to QBF.

Inspired by this asymmetric Prover-Delayer game of [27-29], we develop here a Prover-Delayer
game which tightly characterises the proof size in tree-like Q-resolution. The general idea behind
this game is that a Delayer claims to know a model to a false formula, while a Prover asks for
values of variables until eventually finding a contradiction. In the course of the game the Delayer
scores points proportional to the progress the Prover makes towards reaching a contradiction. By an
information-theoretic argument we show that the optimal Delayer will score exactly logarithmically
many points in the size of the smallest tree-like Q-resolution proof of the formula. Thus exhibiting
clever Delayer strategies automatically gives lower bounds to the proof size, and in principle these
bounds are guaranteed to be optimal. In comparison to the game of [27-29], our formulation here
needs a somewhat more powerful Prover, who can forget information as well as freely set universal
variables. This is necessary as the Prover needs to simulate more complex Q-resolution proofs
involving universal variables and rules for them absent in propositional resolution.

In addition, we show that a slight modification of the game also characterises the proof size in
tree-like QU-resolution. QU-resolution is a stronger system than Q-resolution [116] (though it is
not known whether this also holds for the tree-like versions).

We illustrate this new technique with three examples. The first was used by Janota and Marques-
Silva [74] to separate Q-resolution from the system VExp+Res defined in [74] (see Chapter 4
Figure 13). We use these separating formulas as an easy first illustration of our technique. Our
Delayer strategy as well as the analysis here are quite straightforward; in fact, a simple symmetric
game in the spirit of [100] would suffice to get the lower bound.

The second example are QPARITY formulas defined in Chapter 5, where they exemplify the

new lower bound technique based on strategy extraction. In this chapter we give a completely
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different proof for the hardness of these formulas in tree-like Q-resolution based on our game
characterisation. Unlike the proof in Chapter 5 our proof here is direct and does not depend on any
circuit lower bounds.

Our third example are the well-known KBKF-formulas of Kleine Biining, Karpinski and
Flogel [77]. In the same work [77], where Q-resolution was introduced, these formulas were
suggested as hard formulas for the system. In Chapter 6, the formulas KBKF were even shown to
be hard for IR-calc, a system stronger than Q-resolution. In fact, a number of further separations
of QBF proof systems builds on the hardness of KBKF [11, 53] (cf. also Chapter 6 for further
details and the formal proof). Here we use our new technique to show that these formulas require
exponential-size proofs in tree-like QU-resolution, which in contrast to the previous two examples
provides a new hardness result. This also has the interesting consequence that the formulas of Kleine
Biining et al. exponentially separate tree-like and dag-like QU-resolution, as they are known to have
short proofs in dag-like QU-resolution [116].

For the KBKF(¢) formulas both the Delayer strategy as well as the scoring analysis are
technically involved. It is also interesting to remark that here we indeed need the refined asymmetric
game. The formulas KBKF(¢) have very unbalanced proof trees and therefore we cannot use a
symmetric Delayer, as symmetric games only yield a lower bound according to the largest full
binary tree embeddable into the proof tree (cf. [28]).

Section 7.1 introduces the two-player game and the lower bound characterisation for Q-
resolution. Section 7.2 adapts the game and lower bound characterisation for QU-Res. We then
introduce our examples in the remaining sections. The hard formulas from Janota and Marques-
Silva [74] are used in Section 7.3. The QPARITY formulas from Chapter 5 are used in Section 7.4.
Finally a new lower bound using the KBKF formulas from Kleine Biining et al. [77] are used in
Section 7.5.

The work in this chapter appeared in the Journal of Computer and System Sciences [26] and at

the 9th International Conference on Language and Automata Theory and Applications [25].

7.1 Prover-Delayer Game

We present a two-player game along with a scoring system. The two players will be called Prover
and Delayer. The game is played on a fully quantified false QBF ¢ with CNF matrix. The game
proceeds in rounds and builds a partial assignment to the variables in the QBF, starting with the
empty assignment, i.e. in the beginning all variables are unassigned. In the course of the game the
Delayer gets points and tries to score as many points as possible. The Prover tries to win the game
by falsifying the matrix and giving the Delayer as small a score as possible.

Each round of the game has the following phases:

1. Setting universal variables: The Prover can assign values to any number of universal variables
that satisfy the following condition: A universal variable u can be assigned a value if every

existential variable with a higher quantification level than w is currently unassigned.
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2. Declare Phase: The Delayer can choose to assign values to any number of unassigned existential
variables of his choice. The Delayer does not score any points for this.

3. Query Phase: This phase has three stages, similar to the original game:

(a) The Prover queries the value of one existential variable x that is currently unassigned.
(b) The Delayer replies with weights pg > 0 and p; > 0 such that pg + p; = 1.
(c) The Prover assigns a value for x. If she assigns = b for some b € {0, 1}, the Delayer

scores lg(i) points.

4. Forget Phase: The Prover can choose any number of assigned variables (without regard to how
they are quantified) in this phase. Every variable chosen by the Prover in this phase will lose its

assigned value and hence become an unassigned variable.

The Prover wins the game if any clause in ¢ is falsified. In every round, we check if the Prover has
won the game after each phase.

The game only applies to false QBFs, i.e. the falsity of the formula is given as a ‘promise’.
Intuitively, the Delayer claims to know a model for the false QBF, which the Prover tries to query.
Of course, as there is no model, the Prover can always win the game. The crux of the game is
therefore not who wins, but how many points the Delayer scores before the Prover finally exposes
the Delayer’s lie.

Before explaining the connection of the game to Q-resolution, let us try to provide some intuition
on the game semantics. The game can be seen as a procedural way of obtaining an assignment that
falsifies the matrix of the QBF. At every stage of the game, the Prover maintains a partially filled
vector with assignments to the variables in the formula. This vector can be seen by the Delayer
as well. Throughout the game, the Prover can never assign values to existential variables without
querying them and the Delayer can never assign values to universal variables.

The ‘Setting Universal Variables’ phase, where the Prover can assign values to universal
variables, mirrors the V-reduction rule of Q-Res. This intuition will become clear in the proof of
Theorem 18.

The Declare and Query phases are used to assign values to the existential variables. The Declare
Phase merely allows us to express simple strategies for the Delayer that still score sufficiently many
points. The Declare Phase is not integral to the characterisation, however it allows lower bound
arguments to be made concise by simplifying the states of the game. Note that any lower bound to
the score in a strategy that uses the Declare phase non-trivially also holds for an optimal strategy
where the Delayer does not use the Declare Phase at all.

The Query Phase is the most important phase of the game where the Prover obtains information
about existential variables from the Delayer in exchange for points. The Delayer replies with
weights so that the Prover is forced to concede points proportional to how much progress she
makes in the game towards a contradiction. The intuition behind the scoring system defined as log
of the inverse of the weights comes from the Shannon entropy and is made clear in the proof of

Theorem 18. Loosely speaking, the Delayer will charge points proportional to the size of the subtree
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in the shortest tree-like resolution refutation that the Prover enters by her choice. The query phase
therefore corresponds to resolution steps in the Q-Resolution proof.

In the Forget Phase, the Prover can choose and delete any variable assignments from the
assignment vector obtained so far. This phase is especially useful in preparing a universal variable
to be assigned a new value in the next round. To do so, the Prover chooses the universal variable
and all the existential variables with a higher quantification level that are currently assigned to lose
their assigned values. Once this is done, the universal variable can be assigned a new value in the
first phase of the next round of the game. This phase can also be used to prevent the Delayer from
abusing the Declare Phase to stop the assignment of universal variables.

The game ends when the assignment vector holds an assignment that falsifies a clause in the
matrix.

As a toy example, consider the following formula:
deVuderdea(u = 1) A (mu = c2) A (e = c1) A (me = ) A (—er V —er).

We demonstrate a run of the game on the above formula along with the intermediate assignment
vectors. Let v denote the assignment vector. The vector v will contain assignments in the order

(e,u,c1,c2). The game will end when v is an assignment that falsifies one of the matrix clauses.

The game starts with all variables unassigned and hence v = (—, —, —, —).
— Round I:
e Setting universal variables: Prover assigns v = 1 and hence v = (—, 1, —, —).

e Declare Phase: Delayer declares ¢c; = 1 and c3 = 0. This satisfies all the clauses that do not
involve the variable e in them. v = (—,1,1,0).

e Query Phase: The Prover queries the variable e. The Delayer replies with pg = O and p; = 1,
thus forcing the Prover to set e = 1 and hence v = (1, 1, 1, 0), for which the Delayer scores
lg 1 = 0 points. The assignment does not falsify the formula.

e Forget Phase: The Prover forgets the value of u, c¢; and ¢y while retaining the value of e.
Note that this is possible since e has a lower quantification level than u. Hence we get
v=(1,—,—,—).

— Round 2:

e Setting universal variables: Prover assigns « = 0 and we have v = (1,0, —, —).

e Declare Phase: Delayer declares ¢ = 1. The vector v = (1,0, —, 1) now satisfies all clauses
that do not involve ¢;.

e Query Phase: Prover queries the variable ¢;. The Delayer responds with pg = 1/2 and
p1 = 1/2. The Prover wins the game since both (1,0,1,1) and (1,0,0, 1) falsify the
formula. The Delayer scores 1 point.

It is true that the Delayer can score more points by not declaring any assignments in the Declare
Phase. However, when showing lower bounds to the score obtained by the Delayer in an optimal
strategy, we use the Declare Phase merely to simplify presentation.

We will now show that our game characterises tree-like Q-Resolution.
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Theorem 18. If ¢ has a tree-like Q-Resolution proof of size at most s, then there exists a Prover

strategy such that any Delayer scores at most 1g[ 5| points.

Proof. Let II be a tree-like Q-resolution refutation of ¢ of size < s. Informally, the Prover plays
according to I1, starting at the empty clause and following a path in the tree to one of the axioms.
At a resolution inference the Prover will query the resolved variable and at a universal reduction she
will set the universal variable. The Prover will keep the invariant that at each moment in the game,
the current assignment « assigns exactly all literals from the current clause C' on the path in /7, and
moreover « falsifies C'. This invariant holds in the beginning at the empty clause, and in the end,
Prover wins by falsifying an axiom.

We will now give details and first describe a randomised Prover strategy, i.e. the Prover chooses
her answer to Delayer’s queries randomly. We will later derandomise the Prover and make her
strategy deterministic. Let the Prover be at a vertex in I/ labelled with clause C'. We describe what
the Prover does in the three stages: Setting universal variables, Query phase and the Forget phase.

Setting universal variables: If the current clause C' was derived in the proof II by a V-reduction

Cvz
C ’

C and all existential variables in C have a lower quantification level than z. Prover then moves

then Prover sets z = 0. This is possible as the current assignment contains only variables from

down to the clause C' V z. The Prover repeats this till arriving at a clause derived by the Resolution
rule (or winning the game). Analogous reasoning applies for V-reduction steps % where Prover
sets z = 1.

Query phase: Prover is now at a clause in I7 that was derived by a Q-resolution step %
If the Delayer already set the value of x in his Declare phase, then Prover just follows this choice
and moves on in the proof tree, possibly setting further universal variables. She does this until she
reaches a clause derived by resolution, where the resolved variable x is unassigned. Prover queries
z. On Delayer replying with weights wg and w;, the Prover chooses = = ¢ with probability w;.

If x = 0, then Prover defines S to be the set of all variables not in C'; VV « and proceeds down to
the subtree under that clause. Else, she defines S to be all variables not in C'y V —2 and proceeds
down to the corresponding subtree.

Forget phase: The Prover forgets all variables in the set S.

For a fixed Delayer D, let qp , denote the probability (over all random choices made within the
game) that the game ends at leaf ¢. Let wp be the corresponding distribution induced on the leaves.

For the Prover strategy described above, we have the following claim:

Claim. If the game ends at a leaf /, then the Delayer scores exactly ay = Ig (qp%) points.

To prove the claim, note that since 7 is a tree-like Q-resolution proof, there is exactly one path from
the root of II to £. Let p be the unique path that leads to the leaf ¢ and let the number of random
choices made along p be m. Then, we have ¢qp = [ [\, ¢; where g; is the probability for the ith
random choice made along p. Since p is the unique path that leads to ¢, the number of points oy

scored by the Delayer when the game ends at £ is exactly the number of points scored when the

78



7. A GAME TECHNIQUE AND LOWER BOUNDS IN TREE-LIKE QBF CALCULI

game proceeds along the path p. The number of points scored by the Delayer along p is given by:

@ 1 1 1
o = lg()zlg — = g<>,
; qi 1:[ 4 dp.¢
which proves the claim.

The Prover strategy we described is randomised. The expected score over all leaves ¢ is the

following expression:

Z qD,eCy = Z qD7glg(q;£>.

leaves €11 leaves L€ 1T

By definition, the latter sum is exactly the Shannon entropy H(7p) of the distribution 7p.
Since D is fixed, this entropy will be maximum when 7 is the uniform distribution; i.e., H(mp)
is maximum when, for all leaves ¢, the probability that the game ends at £ is the same. A tree-like
Q-resolution proof of size s has at most | s/2] leaves. So the support of the distribution 7p has size
at most [s/2] and hence H(qp ) < lg[s/2].

If the expected score with the randomised Prover is < lg[s/2], then there is a deterministic
Prover who restricts the scores to at most lg[s/2]. Now we derandomise the Prover by just fixing
her random choices accordingly.

We remark that the Delayer actually does not play against the randomised Prover (hence the
Delayer cannot exploit that the Prover is randomised), but only against the deterministic Prover,
which we know must exist by the argument above. By the probabilistic method, this deterministic

Prover prevents every Delayer to earn more than 1g[s/2] points. g

To obtain the characterisation of Q-resolution we also need to show the opposite direction,

exhibiting an optimal Delayer:

Theorem 19. Let ¢ be an unsatisfiable QBF and let s be the size of a shortest tree-like Q-resolution

proof for ¢. Then there exists a Delayer who scores at least 1g[s /2] points against any Prover.

Proof. For any unsatisfiable QBF ¢, let L(¢) denote the number of leaves in the shortest tree-like
Q-resolution refutation of ¢. For a partial assignment a Let L4 (¢) denote the number of leaves in
the shortest tree-like Q-resolution derivation of any subset of A = {I | a(l) = 0} from ¢.

The Delayer starts with an empty partial assignment a and changes a throughout the game. On

receiving a query for an existential variable x, the Delayer does the following:

1. Updates a to reflect any changes made by the Prover to any of the variables. These changes
include assignments made to both universal variables as well as existential variables.

2. Computes the quantities £y = Lq 4—0(¢) and {1 = Lq g—1(9).

3. Replies with weights wg = ZOZTO& and wy = ZOKT%.

We will prove the theorem by induction, but since an assignment may change multiple times

during a round we have to do induction on individual steps in the game (every time the assignment
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potentially changes) rather than rounds. This is fine as we still have a finite number of steps. We
show by induction on the number of steps left in the game that the delayer can score at least
lg(La(¢)) more points when a is the current assignment. Hence he will score 1g(L¢)) points in
total.

In the base cases, a falsifies a clause so lg(Lq(¢)) = 0 and the delayer can get no more points.

Let n be the number of remaining steps in the game. For the kth case Assume the statement is
true for all n < k. Now for n = k, consider an assignment a in the game where the Delayer can
play so that he guarantees himself at most d more points.

If the Prover forgets variables and arrives at @’ then d > 1g(Lq/(¢)) > 1g(La(9)).

If the Prover then assigns universal variable v to 0 (without loss of generality) then the delayer
still has the same potential score d. The universal variable can only be assigned if a does not block
it, so universal reduction can be performed on the clause {u} U {l | a(l) = 0} with no change in
the number of leaves. Hence d > 1g(Lq u=0(¢)) > 1g(La(9)).

In the Query phase if the Prover chose x = b where b € {0, 1}, then the Delayer scores lg w%)
for this step alone. We use the induction hypothesis to conclude that the remaining rounds in the

game give the Delayer at least 1g L ,—5(¢). Hence d is at least

1 La, = La r=
Ig <wb> +1g Laa=b(¢) = 1g — Ogb) J:rb(qﬁj -

=1g (Law=0(¢) + Law=1(¢)) > lg La(®).

+ lg La,x:b ((b)

The theorem follows since for any binary tree of size s, the number of leaves is [s/2]. O

7.2 Adaptation of the Game Characterisation to QU-Resolution

We extend our characterisation to the stronger system of QU-resolution and show that a small
modification to the two-player game tightly characterises the size in tree-like QU-resolution.

The only modification of the game for QU-resolution is in the query phase where the Prover may
also query any universal variable v not already assigned. The Delayer replies with weights pg > 0
and p; > 0 such that pg 4+ p1 = 1. The Prover then assigns a value for u and if she assigns u = b
for some b € {0, 1}, the Delayer scores lg(pib) points. The “Setting the Universal Variable” stage
still remains with the same restrictions as before, since V-reduction is also present in QU-resolution.

For this modified game we can show:

Theorem 20. If ¢ has a tree-like QU-resolution proof m of size at most s, then there exists a Prover

strategy such that any Delayer scores at most 1g[ 5| points.

Proof. We use the same argument as in Theorem 18, i.e., the Prover follows the proof II in reverse
order. Now the only addition is that I may have resolution steps on universal variables. When this
occurs the Prover queries that universal variable as she would for existential variables.

The rest of the argument remains the same: a randomised Prover can choose the value of the

query variables according to the weights the Delayer gives, and the Delayer gets an expected score
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less than or equal to the Shannon entropy. A de-randomised Prover can therefore always force the

Delayer to get less than this score. O

To complete the characterisation we show that the converse holds as well, similarly as in
Theorem 19.

Theorem 21. Let ¢ be an unsatisfiable QBF and let s be the size of a shortest tree-like QU-
resolution proof for ¢. Then there exists a Delayer who scores at least 1g| s/2] points against any

Prover.

Proof. We adapt the proof of Theorem 19 and only list the changes here.
On receiving a query for universal variable u, the Delayer does the following, just as he would

for existential variables:

1. Updates a to reflect any changes made by the Prover to any of the variables. These changes
include assignments made to both universal variables as well as existential variables.

2. Computes the quantities £y = Lq y=0(¢) and {1 = Lg y=1(¢).

41

3. Replies with weights wg = ZOETOQ and wy = 734

The induction now proceeds the same. In the inductive step, the same inequality lg (w%,) +
lg La z=1(¢) > 1g Lq(¢) is obtained and the characterisation therefore holds. O

7.3 A Game Example on Formulas by Janota and Marques-Silva

We consider the following formulas studied by Janota and Marques-Silva [74]:

F, = HeNulﬂcic% ‘. EeNuiﬂcilc? . EenVunﬂc}lci :
n n

/\(ei = A (u; = ) A (meg = ) A (—u; = ) A \/(—|cl1 V —c?)

i=1 =1
These formulas were used in [74] to show that VExp+Res does not simulate Q-resolution, i.e., F},
requires exponential-size proofs in VExp+Res, but has polynomial-size Q-resolution proofs. Janota
and Marques-Silva [74] also show that VExp+Res p-simulates tree-like Q-resolution, and hence it
follows that F}, is also hard for the latter system.

Consider the original hardness proof of F}, for tree-like Q-resolution (or VExp+Res as it was
described originally in [74]). It basically describes that there are exponentially many paths from
the axioms to the empty clause, each of which corresponds with an assignment to the universal
variables. As it is necessary that all assignments are included, the lower bound follows. We reprove
this result using our characterisation.

LetU = {uj,ug,...,u,} be the set of all universal variables. In the following, we show a
Delayer strategy that scores at least n points against any Prover.

Declare Phase: The Delayer executes the declare routine in Algorithm 5 repeatedly till reaching

a fixed point (i.e., until calling the algorithm does not produce any changes to the current assignment).
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The intuition here is that the Delayer does not want to falsify any small clause as this can lead to the
Prover winning early.

Query Phase: For any variable queried by Prover, Delayer responds with weights (%, %)

For i € [n], let T; = {e;, c},c?}. Let C = \/I_ (e} V —c?). Except for C, all other clauses
have only two literals. Note that our declare routine in Algorithm 5 simplifies which variable can
be queried and avoids having to specify a case-by-case response for the Delayer on the queried
variable.

Note that we only need to specify the Delayer strategy, who does not deal with universal
variables. Hence we do not have to give details on what happens in phase 1 (setting of universal

variables) and phase 4 (forget phase).
Lemma 19. Algorithm 5 never falsifies a clause that has only two literals.

Proof. Algorithm 5 declares values for either a variable ¢; or an e;. We look at each of these cases

1
%

and c? appear as positive literals and on the right hand side of implications. Hence setting either c}

below: Setting either ¢} or c2: Note that in the formula F', except for the clause C, the variables c

or c? to 1 does not falsify any clause.

Setting an e;: Algorithm 5 declares a value for e; only when at least one of ¢} or ¢? has value 0.
Suppose w.l.o.g. that C? had value 0 before Algorithm 5 was executed. Then Algorithm 5 assigns
e; to 1. However, note that if e; was unassigned when Algorithm 5 was called, then it must be the

case that ci1 is not set to 0 (because otherwise e; would have been set in some previous execution of
1

Algorithm 5). Hence assigning 1 to e; does not falsify the clause (e; = c}) because ¢} was either

true or unassigned before execution of Algorithm 5. g

Lemma 20. If the Delayer uses the strategy outlined above, then for any winning Prover strategy,
the clause falsified is C.

Proof. Suppose the clause falsified was D. We will show that if D # C, then the Delayer did not
use our strategy. In other words we show the Delayer succeeds in delaying the contradiction until

all literals in C are refuted. We consider the following cases:

1. D involves variable u; for some i € [n]:
Note that u; appears in clauses with either c; or c?. Since both ¢} and c? block w;, it has to
be the case that when u; was set by the Prover, the variables c% and c? were unassigned. Now
it is straightforward to see that if the Delayer indeed used the declare routine described in

Algorithm 5, then all clauses involving u; become satisfied after u; is set by the Prover.

Algorithm 5 Declare Routine
for all clauses (¢ = ¢3) in F), do
if /1 = 1 then Declare /5 = 1.
if /2 = 0 and var(¢1) ¢ U then Declare ¢; = 0.
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2. Dis (e; = c}) or (—e; = ¢2):
Suppose w.l.o.g. that D = (e; = c}). As a consequence of Lemma 19, it must be the case that
D was falsified because of the Prover choosing a value for either e; or cll. So we have two cases:
— Prover chose a value for e; to falsify D: So e; was unassigned just before the query phase
began. But if Algorithm 5 left e; unassigned, then this means c; is unassigned or ¢} # 0.
Hence if the Delayer indeed used Algorithm 5, D could not have been falsified.
— Prover chose a value for ¢! to falsify D: Following an argument just like the previous case,
if the Delayer indeed used Algorithm 5, then ¢; would be unassigned at the start of the query
phase only if e; = 0 or e; was unassigned. In both these cases D cannot be falsified by

choosing a value for czl. g
Theorem 22. Delayer scores at least n points against any Prover strategy.

Proof. From Lemma 20, it is sufficient to show that any Prover strategy that falsifies C will give the
Delayer a score of at least n. C can be falsified only if all variables c}, ¢? have been assigned to 1.
We observe that for any i € [n], the Prover can get at most one of cz1 or c? to be declared for free by
setting u; appropriately. To assign the other ¢; to 1, the Prover can either query c¢; directly and set it
to 1 or query e; and set it appropriately. Both these ways give the Delayer 1 point. Hence for every

i € [n], the Delayer scores at least 1 point. O

With Theorem 18 this reproves the hardness of F;, for tree-like Q-resolution, already implicitly
established in [74]:

Corollary 8. The formulas F), require tree-like Q-resolution proofs of size £2(2").

Note that this bound is essentially tight as it is easy to construct tree-like Q-resolution refutations
of size O(2").

7.4 Game Example of QBFs Expressing Parity

We now provide a second example, QPARITY, defined in Section 5. There it demonstrated a
weakness of Q-resolution that could be exploited when the Herbrand function of a lone universal
variable is not in AC”. Here that function is PARITY (%1, ...,2p) =21 ® -+ B Ty,

Before we use a novel lower bound technique based on strategy extraction, which transfers the
AC? lower bound for PARITY from [67] to Q-resolution. Here we use our game characterisation to
prove the lower bound again. This proof is not dependent on any circuit lower bound.

For n > 1 define QPARITY,, as follows. Let xor (o1, 02, 0) be the set of clauses {—0;1 V =0y V
=0, 01V 02 V 20, 201 V 02V 0, 01 V =02 V 0}, which defines o to be 01 @ 02. Define QPARITY,, as

1,2, V2 3o, .. by xOr (2, 22, t2) U Ul x0r(ti1, 24, ) U {2 V by, —2 V —ty, }.

Intuitively, these formulas express via the universally quantified z that there exists an input

Z1,...,Ty for which 1 & --- @ x, is both 0 and 1. Hence, for the universal player the only
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Algorithm 6 Declare Routine
1. if 21 and z9 are assigned and ¢5 is unassigned then

2: to < 11 P T2

3: fori =2toi=n—1do

4: if ¢; and x; are assigned and ¢, is unassigned then
5: tit1 < t; © xiqa

6: if z is assigned and ¢,, is unassigned then

7: t, < 2

8: fori =nto3do

9: if ¢; and x; are assigned and ¢;_; is unassigned then
10: tii1—x;Dt;

11: if x5 and ¢, are assigned and x; is unassigned then

12: T1 < 1o D T2

13: if x1 and ¢9 are assigned and x5 is unassigned then

14: To < T1 Do

15: for: =2toi =n—1do

16: if {; and ¢, are assigned and ;1 is unassigned then
17: Tit1 <t Dl

way to falsify the formula is to play z as the opposite value of 1 & - - - @ x,,, which means he has
to compute the PARITY function. This is crucially exploited in Chapter 5 for the lower bound.

When playing our Prover-Delayer game on these formulas, the Prover queries z; and ¢; variables,
or can set the value of z. In setting the value of z she deletes all progress made on the ¢; variables,
but retains all the information on the x; variables.

Observe the Delayer has the luxury that if 2 is set at the beginning of the game he can answer
in a way that will never contradict the CNF at least until the value of z is changed. When z = 0
the Delayer is trying to build an assignment on the = variables that gives PARITY (21, ...,z,) = 1
and tries to make the ¢ variables consistent with that. When z = 1 the Delayer is trying to build an
assignment on the x variables that gives PARITY(x1,...,x,) = 0 and is still trying to make the
t variables consistent with that. In fact, as long as the Delayer is playing in this way the Delayer
cannot lose.

We formulate this as a strategy below. Like in Section 7.3 we utilise a declare routine (Algo-
rithm 6) for the Delayer to simplify the analysis, with a similar objective: to satisfy a clause that is
one existential literal away from unsatisfiability. For this we need to look at all the parity equations
t; @ x; = t;4+1. Setting one variable might trigger further assignments. A detailed analysis is carried

out below.

Observation 23 Performing Algorithm 6 twice gives the same result as performing Algorithm 6

once.

Proof. Algorithm 6 breaks down into three parts:
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1. the first part is from line 1 to line 5. Each declaration here declares a ¢; and the index ¢ increases
with each loop;

2. the second part is from line 6 to 10. Each declaration here declares a ¢; and the index ¢ decreases
with each loop;

3. the final part is from 11 to 17 and declares x; where the ¢ values are given already.

Observe that because part 1 increases the index in the loops and that ¢; is a precondition for ¢;4 1,
the ¢; being defined propagates in increasing 7. Suppose that ¢; was not defined when it was checked
as a precondition for defining ¢;1 here. Then it will not be defined for the remainder of this part of
the algorithm since the check is passed. The equivalent happens for conditions not met in part 2.

Let us suppose t; is changed due to part 2, then it must be that ¢, is defined and so no declare
happens from applying part 1 again. Therefore a declaration in part 2 cannot affect a condition in
part 1. This is likewise true vice versa.

It is impossible for a declared x; to trigger any condition in any other part of the algorithm as

any variable it triggers must be defined as a precondition. O

After the declare routine, the strategy of the Delayer now becomes very simple. When queried
on any unassigned existential variable the Delayer sets pg = p1 = %

We now turn to the analysis.

Lemma 21. Af most two x; variables are declared or assigned per turn.

Proof. Suppose on any given turn the variable z; is queried and therefore assigned a new value.
Then it cannot be the precondition of two different declarations since x; can only be a precondition
for t; or t;_; in which case the other is required to be defined already as a precondition. As a result
of the declaration more ¢; variables can be declared, but only with consecutively increasing or
decreasing index (not both). It may or may not end with another x, being declared, but then as ¢,
and t;_1 must be assigned this cannot propagate.

Suppose on any given turn the variable ¢; is queried. This can be the precondition to two different
declarations, if these are ¢; variables these can propagate upwards or downwards. Eventually this
results in some xj, being declared, but then as ¢, and t;_; must be assigned this cannot propagate.
Therefore only two z; can be declared.

Now suppose the universal player changes the value of z. If there are x; and x) that are
unassigned with j < k then the declare phase from lines 1 to 5 may set a number of variables t;
increasing in 4, satisfying all xor(¢;_1, x;, t;). We also notice that this propagation must stop before
t; is reached, as x; is unassigned. Likewise from Algorithm 6, lines 6 to 10 a downward propagation
of ¢; variables may occur, satisfying the clauses from z V t,,, =z V —it,, and xor(t;, xiy1,tit1)-
However this stops before ¢5_1. No x; values can now be set as it requires ¢;_; and ¢; to be assigned
and x; to be unassigned. This is impossible as the only unassigned x; values are for ;7 < ¢ < k but

there are no ¢ variables assigned in between them. O

Lemma 22. The game cannot end in the query phase.
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Proof. Suppose that the game ends in the query phase. Then there is some clause C in the matrix
of QPARITY,, that is falsified by the assignment of literal [ to O in the query phase. This means that
before the query phase all literals except [ in C' were refuted, but var(l) was unassigned. Either
C € xor(x1,x9,t2), C = =z V —t,, C = zVt, or C € xor(t;_1,x;,t;) for some i, 3 < i < n.
We use Algorithm 6 to show that if all other literals in C are defined then ! cannot be unassigned.
Suppose C' € xor(x1, x2,t2). We use Lines 12, 14 and 2 to show that [ cannot be z1, x2 or to,
respectively. Then suppose C = —z V —it,, then [ cannot be —z as only existential variables can be
queried but cannot be —t,, due to Line 7. Now suppose C' = z V t,,. Then [ cannot be z as only
existential variables can be queried, but it cannot be ¢,, due to Line 7. Finally suppose that for some
1,3 <i<mn,C €xor(tj_1,x;t;). Then we use Lines 10, 17 and 5 to show that [ cannot be ¢;_1,

x; or t;, respectively. O

It is also clear that the Prover cannot win simply by setting the universal variables. To do so she
must win on the clauses z V t, or -z V —t,, but t,, must be unassigned after the universal variables

are set. Therefore the Prover must win in the declare phase.
Lemma 23. The Prover cannot win until all x; are assigned.

Proof. The Prover must win on the declare phase by Lemma 22. Now suppose the Prover wins on a
declare phase when some x; is unassigned. This must be triggered by either setting the universal
variables or by querying a variable.

Let us suppose that this change was triggered by setting the universal variable z. Then all ¢;
variables are unassigned at the start of the declare phase. From Lines 1 to 5 a number of ¢; variables
may be set, satisfying each corresponding xor(¢;_1, x;, t;). We also notice that this propagation
must stop before ¢; as x; is unassigned. Likewise from Lines 6 to 10 a downward propagation of ¢;
variables may occur, satisfying the clauses from z V t,,, -z V —t,, and xor(t;, ;+1, t;+1). However
this stops before ¢;_1. So far no clause has been falsified. In the final section of the algorithm in
Lines 11 to 17 the only x; variable that can be declared is x;, which contradicts our assumption.

Now let us suppose the change was triggered by a queried or declared variable. If z; is queried
then it cannot immediately contradict a clause but it can trigger a declaration of x5 or to. Likewise
if x5 is queried then it cannot immediately contradict a clause but it can trigger a declaration of z;
or to. If for 2 > 1, x; is assigned then it cannot immediately contradict a clause but it can trigger a
declaration of ¢;_1 or t; (but not both). If for 7 > 1, ¢; is set then it cannot immediately contradict a
clause but it can trigger a declaration of ¢;_; or x; and x; 1 or ¢;.

Now suppose that ¢, is declared in Line 5. It cannot cause a contradiction of xor(t;, 41, ti+1)
by definition. For xor(t;41, Tit2, ti+2) observe that if x; o, ;12 were assigned then they were
assigned before the algorithm was executed by the previous declare phase. It now may trigger a
declaration of x;41 or t;.

Now suppose that ¢;_; is declared by Line 10, it cannot cause a contradiction of xor(¢;_1, z;, t;)
by definition. For xor(t;_9,z;—1,t;—1) observe that if x;_1,t;_o were assigned then they were

either both assigned before the algorithm was executed in the previous declare phase, or t;_o is
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assigned by an upwards propagation earlier in the algorithm which means that the queried variable
this turn must have index j < ¢ — 1, but since this ¢;_; is declared as a result of downwards
propagation this 5 > ¢ — 1. This means we cannot get a contradiction here. It now may trigger a
declaration of x;41 or t;.

t, will always be declared immediately after setting the universal variable.

Now suppose that x; 1 is declared by Line 12, 14 or 17, it cannot cause a contradiction in

xor(ti—1, zj, t;) (nor xor(x1, a2, t2)) by definition. It cannot trigger any more declarations. O

We can now easily count the score of the Delayer for our strategy and combine the above

analysis into the following result:

Theorem 24. There exists a Delayer strategy that scores at least 5 points against any Prover in

the Prover-Delayer game on QPARITY,,.

Proof. Each turn a variable is queried and by Lemma 21 at most two x; variables get assigned. The
Delayer always gets one point so gets at least 5 points before the game is finished as all the z;

variables must be set (Lemma 23). O
Corollary 9. Every tree-like Q-resolution refutation of QPARITY,, is of size at least on/2,

We remark that in this example we again use the ‘symmetric’ Delayer score scheme (%, %),
which also corresponds to the information-theoretic intuition behind the game as the Prover learns
exactly the same from a parity variable being assigned 0 or 1. This also means that the lower bound
argument might be made with just the logical reasoning on the graph level (e.g., show that for any
assignment of z variables there is a set-up of ¢ variables which creates a (unique) path from the
empty clause to one of (z V t,,) or (—z V —it,,)). The Prover-Delayer game approach is a smart way

of showing that there is an exponential number of such paths.

7.5 Game Example of the Formulas of Kleine Biining et al.

In our third example we look at a family of formulas first defined by Kleine Biining, Karpinski
and Flogel [77]. The formulas are known to be hard for Q-resolution and indeed for the stronger
system IR-calc (Chapter 6). However, it is known that there exists short dag-like proofs in QU-
resolution [116]. In contrast, we use our characterisation to show that these formulas remain hard in
tree-like QU-resolution.

We defined the KBKF formulas in Section 6, however, we will use the original notation with an
upper and lower index. In the previous section we had to deal with annotations which we do not

have here.

C- ={-wo}
Co = {yo, ), i}
CY ={y)xi, o, win}y  CF ={yl,~wi vl forie [t —1]
CY ={vsxt, Wests - ety CF = {yt, 2%t 7Yer1, -+ Yere )
CI?—H = {2z, Y14} Ctl—i-i = {2, Yeri} fori € [t]
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The KBKF(t) formulas are then defined as the union of these clauses under the quantifier prefix
Fyo, ¥V, yi Va1 38, yd Voo, .o Va1 Yyt Vo Iyes - Yese

We now want to show an exponential lower bound on proof size for the KBKF(¢) formulas
via our game. We will assume throughout that ¢ > 2. Intuitively, the strategies here are similar to
the strategies described in the game semantics: the Prover is forced to set x; in increasing ¢ while
the Delayer gets a choice of the weights of the values of y;], yjl- and declares variables to avoid
contradictions. Unlike the semantic game, the variables are not queried in any fixed order. Instead
of setting y?, yjl- for slowly increasing j and the contradiction being propagated forwards towards
the variables in the innermost block like the description above, a large j may be queried and a
contradiction may be propagated ‘backwards’ towards the variables in the outermost blocks. When
either y;) =0, y]1 = 0 the contradiction is propagated forwards towards the y'** variables, and
when y? =1, yjl- = 1 the contradiction is propagated backwards to latest y7 = 0 variable. Recall
that setting both y? = yjl = 1 only sets one of y?_l, ?/]1—1 to 1 depending on how z;_; is set so
it is useful to the Delayer to make sure that setting y? or yj1 to 1 is worth less points than setting
y?_l or y}_l to 1, and likewise the Delayer wants the Prover to make less progress setting high j y;
variables to 0. Taking all of these into consideration a careful Delayer can set the right weights to
gain enough points whichever way the Prover makes progress, we give an informal description of

such a Delayer strategy.

Delayer strategy — informal description

We think of the existential variables of KBKF(¢) to be arranged as shown in Figure 24.

vilYs| (Y
Yo Yt+1|Yt+2]-- - |Y2t
vilys| vl

Fig. 24. Variables of KBKF(¢)

At any point of time during a run of the game, there is a partial assignment to the variables of

the formula that has been constructed by the Prover and Delayer. We define the following:

Definition 12. For any partial assignment a to the variables, we define zq to be the index of the
rightmost column (see Figure 24) where a assigns a 0 to one or more variables in the column. If no

such column exists, then zq = 0.

For convenience, we will drop the subscript and just say z when the partial assignment is clear from
context. We usually mention the time during a run of the game at which we are referring to 2 instead
of explicitly mentioning the induced partial assignment. z is important for the Delayer strategy and
lower bound because it is the main measure of progress of the game. The idea behind the Delayer

strategy is the following: We observe that for all ¢ < ¢ — 2 and j € {0, 1}, to falsify the clause C’ij ,
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it is necessary that yi is set to 0, z; is set to 7 and both y? 1 and yz1 1 are set to 1. The strategy we
design will not let the Prover win on clauses C? or C} for any i < (t — 2). We do this by declaring
either 39 qor y! 1 to 0 at a well chosen time. Furthermore, we will show the following statements:
(1) When the game ends, z > t and (2) After any round in the game, the Delayer has a score of
at least a.z where a > 0 is a global constant. It is easy to see that the lower bound of 2(¢) for the

score of the Delayer follows from statements (1) and (2).
We now give the idea behind the declare routine and the weights. We will give details later.

Declare routine: The importance of the declare routine is to simplify the Delayer strategy for
the reader. Since KBKF is the most complicated example we present here, this is where the declare
routine benefits us the most. What is gained here is that we can simplify much of the information

needed from the current assignment for the Delayer query strategy to just information on z.

We will use the declare routine shown in Algorithm 7. This declare routine is designed specifi-
cally to make sure that the game does not end at a clause C’Zb for any i < (¢ — 2) and that statement
(1) (at the end of the game z = t) holds. Note that line 13 of Algorithm 7 is very similar to the
idea behind the declare routine in Section 7.3, i.e., if in any round there is a clause C' that has only
one existential variable y unassigned and C/|,—y, is unsatisfiable, then we declare y = —b in the

immediate declare phase.

We will give away values of variables yjo- and y]1 for all j < z for free in the declare phase in a
way that it neither ends the game, nor make any progress in the game. We first make sure that the
Prover cannot exploit an unassigned universal literal by using Lines 8,10 and 17 of Algorithm 7
so that if /) and y; are both set to 0 then at least one of ), or yj, , is set to zero . This allows
the Delayer to answer any query of x; to satisfy whichever of C]Q, C’} is not satisfied (but score no
points). Giving away the values of the these variables does not prevent the Delayer scoring enough

because the points are scored using the variables y? and yjl forall 7 > z.

There are still some complications for the Delayer strategy; the Prover can set all universal
variables to 1 then query y?, 9 ;, etc. until 39, choosing 1 each time. Subsequently, the Delayer
will be forced to set y} to 0, then 3 to 0 etc. until 4} = 0. Then the Prover need only query the
variables in C} to get a contradiction. To counter such strategies, the Delayer declares y{ to 0
instead of allowing it to be queried for the usual score. This is achieved in line 14 of Algorithm 7.
It allows the value of z to increase, but in this case only by 1 and when some constant score has
already been achieved.

Scoring: At the start of the game, we have z = 0, and at the end, we will have z > ¢. We will
make sure that z increases monotonically. So the higher the value of z, the closer the Prover is to
winning the game. Intuitively, the value of z is a mark of progress in the game for the Prover. Hence
our scoring is designed so that the Prover is charged for increasing the value of z.

At some intermediate round in the game, if the Prover queries variable y? or y} for some i > 2,
our strategy charges a score proportional to (i — z) for letting the Prover set the variable queried to
0. However, in some cases, we will have to adjust this so that the Delayer scores more if the declare

phase immediately forces z to an even higher value. If the effect is not immediate the Delayer can
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force the Prover to change the universal variables by declaring a 0 at yz1 L 0r y? "1 depending on the

universal variables (see line 15 of Algorithm 7).

Delayer strategy — details

We now give full details of the Delayer strategy.

Declare Phase: The Delayer sets g to 0 in the declare phase of the first round.

Let F' be the set of all existential variables that were chosen to be forgotten by the Prover in
the forget phase of the previous round. The Delayer first does the following “Reset Step”: For all
variables y in F' that had value O just before the forget phase of the previous round, the Delayer
declares y = 0. This Reset Step keeps the state of the game simple.

After the reset step, the Delayer executes Algorithm 7 repeatedly until reaching a fixed point.
The notation y <— b means that the Delayer declares y = b if and only if y is an unassigned variable.
Also, we assume that z is updated automatically to be the index of the rightmost column that
contains a 0 (see Figure 24).

We observe the following about the reset step:

Observation 25 The reset step ensures that z always increases monotonically (When z is measured

at the beginning of each query phase).
Line 17 of Algorithm 7 gives us the following observation:

Observation 26 After the declare phase, for all i < z, the existential variables y? and yz1 have

been assigned a value.

Observation 27 For all i > z for ¢ € {0,1}, if a line in Algorithm 7 potentially sets yS to 1 and

another line potentially sets y; to 0, the line that sets y; to 1 comes first.

Observation 28 Foralli < t, if y{ and y} are both set to 0 then at least one of Y9, or y},; is set
to zero.

This holds because the Delayer does not allow y? and yzl to be both set to 0 during the query
phase. This is also avoided in Algorithm 7 by Lines 8 and 10. However since z may change it
is possible, in conjunction with Line 14 , that after Line 17 both yg_l and yi_l equal O but by

definition some y< = 0.

Query Phase: Let the queried variable be yf From Observation 26, it is easy to see that 1 > z. We

have the following cases:

— If i > t, then the Delayer replies with weights wo = 2*~ "1 and wy = 1 — wy.

— Else z < ¢ < t. We have three cases:
e If 2 = 7 the Delayer replies with weights wg = 0 and w; = 1.
e If z; is unassigned, then the Delayer replies with weights wg = 2°~% and w; = 1 — wp.
e Else x; holds a value. Then we have the following cases:
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Algorithm 7 Declare Routine

: yg +— 1, yi —1
2=z
. if y2# # 0 or =, unassigned then

foralli > zdoy) < 15y} « 1

if x; is unassigned then
if y) = 0 then
yi1 —1
: else if y # 1 then

10: Y 1
11: fori=t—1to1do
12: for j =0to1do ‘
13: if C7 is not satisfied with only one literal [ that is unassigned then satisfy C? with that

literal (if existential).

1
2
3
4
5: fori =1toz—1do
6
7
8
9

14: if 2 <t — 2, x4 is assigned and either 30, = L ory!, , = 1 theny. {** < 0

15: if z # 2/, x, assigned and y?> = 0 then
16: if x, 1 unassigned then 3/2+1 < 0 else y;fz +—0

17: foralli < zdo vy < 0,y! < 0

x If b = —a;, then the Delayer replies with weights wg = 2°~% and w; = 1 — wy.
* Else b = x; and Delayer replies with weight wy = 2777, where j is the largest index

l—l'k

such that Vk : 2 < k < j, 7y, is assigned and y;, = 1. Weight w; = 1 — wy.

Now suppose the queried variable is z;

- If y? =1lor yll = 0 then the Delayer replies with weights wy = 1 and w; = 0.
— Else, If y! = 1 ory) = 0 then the Delayer replies with weights wo = 0 and w; = 1.

- Otherwise wy = wy = 1/2.

We now analyse the above Delayer strategy. We want to argue that as z increases so does the

Delayer score and that z increases sufficiently in total. We start with the following lemma:

Lemma 24. If the Delayer uses the strategy outlined above, then against any Prover, at the end of
the game on KBKF (t), z > t (where z is defined as in Definition 12).

Proof. The Prover cannot win on the clause —y because the Delayer always sets yg to 0. Suppose

the Prover wins on the clause C’f for some ¢ € [t] and b € {0, 1}. We first show the following claim:
Claim. At the end of the game we have z = i.

To prove the claim we note that ¢ > z is impossible because there is a positive literal in every
Cf’ clause, so in order to falsify C’g’ some existential literal must be set to 0 and thus z > 1.
To show the claim we now argue for z < 7. The clause C’f has positive literal yi? . Since C’f was

falsified, the variable yf must have been set to 0 permanently after some move in the game. We
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know that if at least one of y?, yj1 (for j < 2) is 0 then both the clauses containing the negative
literals are already satisfied. If both are already assigned to 1 it means that if x;_1 is assigned, then
y?_ 7' gets set to 1 by the declare phase, and this happens before any instruction to set it to 0 appears
by Observation 27. If ;1 is not assigned, note that the universal player cannot declare it without
using the forget phase, we will come to this possibility later. If the universal player instead queries
x;_1 then by Observation 28 the Delayer can always respond without falsifying a clause.

If the universal player uses the forget phase to remove y? and yjl- and change a universal variable
x;—1 then y? and y} will be assigned by the end of the declare phase (because the Delayer redeclares
the variables, so z is retained after the forget phase), however at most one of them will be set to 1.

The declare phase sets all other literals before yg to 0, without a contradiction. Hence also z < 1,

which proves the claim.

To continue the proof of the lemma, we note that Algorithm 7 (Line 13) and the Delayer’s
response on universal variables prevents the clauses from being falsified in the immediate query
phase that follows. Hence we only consider the case where a clause is falsified in the declare phase.

We will show that setting y;* to 0 for ¢ < ¢ is not the winning move in a declare phase.
Otherwise, immediately before we have a different z and ¢ = z + 1, where yffil gets set to 0 in the
declare phase. This requires that both 3? o= y! 4o = 1, but then by Observation 27, 3/ will be set
to 1 immediately before, contradicting it getting set to 0. This means that the winning move can only
be done by declaring y;{{" to 1 or yltlx "' to 1. Only ;" can be set in the declare phase (because
the universal variable is essential), but this requires yzl_:f “!'=1andy;" = 0. We can assume that
none of these were set in the previous query phase, as what is set in the previous query phase must

cause the yfjfll to be set to 1 and, looking at the clauses, must be a higher level. Therefore in the

Ti+1
)

declare phase before that we must have yltlw =1,y =0andy, " unassigned. So by Line 13,

yfjjll is set to 0 in that declare phase (and the Delayer will replace the 0 if the Prover chose to forget

it), therefore it cannot be declared to 1 in the next turn. O

Remark 4. If the Prover chooses to assign 1 to an existential variable or assigns a queried universal
variable in the query phase on turn &, then by the beginning of the query phase on turn k£ + 1, the
value of z (index of the rightmost zero) increments by at most 1. For the increase by 1 it is required
that 47> = 0 and that for all ¢ € {0,1}, y¢,; and y¢_ , are unassigned before the query phase on
turn k. If the Prover chose to assign 1 to the variable queried and it results in a change of z, then it

must cause any of ygﬂ, yiﬂ, y2+2 or y;+2 to be set to 1, incrementing z by at most one.

Foralli € [t],and z < t—1, let s, (y5) denote the minimum (over all possible Prover strategies)
Delayer score when y; is assigned 1 by the Prover for the first time starting from a partial assignment
where the rightmost zero is in column z and every variable to the right of column 2 is unassigned.

Of note is that s, (yf) for i > z + 1 does not depend on the values of y?, yjl for 5 < i (apart
from giving a value to z) when the game is being played as described. This can be seen because the
Delayer does not base the scores on these values and these values cannot cause higher index values
to be declared to 1.
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Combining Observation 25 with the fact that at the start of the game z = 0, Lemma 24 implies
that the Prover increases z by at least ¢ in the process of winning the game. We will now measure

the scores that the Delayer accumulates.

z

Lemma 25. Forall z <t —1andi < t, each of s,(v_) and s, (y}) is at least 2!~ 1g 2t2tz T

Proof. Suppose in the first round, the Prover sets z; = 1. Since all existential variables of greater
level are unassigned she could then somehow set y? 1 = latcosts, (yz1 1) Subsequently, she could
still change all universal variables at level greater than 1v(y) ',1) and delete all existential variables
afterwards, and thus can get yi1 1 = latcosts Z(yll 1) without deleting y(z) 1- At this point yl=1
by the declare phase. This means s, (y;) < 2s;(y; ).

Suppose s (y;) 75 23Z (y} +1)- Then it is cheapest for the Prover to query y! immediately. This
gives the Delayer lg (52— 21 1 ") = 2i+2—22—1g (2212722 _21+2=2) points. Instead the Prover could
query both y{, ; and y;, ; and this gives 21g 212J12 T =20+42— 22— Ig(2%F272% 927z 4 ),
which is slightly cheaper. Hence s (y;) = 2s.(y}, ;).

Recursively s, (y}) = 2!7%s,(y} ). Variable y; can be set to 1 by querying it or by querying all
variables in the next existential level. However, asymptotically it will be cheaper to query it directly.
Hence s, (y;) = 1g % By symmetry, s.(y?) = s, (y}) as at the beginning the Prover is free to
switch the polarities of all the universal variables with no cost. Note that the Delayer strategy on
universal variables prevents the universal player from switching the polarities of z; during the query
phase, so we can assume the Prover has to stick with her choices or use the forget phase. There is
no advantage to leaving the universal variables unassigned at the beginning and then querying them
later as the score only increases when the Prover chooses 0 for some existential variable on level ¢
and in that case the Delayer is defiant and does not allow the Prover to set x; to a value useful for

the Prover on that query phase. g

We now know that during a run of the game, 2 increases from 0 to £. Now we show that the

Delayer scores {2(z) points during any particular run of the game on KBKF(¢) for large enough ¢:

Lemma 26. There exist constants to > 0 and o > 0 such that for all t > ty, at any point of time
during a run of the game on KBKF(t), the Delayer has a score of at least az.

Proof. We will take the lemma as an inductive hypothesis on z. On the first turn the Delayer sets
z = 0 and the Delayer has zero points.

The value of z can change from the Prover picking a 0 in the query phase. In this case the
Delayer either scores 7 — z points when the 0 moves down to 5 + 1 — z in the declare phase or
scores 7 — z points otherwise. When z does not change in the declare phase, it is the only case where
the Prover is not forced to delete all the higher level existential literals and switch the universal
variable z; and so may get the z to be incremented by 1 at a cheaper cost than s(y° o) (which will
be our lower bound when 1 is assigned by the Prover to an existential variable to force a change in
z). However this is not a problem as we only get this once per time z is changed, hence the Delayer

gets at least 5 points if z changes by n.
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As remarked earlier, the value of z can change by at most 1 if Prover chooses to assign 1 to a
queried variable. This can result from 1 being assigned after a query on y7, | or yi;f In this case,
as yY 1o and yl _ o are unassigned, the cost of these are 1, so the Prover gets enough points. Now
we only need to look at the case where a y¥_, or y!, gets set to 1 and we start with unassigned
existential literals for higher levels than z. Here we know from Lemma 25 that the minimum cost is
1 2t # lg(Qt F 1) Note that ¢ is the only variable in this expression since at any fixed point of time
durlng arun of the game, the value of z is fixed. This quantity can be written as f(z) = }= lg(ﬁ)
where x = 2177, Tt is easy to see that the limit of f(z) as x tends to infinity is the constant 41 5
This implies that f(x) € £2(1). So the Delayer gets £2(1) points each time the Prover increments z
by 1. More precisely, using the definition of big-Omega, there exists constants ¢g > 0 and o > 0
such that for all games played on KBKF(¢) for a t > t(, the Delayer scores at least v points each
time the Prover increases z by 1. O

Combining Lemma 24 and Lemma 26, we have:

Theorem 29. There exists a Delayer strategy that scores §2(t) against any Prover in the Prover-
Delayer game on KBKF(t).

Combining Theorem 29 and Theorem 20, we obtain:
Corollary 10. The formulas KBKF (t) require tree-like QU-resolution proofs of size 2% @),

As KBKF(t) are easy for QU-resolution [116], they therefore provide an exponential separation
between tree-like and dag-like QU-resolution by Corollary 10.

We will continue this investigation QBF lower bound techniques in Chapter 8 and 9.
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Chapter 8

Feasible Interpolation for QBF Resolu-
tion Calculi

In Chapter 5 and 7 we find two lower bounds techniques that work for QBF. In Chapter 7 we
introduce a game technique that works for tree-like Q-resolution. The strategy extraction technique
from Chapter 5 can be applied to DAG-like QBF resolution systems, but does not apply directly in
the expansion based systems such as VExp+Res, IR-calc and IRM-calc. In this chapter, we present
a general lower bound technique that works for all QBF resolution systems including expansion

based systems.

The technique we present is feasible interpolation, which is a present technique in propositional
proof systems. Feasible interpolation works on true implication formulas A(p,q) — B(p,r)
(or, equivalently, false conjunctions A(p, q) A ~B(p,r)). By Craig’s interpolation theorem [47]
there is a interpolating formula C' in the common variables p, such that A(p,q) — C(p) and
C(p) — B(p,r). While interpolation formulas always exist these may not be of polynomial
size [94].

A proof system P is said to admit feasible interpolation, if for any P proof of A(p, q) — B(p, )
an interpolating circuit for some C'(p) can be extracted from the proof in polynomial time. This
gives us a lower bound technique, if we know that a particular class of formulas does not admit
small interpolants (either unconditionally or under suitable assumptions), then there cannot exist

small proofs of the formulas in the system P.

In propositional logic, resolution and the cutting planes proof systems are shown to have the
feasible interpolation property [99]. In [21] it was shown that all QBF resolution systems have
feasible interpolation. Due to the simulations (cf. Figure 18, Section 4.4) it is only necessary to show
feasible interpolation for two systems LQU™-Res and IRM-calc. In this thesis we only present the
feasible interpolation technique for IRM-calc.

When feasible interpolation is lifted to the QBF setting it provides a greater opportunity for
lower bounds. Our second contribution is to use our feasible interpolation for IRM-calc for a new
unconditional lower bound. These new formulas @, (p, g, r) are false QBFs that express that a
graph cannot both have and not have a k-clique. The clique problem is used as the interpolant
precisely because it only has exponential-size monotone circuits [3]. This means that if feasible
interpolation can extract monotone circuits in polynomial time, we get an exponential lower bound.
We show that IRM-calc has monotone feasible interpolation and thus the lower bound applies. This
result also applies in the other QBF resolution systems and thus the lower bound is general [21].
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Strategy extraction is an important part of QBF proof systems. We see results in strategy
extraction for IR-calc and IRM-calc in Chapter 4 and we use strategy extraction as a lower bound
technique for QU-Res in Chapter 5. We uncover a tight connection between feasible interpolation
and strategy extraction. Both feasible interpolation and strategy extraction transfer hardness from
circuit complexity to proof complexity. In this chapter we show that feasible interpolation problems
can be transformed into strategy extraction problems, where the interpolant corresponds to the
winning strategy of the universal player on the first universal variable. This clarifies that feasible

interpolation can be viewed as a special case of strategy extraction.

In Section 8.1 we present the proof for feasible interpolation for IRM-calc. A change needed to
adapt this proof for monotone feasible interpolation is given in Section 8.2. We use the monotone
feasible interpolation result to prove a lower bound in Section 8.3. Finally in Section 8.4, we discuss

the relationship between feasible interpolation and strategy extraction.

The work in this chapter appeared at the 43rd International Colloquium on Automata, Languages,

and Programming [21].

8.1 Feasible Interpolation for IRM-calc

In this section we show that feasible interpolation holds in IRM-calc. We adapt the technique first
used by [99] to re-prove and generalise the result of [80].

We first use a technical notation for annotated clauses in IRM-calc proofs.

Definition 13. For clauses C, D we write C < D if for any literal | € C we havel € D orl* € D
and for any I* € C' we have I* € D.

For annotations T and o we say that T < o if dom(7) = dom(o) and for any c/u € T we have

c/u € o orx/u € o and for any x/u € T we have x/u € o.

If C, D are annotated clauses, we write C' < D if there is an injective function f : C — D
such that for all I” € C we have f(I") =17 withT < 0.

Consider a false QBF sentence F of the form

IpQqQr[A(p,q) A B(p,r)],

where, p, g, and r are mutually disjoint sets of propositional variables, A(p, q) is a CNF formula
on variables p and g, and B(p, ) is a CNF formula on variables p and r. Thus p are the common
variables between them. The g and r variables can be quantified arbitrarily, with any number of

quantification levels. The sentence is equivalent to the following, not in prenex form

Ip [Qq.A(p, q) N\ Qr.B(p, 7’)} .
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Definition 14. Let F be a false QBF of the form 3pQqQr. [A(p, q) N B(p, r)]. An interpolation

circuit for F is a boolean circuit G such that on every 0, 1 assignment a for p we have

G(a) =0 = Qq.A(a,q) is false, and
G(a) =1 = Qr.B(a,r) is false.

We say that a QBF proof system S has feasible interpolation if for any S-proof m of a QBF F of the
form above, we can extract from m an interpolation circuit for F of size polynomial in the size of .

We say that S has monotone feasible interpolation if the following holds: in the same setting as
above, if p appears only positively in A(p, q), then we can extract from T a monotone interpolation

circuit for F.

As our main result, we show that IRM-calc has feasible interpolation.

Before proving the interpolation theorems, we first outline the general idea:

Proof idea Fix an IRM-calc-proof 7 of F. Consider the following definition of a g-clause and an

r-clause.

Definition 15. We call a clause C in 7 a q-clause (resp. r-clause), if C' contains only variables
P, q (resp. p,r). We also call C' a q-clause (resp. r-clause), if C contains only p variables, but
all its descendant clauses in the proof 7 (all clauses with a directed path to C in ) are q (resp.

r)-clauses. The annotations are not considered and can be from either set.

From 7 we construct a circuit C; with the p-variables as inputs. This will be topologically similar
to the directed acyclic graph of 7: for each node u with clause C), in the proof 7, associate a gate
gy, (or a constant-size circuit) in the circuit C'. In order to check the validity of the circuit we will
construct refutations for every assignment to p. These will be refutation entirely in g-clauses or
r-clause depending on the outcome of our circuit. We find these refutations in two steps. First, we
inductively construct, for any assignment a to the p variables, another proof-like structure 7'(a).
Like the circuit C; these will also be topologically similar to . For each node u with clause C,

in the proof m, associate a clause C!, , in the structure 7’(a). The purpose of 7’(a) is to replace

u,a
rules that rely on p variables. Finally, we obtain 7"/ (a) from the structure 7’(a) by instantiating p
variables to the assignment a and doing some pruning, and show that 7”'(a) is a valid proof in S. We
then find that if C;(a) = 0, then 7" (a) uses only g-clauses and thus is a refutation of Qq.A(a, q),
and if Cr(a) = 1, then 7”'(a) uses only r-clauses and thus is a refutation of Qr.B(a,r). Thus C;
is the desired interpolant circuit.

More precisely, we show by induction on the height of u in 7 (that is, the length of the longest

path to u from a source node in 7) that:

1. Cp o 2 Cu.
2. gu(a) =0 = C}, is a g-clause and can be obtained from the clauses of A(a, q) alone

using the rules of S.
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3. gu(a) =1 = C}/, is an r-clause and can be obtained from the clauses of B(a,r) alone

using the rules of S.

From the above, we have the following conclusion. Let r be the root of w. Then on any

assignment a to the p variables we have:

(1) ¢}, =2 Cr=0,50Cy , =O. Therefore, )/, = C; 4la = O

(2) gr(a) =0 = Ois a g-clause and can be obtained from the clauses of A(a, g) alone using
the rules of system S. Hence by soundness of S, Qq.A(a, q) is false.

(3) gr(a) =1 = [Ois an r-clause and can be obtained from the clauses of B(a, ) alone using

the rules of system .S. Hence by soundness of S, Or.B(a, r) is false.

Thus g, the output gate of the circuit, computes an interpolant.

When F has only existential quantification, 7 is a classical resolution proof, and this is exactly
the interpolant computed by Pudlék’s method [99]. The challenge here is to construct 7’ and 7"
appropriately when the stronger proof systems are used for general QBF, while maintaining the

inductive invariants.
Theorem 30. /RM-calc has feasible interpolation.

As mentioned in the proof idea, for an IRM-calc proof 7 of F we first describe the circuit C

with input p.

Proof. Construction of the circuit C';: The DAG underlying the circuit is exactly the same as the
DAG underlying the proof 7. For each node u with clause C, in ™ we associate a gate g, as follows:

u is a leaf node: If C,, € A(p,q) then g, is a constant 0 gate. If C,, € B(p,r) then g, is a

constant 1 gate.
u is an internal node: We distinguish four cases.

1. w was derived by either
(a) instantiation,
(b) merging.
In this case put a no-operation gate for g,,.
2. wu corresponds to a resolution step with an existential variable = € p as pivot. Nodes v and w

are its two children, i.e.
node v node w

— ——
CiVvz CyV —x

C
~—

node u

In this case, put a selector gate sel(x, gy, g ) for g,. Here, sel(z,a,b) = a, when x = 0 and
sel(z,a,b) = b, when = = 1. That is, sel(z,a,b) = (—z A a) V (z A b). Note that all the

variables in p are existential variables without annotations.
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3. w corresponds to a resolution step with an existential variable € g as pivot. Put an OR gate
for gy,.
4. wu corresponds to a resolution step with an existential variable x € r as pivot. Put an AND gate

for g,.

This completes the description of the circuit Cf..

Construction of 7’ and 7”’: We construct a proof-like structure 7’(a), which depends on the
assignment a to the p variables, the proof 7 of F, and the circuit C;. For each node u in 7, with
clause C.,, we associate a clause C}, , in 7'(a), and let Cy; , be the instantiation of C;, , by the

assignment a. We show (by induction on the height of v in 7) that:

1. G4 2 Cu

2. gu(a) =0 = C}, is a g-clause and can be obtained from the clauses of A(a, q) alone
using the rules of system IRM-calc.

3. gu(a) =1 = C(}, is ar-clause and can be obtained from the clauses of B(a,r) alone

using the rules of system IRM-calc.

As described in the proof outline, this suffices to conclude that the circuit C'; computes an inter-

polant.

At aleaf level: Let node u be a leaf in 7. Then C{m = (; that is, copy the clause as it is. Trivially,

Ch.a = Cy. The gates give the correct values by definition.

At an internal node with instantiation: Let node u be an internal node in 7 corresponding to an
instantiation step by 7. And let node v be its only child. We know C,, = inst(r, Cy).

Suppose 17 € inst(r, C, a)- Then for some &, 1€ € Cy q» and 19 = 1€ °7]; hence ¢’ is a
subset of &’ completed with 7. By induction we know that C{ha =< Cy. We have an injective function
[+ C,q = C, that demonstrates this. Let f(I€") = I5. Hence I € C, for some £’ < €. So
[0 =7l ¢ C'. Since the annotations introduced by instantiation match, o’ < o. We use this
to define a function g : inst(r, C}, ,) — C, where g(1°") = 1. Now we find any ™, ™ where
g(I™) = g(I™) = I” and perform a merging step on ["* and [™; note that the resulting literal I” will
still satisfy 7/ < 7. Eventually we get a clause which we define as instmerge(r, C;, ,, C.) = C,, ,
where this function is injective. We will use this notation to refer to this process of instantiation and
then deliberate merging to get =< C,.

Therefore C7, ,, < C..

If the node w is not pruned out in 7 (a), then Cy/ , contains no satisfied p literals; hence neither

does C, . Therefore Cy , is derived from Cy ,; this is a valid step in the proof system.
Because we only use instantiation and merging or a dummy step, C'q’J”a is a g-clause if and only

if C’q’i o 18 a g-clause. Therefore the no-operation gate g,, gives a valid result by induction.

At an internal node with merging: Let node v be an internal node in 7 corresponding to a merging
step. Let node v be its only child. We have
Cy =D, Vb Vb
Cy = D, Vb
99




8. FEASIBLE INTERPOLATION FOR QBF RESOLUTION CALCULI

where dom(y) = dom(o) and £ is obtained by merging the annotations pu,o. That is, £ =
AMerge(p, o) £ {c/u | c/u € p,c/u € o} U{x/u | ¢c/u € p,d/u € o,c # d}. Note that
w, 0 < AMerge(u, o).

Note that from the induction hypothesis, C? (a) = C,, so there is an injective function f :
c, @ Cy. Suppose C; (@) contains two distinct literals b*" and b where f (b“/) = b" and
f@°) =17, So C;J(a) = D! Vb v b . Then let Chra =D,V b¢', where & = AMerge(y/, o).
Otherwise let Cy, , = Oy .

We first observe whenever we do actual merging, if ¢/u € £ then one of the following holds:

1. ¢/u € ¢’. Then c¢/u € o or x/u € o,and so ¢c/u € & or x/u € &.
2. ¢/u € . Thenc/u € por*/u € pu,and so c/u € £ or x/u € &.
3. e/u ey, d/ue o', e+#d, in which case x/u € &.

Since all other annotated literals are unaffected, C;, o = Cy. We never merge p literals as they have
no annotations, so if Cy , is not pruned away, then Cy; , is derived from C7 , via merging.

In case we do not merge, there might be some b7 € C.q With 0’ < o, which is not removed
by merging. However 0’ <0 X §,50C,, , = C} , <X Cy. As Cyj , = C} ,, this is a valid inference
step (in fact, a dummy step).

Because we only use merging or a dummy step, Cg’a is a g-clause if and only if C{)”a is a

g-clause, therefore the no-operation gate g,, gives a valid result by induction.

At an internal node with p-resolution: Let node u in the proof 7 correspond to a resolution step

with pivot « € p. Note that z is existential, as p variables occur only existentially in 7. We have

node v node w
— ——
C,=Ci1Vz CoV—x =Cy
C,=C1VCy '
——

node u

In the assignment a, if z = 0, then define C}, , = C} , \ {z} and if x = 1 then define C}, , =
Cy.a \ {—7}. By induction, we have C; , < C, and C}, , = C,,. So, if 2 = 0, we have C;, , =
Coa\ {7} 2C1 2C. Ifx =1, wehave C}, , X Cj, o\ {—2} X C2 2 C.

In this case g, is a selector gate. If x = 0 in the assignment a, then g,(a) = g,(a) and
C// — C//
u,a

(@) Since the conditions concerning g, (a) and Cy, are satisfied by induction, the

conditions concerning g, (a) and Cy; , are satisfied as well. Similarly, if x = 1, then g, (a) = gu(a)
and C; , = C,

w.a> and the statements that are inductively true at w hold at u as well.

At an internal node with g-resolution: When we have a resolution step between nodes v and w

on a g pivot to get node u, we have

C,=2"vD, Cu,=-2""VD,
Cy, = inst(o, D,) Uinst(&, Dy,)

where dom(7), dom(§) and dom(o) are mutually disjoint, and rng(7) = {0, 1}.
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In order to do dummy instantiations we will need to define a {0, 1} version of £ and o. So
we define & = {c/u | ¢/u € &c € {0,1}} U{0/u | x/u € &}, 0’ = {c/u | ¢/u € o,c €
{0,1}}U{0/u | */u € o}. This gives us the desirable property that ' < ¢, o’ < 0.

Now resuming the construction of C”’, we use information from the circuit to construct this. If
gv(a) = 1, then we define C}, , = instmerge(c’, C;, ,, C,). Otherwise, if g,,(a) = 1, then we
define C}, , = instmerge(¢’, C7, 4, Cy). In these cases, we know by the inductive claim that C;, ,,
does not contain any q literals. Therefore C’{W is the correct instantiation (as &’ <X &, ¢’ < o) of
some subset of D, or D,,. Hence C{ha = (Y. Furthermore since g, is an OR gate evaluating to 1

and since C!/ ,,
k)

an r-clause, can be obtained by an instantiation step, our inductive claim is true.
Now suppose g,(a) = 0 and g,,(a) = 0. If there is no z* € Cj, , such that y < 7 U ¢, then
define C, , = instmerge(o’, C, ., Cy). Else, if there is no —z* € Cy, , such that y < 7 U 0o,

then define C;, , = instmerge(¢’, Cy, 4, Cu). In these cases we know that 7, , is the correct

,a’
instantiation (as £’ < &, 0/ < o) of some subset of D, or D,,; hence C{w =< (. Furthermore,
since g, is an OR gate evaluating to 0, and since Cy, ,, a g-clause, can be obtained by an instantiation
step, our inductive claim is true.

The final case is when g,(a) = gw(a) = 0 and 271 € C, , for some &; < € and ~z™7" €
Cy.q for some 01 < 0. Here, because dom(7), dom(¢) and dom(c) are mutually disjoint, dom(7),

dom(&;) and dom(o) are also mutually disjoint. Thus we can do the resolution step

Cla = 4™V DGl =~V D
inst(oq, D.,) Uinst(¢1, D)

Since instmerge(o1, D), C,,) = inst(c, D,) and instmerge (1, D.,, C,,) =< inst(¢, Dy,), we
can follow up inst(c1, D)) Uinst(&1, D.,) with sufficient merging steps to get a clause C' < C,; we
define this clause to be the clause Cy, ,. By the inductive claim, both Cy , and Cy; ,, are g-clauses;

hence C , is also a g-clause and is obtained via a valid resolution step.
7

At an internal node with r-resolution: When we have a resolution step between nodes u and v

on an r-literal, this is the dual of the previous case. O

8.2 Monotone Interpolation

To transfer known circuit lower bounds into size of proof bounds, we need a monotone version of

the previous interpolation theorems, which we prove next.
Theorem 31. /RM-calc has monotone feasible interpolation.

Proof. In the previous section, we have shown that the circuit C;(p) is a correct interpolant for
the QBF sentence F. That is, if C(p) = 0 then Qq.A(a, q) is false, and if C(p) = 1 then
Qr.B(a,r) is false.
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However, if p occurs only positively in A(p, g) then we construct a monotone circuit C)*°" (p)

such that, on every 0, 1 assignment a to p we have

C"(a) =0 = Qq.A(a, q) is false, and

C"(a) =1 = Qr.B(a,r) is false.

We obtain C*°"(p) from C(p) by replacing all selector gates g, = sel(x, gy, guw) by the
following monotone ternary connective: g, = (x V g,) A gy, Where nodes v and w are the children
of win .

We also change the proof-like structure 7/(a); the construction is the same as before except that
at p-resolution nodes, the rule for fixing C;, ,, is also changed to reflect the monotone function used
instead.

More precisely, the functions sel(x, gy, g) and g, = (x V gy) A gy differ only when z = 0,
gv(a) = 1, and g, (a) = 0. We set C;, , to C, , \ {—z}ifz = Lorifx = 0, g,(a) = 1 and
gw(a) =0,and to C}, , \ {x} otherwise.

We need to show that at the differing setting, the inductive statements relating the modified
Ch.a» 9u(a@) and Cy , continue to hold. The relation C;, , < C,, holds by induction. Now consider
the gate values.

We know by induction that g, (a) = 1 means that Cy/ ,, is an r-clause and can be derived from
B(a,r) alone. When z = 0, C}, , = (), and the selector gate will output the value of g,(a)
which is a 1. Hence C{L”a is an r-clause. However observe that at this setting, g,,(a) = 0, which
means by induction that Cy; , is a g-clause and can be derived using A(a, q) clauses alone via the
appropriate proof system. Thus by our assumption about p variables appearing only positively in A,
the clause C7, , does not contain —x. Thus we can safely assign C;, , = C}, ,. This completes the

proof. O

Notice that IRM-calc being a calculus with (monotone) feasible interpolation means that via a
transformation to IRM-calc, every calculus that IRM-calc p-simulates also have feasible (monotone)
interpolation. Namely, this means that the expansion calculi IR-calc and YExp+Res have these
interpolation results. The same idea can be applied to the CDCL proof systems, it would suffice that
the most powerful CDCL system- LQU™-Res (refer to Figure 18 for simulation details) has feasible
(monotone) interpolation and indeed it is true as shown in [21], where both feasible interpolation
and feasible monotone interpolation was shown to be true in LQU™-Res in much that same fashion
as it is shown true for IRM-calc here.

8.3 New Exponential Lower Bounds for IRM-calc

We now apply our interpolation theorems to obtain new exponential lower bounds for a new class
of QBFs. The lower bound will be directly transferred from the following monotone circuit lower
bound for the problem CLIQUE(n, k), asking whether a given graph with n nodes has a clique of

size k.
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Theorem 32 (Alon and Boppana 87 [3]). All monotone circuits that compute CLIQUE(n,n/2)

are of exponential size.

We now build the QBF. Fix an integer n (indicating the number of vertices of the graph) and
let p be the set of variables {p,, | 1 < u < v < n}. An assignment to p picks a set of edges, and
thus an n-vertex graph. Let q be the set of variables {g;, | i € [5],u € [n]}. We use the following

clauses.
Ci =qa1V-Vagn fori € [5]
Diju = 2w V 2qju fori,j € [§],4 < jandu € [n]
Eivve = "Giu V v fori € [§]and u,v € [n],u <wv
[

Fijuo ="u NV —qju Vpuw fori,jels],i<j and u#v € [n].

N3

We can now express CLIQUE(n, n/2) as a polynomial-size QBF 3q.A,,(p, q), where

An(pa q) = /\ Ci N /\ Di,j,u A /\ Ei,uw A /\ Fi,j,u,v-

€[] 1<j,u€[n] i€l lu<v i<j,uFv

Here the edge variables p appear monotone in A, (p, q).

Likewise co-CLIQUE(n,n/2) can be written as a polynomial-size QBF Vr13ra. B, (p, r1,72).
To construct this we use a polynomial-size circuit that checks whether the nodes specified by r;
fail to form a clique in the graph given by p. We then use existential variables 72 for the gates
of the circuit and can then form a CNF B,,(p, r1,72) that represents the circuit computation.
For r1, we have a variable r;, for every variable ¢;, and we let the set of variables of ro be
{tk | K € A, } U {t}. For each clause K in A, x(p,q), we include an equivalence tx <>
K{[riu/giu) in By, i (p,r,t), which we represent as a set of clauses. We also introduce clauses
fort <> A KeA,, tx, i.e., t indicates whether the r variables encode a clique. Because we want
to represent the co-clique formula we also include —t in B,, ;(p, r1, r2), which yields the CNF
formula co-CLIQUE(n, k) = Vre3rs. By, 1 (p, T1,T2).

Now we can form a sequence of false QBFs, stating that the graph encoded in p both has a
clique of size n/2 (as witnessed by q) and likewise does not have such a clique as expressed in the
B part:

b, (p,q,7) = IpIqVr1Ira. An(p,q) A Bp(p,r1,72).

This formula has the unique interpolant CLIQUE(n,n/2)(p). But since all monotone circuits for
this are of exponential size by Theorem 32 and monotone circuits of size polynomial in IRM-calc
and LQU™-Res proofs can be extracted by Theorem 31, all such proofs must be of exponential

size, yielding:
Theorem 33. The QBFs ®,,(p, q,T) require exponential-size proofs in IRM-calc.

Theorem 34 (Beyersdorff, Chew, Mahajan, Shukla ’15 [21]). The OBFs ®,(p, q,r) require
exponential-size proofs in LQU™ - Res.
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8.4 Feasible Interpolation vs. Strategy Extraction

Recall the two-player game semantics of a QBF explained in Chapter 3. Every false QBF has a
winning strategy for the universal player, where the strategy for each variable depends only on
the variables played before. We now explain the relation between strategy extraction and feasible
interpolation. In Section 8.1 we studied QBFs of the form F = 3pQqOr. [A(p,q) A B(p,r)]. If

we add a common universal variable b we can change it to an equivalent QBF
F¥ =3pVbQq Qr.[(A(p.q) V b) A (B(p,7) vV —b)].

If F is false, then also F? is false and thus the universal player has a winning strategy, including a

strategy for b = o(p) for the common universal variable b.

Remark 5. Every winning strategy o (p) for b is an interpolant for F, i.e., for every 0, 1 assignment

a of p we have

o(a) =0 = Qq.A(a,q) is false, and

ola) =1 = Or.B(a,r) is false.

Proof. Suppose not. Then there are two possibilities.

1. There is some a where o(a) = 0 and Qq.A(a, q) is true. Then setting b = 0 would satisfy
Qr.B(p,r)V —b. But Qq.A(a, q) Vv bis also satisfied. Hence this cannot be part of the winning
strategy for the universal player.

2. There is some a where o(a) = 1 and OQr.B(a, r) is true. This is the dual of the above. O

This observation means that every interpolation problem can be reformulated as a strategy
extraction problem. We will now show that from proofs of these reformulated interpolation problems
we can extract a (monotone) Boolean circuit for the winning strategy on the new universal variable
b.

We now prove how to extract strategies for interpolation problems, first for LQU™-Res and
then for IRM-calc.

Theorem 35 (Beyersdorff, Chew, Mahajan, Shukla 15 [21]).

1. From each LQUY - Res refutation T of F® we can extract in polynomial time a boolean circuit
for o(p), i.e., the part of the winning strategy for variable .

2. Ifin the same setting as above for F°, the variables p appear only positively in A(p, q), then
we can extract a monotone boolean circuit for o(p) from a LQU™ - Res refutation  of F b in

polynomial time (in the size of 7).

Theorem 36. 1. From each IRM-calc refutation 7 of F° we can extract in polynomial time a

boolean circuit for o(p), i.e., the part of the winning strategy for variable b.
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2. Ifin the same setting as above for F°, the variables p appear only positively in A(p, q), then
we can extract a monotone boolean circuit for o(p) from a IRM-calc refutation 7 of F° in

polynomial time (in the size of 7).

Proof. We can use exactly the same constructions as in Theorem 30. The b literals do not affect the

argument. O

As a corollary, the versions P (p, g, r) of the formulas from Section 13.4 also need exponential-
size proofs in IRM-calc and LQU™-Res.

If we were only concerned about lower bounds we could have used the strategy extraction
lower bound, however our approach of first showing the feasible interpolation result illuminates
the relationship between feasible interpolation (in both the propositional and QBF setting) and
strategy extraction. Another reason that we explored feasible interpolation is to properly compare
propositional lower bound techniques to their natural QBF analogues.

We revisit feasible interpolation in Chapter 12 in Part III where we see it work for a QBF
adaptation of the Cutting Planes proof system as it does in propositional logic. In Chapter 9 we

continue our investigation into lower bound techniques.

105



9. SIZE, WIDTH AND SPACE FOR TREE-LIKE QBF CALCULI

Chapter 9

Size, Width and Space for Tree-like QBF
Calculi

In previous chapters we have looked at lower bound techniques that apply to QBF-resolution
calculi. While strategy extraction used in Chapter 5 is a new technique that works specifically in the
QBF-setting, older techniques still apply.

We have found that the game techniques from [27-29] work with slight adjustments (Chapter 7)
as do the feasible interpolation techniques from [80,99] (Chapter 8, Chapter 12). The most important
technique that works for propositional logic is arguably the size-width relation by Ben-Sasson and
Wigderson [13]. It links proof size and proof width in the resolution system, by showing that lower
bounds to size can emerge when lower bounds to the width are found.

In this chapter we review the work of Beyersdorff et. al [22], presented at the 33rd Symposium
on Theoretical Aspects of Computer Science where the size-width relation in QBF was investigated.
It was shown that, in order to understand width-relations in QBF resolution, existential width was
better to use. This is due to an example of false formulas that accumulate universal variables in
Q-Res proofs, but have short proofs due to reduction.

However existential width is not enough to give us the size-width relation. The crux of the
size-width relation proof from [13] fails due to the restrictions in Q-Res. Furthermore, there are
examples of formulas in Q-Res and tree-like Q-Res (Q-Rest) that violate the size-width relation,
even for existential width.

In [22] it was shown that tree-like VEXp+Res simulates tree-like IR-calc, furthermore the
simulation preserves width. Hence, that the two systems are equivalent. Since, after the axiom rules,
VExp+Res works the same as proposition resolution it was shown that the size-width relation holds
in tree-like YExp+Res and hence tree-like IR-calc.

Section 9.1 covers the basic definitions of width and space and their relations to size and each
other in propositional proof complexity. In the remaining chapters we present the work from [22]
without proof. Section 9.2 introduces the notion of existential width for QBF and justifies its use.
Section 9.3 contains the negative results, that Q-Res does not have the size-width relation. However,
Section 9.4 contains a simulation in tree-like systems that make the size-width relation possible in
tree-like IR-calc and VExp+Res in Section 9.5.

9.1 Width and Space

Width. The width of a clause C' is the number of literals in C, denoted w(C'). For a CNF F' the
width is given by w(F') = maxcer(w(C)). If we take any line-based proof system P that operates
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on lines that are clauses and then if we take a proof 7, then w(7) = max(w(L) : L is aline in 7),
and the width w(Fp F') = min{w(7) : wFp F}.
We can then present the famous result from Ben-Sasson and Wigderson for tree-like resolution

and resolution.

Theorem 37 (Ben-Sasson, Wigderson [13]). For all unsatisfiable CNFs F' in n variables the fol-

2
lowing holds: S(}?STF) > 2w< Res F>7w(F) and S(lg F) = exp (Q <<w< Res ?*W(FD >>

Note that the width does not change in a tree-like system compared to its dag-like version.

The size-width relation can generate exponential-size lower bounds. An example would be from
the famous formulas of Tseitin. The formulas are built on graphs and 7(G, f) = A, v (@) Doce Te =
f(v) where f(v) is an odd-weight boolean function (in other words >, /(¢ f(v) = 1 mod 2).
The formulas 7(G, f) are always false because for them to be true the sum of the vertex degree
would have to be odd.

When the maximal degree of G is constant then the initial width of 7(G, f) is constant. The
width of proof is bounded below by the value of the expansion of G which is given as expand(G) =
min |[E(V/,V\ V)| : V' €V, Y < |v'| < Z¥] 1t is known that expand(G) = 2(|V|) for 3-
regular graphs, so we get a width lower bound and thus an exponential size lower bound.

Space. Proof space complexity was introduced in [54]. Space, informally, is the minimum amount
of computer memory that is simultaneously needed to refute a formula. Just as proof size is related
to running time of solvers, proof space has a relation to the memory required for solvers. This is a
fairly important relation, many solvers run out of memory instead of timing out and proof space
complexity gives us some theoretical framework for understanding how to prevent this.

Space can be measured in different ways. A configurational proof is a sequence of mem-
ory configurations M; that contain clauses. A configurational proof is subject to the following

conditions:

-Moy=9
- M1 = M; U{C?} where C is an axiom, or
- M1 = M; U{C?} where C is obtainable from an inference on clauses in M, or

- Miy1 = M\{C}.
The Clause Space (CSpace) for configurational proof 7 is given by
CSpace(m) = max(|M;| | M; € ).
The Clause Space for a resolution for a formula F' and proof system P is

CSpace (}z F) = min(CSpace(m)|r is a proof in system P).
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The Total Space (T'Space) for configurational proof 7 is given by

T'Space(m) = max( Z w(C) | M; € ).
ceM;

The Total Space for a resolution for a formula F' and proof system P is
TSpace (| F) = min( TSpace(r)|x is a proof in system P).

Relations between space, size, and width are also explored (cf. also [31, 84]), establishing the

size-space relation for tree-like resolution, notice here we are using clause space:

Theorem 38 (Esteban, Toran [55]). For all unsatisfiable CNFs F' the following relation holds:
Sty F) 2 pOSvace (e 1) _ 3.

The fundamental relation between space and width for full resolution was obtained in [6]; a

more direct proof was given recently in [56].

Theorem 39 (Atserias, Dalmau [6]). For all unsatisfiable CNFs F' the following relation holds:
w(lgz F) < CSpace(lzz F) + w(F) — 1.

There have also been improvements that allow for relations to total space.

Theorem 40 (Bonacina [35]). For all unsatisfiable k-CNFs F the following relation holds:
TSpace(fzez F) > %(w(}@F) —k—4)%

9.2 Width versus Existential Width

While width treats all variables equally in propositional logic, the notion of width is more compli-
cated in QBF, due to variables belonging to either universal or existential quantifiers. It was shown

in [22] that this notion breaks down any relation between width and space or size.

Proposition 2 (Beyersdorff, Chew, Mahajan, Shukla [22]).
For the false QBFs F,, = Yuj ... up3ep3ey ... en.(eg) A /\z‘e[n](ﬁei—l Vo V) A (—ep) we
have S(tgpesFn) = O(n) and CSpace(fgge Fn) = O(1), but w(tgpes Fn) = 2(n).

The width lower bound itself comes from the accumulation of universal literals which cannot
be removed until the last step do to the restrictions on V-Red, notice that even if universal resolution
is allowed (as in QU-Res) then everything above still applies because no universal resolution rule
cannot be used.

In order to investigate a more robust version of width in QBF it was decided [22] that existential
width should be investigated, this counts the number of existential literals in a clause C' and is
denoted by w3(C'). This definition also brings CDCL-based QBF calculi like Q-Res in line with
expansion-based QBF calculi like IR-calc, where the only literals present are existential.
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9.3 Negative Results: Size-Width, Space-Width Relations Fail in Q-Res

Proposition 3 (Beyersdorff, Chew, Mahajan, Shukla [22]). There are false sentences ), with
an existential literal b quantified at the innermost level, such that the sentence 1y, |p—1 is false and

has a small existential-width proof, but 1), itself needs large existential width to refute in Q-Res.

These ), formulas are based off of formulas from Bonet and Galesi [37] that we denote as BG,.
BG,, is an unsatisfiable CNF over O(n?) variables with w(BG,,) = 3 and w(- BG,,) = £2(n).
¥y, 1s given as JxJaVuTb. (a V u V —b) A (-a) A BG,(x).

The significance of this proposition is that it is a counterexample to a property of resolution that

was essential in the propositional DAG-like case of the size-width relation.

Theorem 41 (Beyersdorff, Chew, Mahajan, Shukla [22]). There exist false QBFs CR., over
O(n?) variables, such that S(fz— CR!) = n°M, w3(CR.) = 3, CSpace(tgresr CRy) =

Q-Rest

O(1), and w3(tgpe- CRy,) = 2(n).

The formulas CR), are Tseitin transformations of a natural completion principle formula CR,,
from [74]. Since tree-like space is at least as large as space, Theorem 41 also rules out the space-
width relation for general dag-like Q-Res proofs.

However, Theorem 41 cannot be used to show that the size-existential-width relationship for
general dag-like proofs fails in Q-Res, because CR!, have O(n?) variables.

Instead consider the following formulas ¢,,, introduced by Janota and Marques-Silva [74]:

Elequl 30162 e ElenVunEICQn_lcgn.

/\ ((—|€i V 621_1) A\ (ﬂui V Cgi_l) AN (ei V CQZ') AN (ul V Cgi)) A \/ —C;.
i€[n] 1€[2n]

These were originally used to show that VExp+Res does not simulate Q-Res; they have short
proofs in Q-Res but are hard for VExp+Res and thus Q-Resr.
These formulas were used to disprove the size-width relation for Q-Res, but with a modification

to make the axiom clauses have constant width. Let ¢/, denote the modified formula:

/
@, = Fe1Vuidcica . .. JepVupIean—1c2n,370 . . . T2

/\ ((ﬂei V CQZ'_l) A (—|ui V CQi_l) A (62' V CQi) A (uz V CQi))/\ (D)
1€[n]
=g A /\ (wi,l V —¢; V ﬁl‘i) N\ Top,. 2)
1€[2n]

Theorem 42 (Beyersdorff, Chew, Mahajan, Shukla [22]). There is a family of false QBFs ¢/, in
O(n) variables such that S(tgz ¢},) = n°W, w3(¢l,) = 3, and w3(lgper #,) = 2(n).

These results demonstrate that the size-width relation fails in Q-Res and the same result can

also be applied to QU-Res. This is of great importance as it means that our investigation into proof
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complexity in QBF calculi does not have the main techniques from propositional logic. This also

highlights the importance of the other techniques that have shown to work in the QBF setting.

9.4 Simulations: Preserving Size, Width, and Space Across Calculi

While it has been shown that strong negative results occur for dag-like Q-Res, we will later see that
positive results hold for tree-like calculi. While we have seen investigations into tree-like Q-Res.
Other tree-like calculi such as tree-like versions of expansion-based calculi have not been discussed.

The most important observation is the following:

Lemma 27 (Beyersdorff, Chew, Mahajan, Shukla [22]). VExp+Rest p-simulates IRt-calc

while preserving width, size, and space.

Lemma 28 (Beyersdorff, Chew, Mahajan, Shukla [22]). /IRr-calc p-simulates Q-ResTt while

preserving space and existential width exactly and size up to a factor of 3.

Proof (Proof Sketch). This uses the same simulation as given in [18]. This simulation was originally

for dag-like proof systems, but here it is checked that it works for tree-like systems.

As a by-product, these simulations enable us to give an easy and elementary proof of the

simulation of Q-Rest by VExp+Res, shown in [74] via a more involved argument.
Corollary 11 (Janota, Marques-Silva [74]). VExp+Rest p-simulates Q-Resr.
Using the previous lemmas, the following were shown:

Theorem 43 (Beyersdorff, Chew, Mahajan, Shukla [22]). For all false QBFs F, the following

relations hold:

1. %S( IRr-calc "r) S S ( VExp+F{esT ‘F) S S( IRr-calc ‘F) S 38( Q-Rest ‘F)
2. w( IR-calc ]:) = w( VExp+Res ]:) S ’wg( Q-Res ]:)
3. CSpace( VExprFes, F) = C’Space(}m]—') < CSpace(}QTesT}').

9.5 Positive Results: Size, Width, and Space in Tree-like QBF Calculi

We first observe that for YExp+Res almost the full spectrum of relations from classical resolution

remain valid.

Theorem 44 (Beyersdorff, Chew, Mahajan, Shukla [22]). For all false OBFs F, the following

relations hold:

J—') > ov(Ivepmes 7)—ws(®),
CSpace lW]:
2 S( VExp+Rest ]:) > 2 ( Xp+Rest )

3. CSpace ( VExp+Resr ‘7:) > CSpace(}m]:) > w(}m}_) - wﬂ(]:) + 1.
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This comes quite easily, YVExp+Res can be seen as having two parts. A formula is expanded in
the axiom cases, and then resolution is performed. These two parts can be separated, which means
the resolution part performs exactly as it did in the propositional case, leading to all the previous
results.

Since VExp+Resy and IRy-calc are simultaneously equivalent with respect to size, width, and
space (Theorem 43), all results from Theorem 44 transfer to IRt-calc.

Theorem 45 (Beyersdorff, Chew, Mahajan, Shukla [22]). For all false QBFs F, the following

relations hold:

1. S(}m}—) > 2w( IR-calc ]:)—wa(f)'
2. S(}W‘F) > 205'pace< TRr-calc f) .
3. CSpace(}m]:) Zw(}m}—)—wa(}-)—kl.

And finally returning to Q-Res a positive result exists there as well.

Theorem 46 (Beyersdorff, Chew, Mahajan, Shukla [22]). For a false QBF sentence F,
S(tames 7) 2 pOspece taer 7) 1,

In summary it has been shown that the size-width relation does work as a lower bound technique
when using existential width but only for tree-like calculi. The reason the relation fails in DAG-like
Q-resolution can be summarised in the findings of Proposition 3, that the proof width is sensitive to
the variable restrictions.

With the importance of the width in propositional lower bounds. The failure perhaps explains
some of the difficulty in QBF proof complexity. We continue to look at QBF resolution systems in

Chapter 10, looking at applications to the broader DQBF problem.
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Chapter 10

Lifting QBF Resolution to DQBF

The logic of dependency quantified Boolean formulas (DQBF) [97] generalises the notion of
quantified Boolean formulas that allow Boolean quantifiers over a propositional problem. DQBF is a
relaxation of QBF in that the quantifier order is no longer necessarily linear and the dependencies of
the quantifiers are completely specified. This is achieved using Henkin quantifiers [68], usually put
into a Skolem form. DQBF is NEXPTIME-complete [7], compared to the PSPACE-completeness
of QBF [113]. Thus, unless the classes are equal, many problems that are difficult to express in QBF
can be succinctly represented in DQBFE.

The aim of this chapter is to clarify which of the QBF resolution systems can be lifted to DQBF.
This is motivated both by the theoretical quest to understand which QBF resolution paradigms are
robust enough to work in the more powerful DQBF setting, as well as from the practical perspective,
where recent advances in DQBF solving [57,58, 62, 117] prompt the question of how to model and
analyse these solvers proof-theoretically.

Our starting point is the work of Balabanov, Chiang, and Jiang [9], who show that Q-Res can be
naturally adapted to a sound calculus for DQBF, but it is not strong enough and lacks completeness.
Using an idea from [11] we extend their result to QU-Res, thus showing that the lifted version of
this system to DQBF is not complete either. On the other hand, we present an example showing
that the lifted version of LD-Q-Res is not sound, and this transfers to the DQBF analogues of the
stronger systems LQU"-Res and IRM-calc.

While this rules out most of the existing QBF resolution calculi already—and in fact all CDCL-
based systems (cf. Fig. 22, Chapter 5)— we show that IR-calc, lifted in a natural way to a DQBF
calculus D-IR-calc, is indeed sound and complete for DQBF; and in fact this holds as well for the
lifted version of the weaker expansion system VExp+Res.

Conceptually, our soundness and completeness arguments use the known correspondence of
QBF and DQBF to first-order logic [109], and in particular to the fragment of EPR, also known
as the Bernays-Schonfinkel class, which like DQBF is NEXPTIME-complete [86]. In addition to
providing soundness and completeness this explains the semantics of both IR-calc and D-IR-calc
and identifies these systems as a special case of first-order resolution.

We give a definition of DQBF in Section 10.1. In Section 10.2, we show that QU-Res, LD-Q-
Res, LQU™-Res, IRM-calc all fail to be lifted up to DQBF, either via unsoundness or incomplete-
ness. However, in Section 10.3 we show that IR-calc lifted up to DQBF becomes the sound and
complete calculus D-IR-calc.

The work in this chapter appeared at the 19th Theory and Applications of Satisfiability Testing

International Conference [24].
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10.1 Dependency QBF

A Dependency Quantified Boolean Formula (DQBF) ¢ in prenex Skolem form consists of a
quantifier prefix II and a propositional matrix 1. Here we mainly study DQBFs where 1) is in
CNF. The propositional variables of ) are partitioned into sets Y and X. Y is the set of universal
variables and X the set of existential variables. For every y € Y, IT contains the quantifier Vy. For

every € X there is a predefined subset Y, C Y and I contains the quantifier 3x(Y7).

The semantics of DQBF are defined in terms of Skolem functions. A Skolem function f, :
{0,1}¥= — {0, 1} describes the evaluation of an existential variable = under the possible assign-
ments to its dependencies Y,. Given a set F' = {f, | x € X} of Skolem functions for all the
existential variables and an assignment o : Y — {0, 1} for the universal variables, the extension of
a by Fisdefined as ap(z) = fy(a | Yy) forx € X and ap(y) = a(y) fory € Y. ADQBF ¢ is
true if there exist Skolem functions F' = {f, | x € X} for the existential variables such that for
every assignment o : Y — {0, 1} to the universal variables the matrix i) propositionally evaluates

to 1 under the extension o of o by F'.

QBF is a special case of DQBF. To see this, we use the sequence from left to right to assign to
every variable in the prefix a unique index ind : X UY — N, and make every existential variable =

depend on all the preceding universal variables by setting Y, = {y € Y | ind(y) < ind(x)}.

10.2 Problems with Lifting QBF Calculi to DQBF

There is no unique method for lifting calculi from QBF to DQBF. However, we can consider ‘natural’
generalisations of these calculi, where we interpret index conditions as dependency conditions. This
means that when a proof system requires for an existential variable x and a universal variable y
with ind(y) < ind(z), this should be interpreted as y € Y. Analogously ind(z) < ind(y) should
be interpreted as y ¢ Y. This approach was followed when taking Q-Resolution to D-Q-Resolution
in [9]. Balabanov et al. showed there that D-Q-Resolution is not complete for DQBF using the

following formula.

Va1VaoIyr (z1)Iy2(x2) 3)

{yljy2,$1} {_‘yla_‘y%xl}
{y1,y2, 21, ~x2}  {—w1, e, a1, a2}

{y1, ~y2, w1, w2} {—y1, Y2, —T1, T2}
These are easily shown to be false, but no steps are possible in D-Q-Resolution, hence D-Q-

Resolution is not complete [9]. Consider now the following modification of this formula where the

universal variables are doubled:

Va1 Vo) Vo Vah Iy (21, 7)) Jy2 (12, 75) )
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/ /
{y1,y2, 71,2 } {~y1, ~y2, 1,27 }

/ / / /
{y17 Y2, 71, 7Ty, T2, _'1.2} {_‘yla Y2, 7 T1, Ty, T2, _'1'2}

{y1, ~y2, ~wy, ma wa, b} {2, o, @, e, @)
The falsity of Equation 4 follows from the fact that its hypothetical Skolem model would immediately

yield a Skolem model for Equation 3 using assignments with 21 = , 9 = . But there is no
such model because Equation 3 is false. However, since we have doubled the universal literals we
cannot perform any generalised QU-Res steps to begin a refutation. This technique of doubling
literals was first used in [11].

Now we look at another portion of the calculi from Fig. 22, namely the calculi that utilise
merging. As a specific example we consider LD-Q-Res and show that it is not sound when lifted to
DQBF in the natural way.

To do this we look at the condition of (LJR) given in Fig. 10. Here instead of requiring
ind(z) < ind(u) as a condition for u becoming merged, we require u ¢ Y. This is unsound as we
show by the following DQBF:

VuYv3z(u)Jy(v)Iz(u, v)

{$7U7Z} {_"%7_'1772}

{y,u,—\z} {_'yv_‘uv _'Z}'
Its truth is witnessed by the Skolem functions z(u) = u, y(v) = —w, and z(u,v) = (WA V)V (-~uA

—w). However, the lifted version of LD-Q-Res admits a refutation:

{z,v, z} {—z,—w,z} {y,u, 2z} {~y, ~u, -z}
{v*, z} {u*, -z}
{u*,v*}
{u"}
1
This shows that LD-Q-Res is unsound for DQBF. Likewise, since IRM-calc, LQU-Res and LQU*-

Res line-wise simulate LD-Q-Res, this proof would also be available, showing that these are all

unsound calculi in the DQBF setting.

10.3 A Sound and Complete Proof System for DQBF

In this section we introduce the D-IR-calc refutation system and prove its soundness and com-
pleteness for DQBF. The calculus takes inspiration from |R-calc which we introduce in Chapter 4,
which in turn is inspired by first-order translations of QBF. One such translation is to the EPR
fragment, i.e., the universal fragment of first-order logic without function symbols of non-zero arity
(we only allow constants). We broaden this translation to DQBF and then bring this back down to
D-IR-calc in a similar way as in IR-calc.

We adapt annotated literals [” to DQBF, such that [ is an existential literal and 7 is an annotation
which is a partial assignment to universal variables in Y,.. In QBF, Y, contains all universal variables
with an index lower than z, and this is exactly the maximal range of the potential annotation to x

literals. Thus our definition of annotated literals generalises those used in IR-calc.
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Definition 16. Fix a DQBF I1.7). Let T be a partial assignment of the universal variables Y to
{0,1} and let x be an existential variable. restrict,(T) is the assignment where dom(restrict, (7))
= dom(7) NY, and restricty(7)(u) = 7(u).

Definition 17. We define inst, (C) to be the clause containing all the literals 1"t ) (@) ywhere
1§ € C and dom(c) = dom(&) U dom(7) and o(u) = £(u) if u € dom(&) and o(u) = 7(u)

otherwise.

With these definitions at hand we can now define the new calculus D-IR-calc. Its rules are
exactly the same as the ones for IR-calc stated in Fig. 14, but with the relaxed notions of restriction
and instantiation as in Definitions 16 and 17 above.

Before analysing D-IR-calc further we present the translation of DQBF into EPR. We use an
adaptation of the translation described for QBF [109], which becomes especially straightforward in
the light of the DQBF semantics based on Skolem functions. The key observation is that for the
intended two valued Boolean domain the Skolem functions can be represented by predicates.

To translate a DQBF IT - ¢) we introduce on the first-order side 1) a predicate symbol p of arity
one and two constant symbols 0 and 1 to describe the Boolean domain, 2) for every existential
variable z € X a predicate symbol p, of arity |Y,|, and 3) for every universal variable y € Y a
first-order variable u,,.

Now we can define a translation mapping ;7. It translates each occurrence of an existential
variable x with dependencies Y; = {y1,...,yx} tothe atom t77(z) = pa(uy,,. .., uy, ) (We assume
an arbitrary but fixed order on the dependencies which dictates their placement as arguments) and
each occurrence of a universal variable y to the atom t;7(y) = p(u,). The mapping is then
homomorphically extended to formulas in the obvious way, i.e. t7(—)) = =t (¥), ti7 (11 Abg) =

trr (1) Atz (2), etc. The mapping satisfies the following.
Lemma 29. A DOBF II - is true if and only if t;1(10) A p(1) A =p(0) is satisfiable.

For the purpose of analysing D-IR-calc, the mapping is further extended to annotated literals.
Given an annotation 7, we define a first-order substitution 7 = {u, +— 7(y) | y € dom(7)}. Thus 7
acts on u, in the same way as 7 does on y. By a standard convention, it acts as the identity mapping
elsewhere. The extension of ¢7 to annotated literals now additionally applies the substitution 7 to

the original result: ¢;7(x") = t;7(x)7 for an existential variable .

First-order resolution. We aim to show soundness and completeness of D-IR-calc by relating it
via the above translation to a first-order resolution calculus FO-res. This calculus consists of 1)
a lazy instantiation rule: given a clause C' and a substitution ¢ derive the instance C'o, and 2) the
resolution rule: given two clauses C'U {L} and D U {—L}, where L is a first-order literal, derive
the resolvent C' U D. Note that similarly to propositional clauses, we understand first-order clauses
as sets of first-order literals. Thus we do not need any explicit factoring rule. Also note that we

require the pivot literals of the two premises of the resolution rule to be equal (up to the polarity).
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Standard first-order resolution, which involves unification on the pivot, can be simulated in FO-res
by combining the instantiation and the resolution rule.

It is clear that FO-res is sound and complete for first-order logic.

Soundness. Our argument for the soundness of D-IR-calc is the following. Given m = (L1, Lo,

., Ly), a D-IR-calc derivation of the empty clause Ly, = L from DQBF II - v, we show by
induction that ¢77(L,,) is derivable from ¥ = t;7(¢)) A p(1) A =p(0) by FO-res for every n < /.
Because ¢77(L) = L is unsatisfiable, so must ¥ be by soundness of FO-res and therefore IT - 1 is
false by Lemma 29.

We need to consider the three cases by which a clause is derived in D-IR-calc. First, it is easy
to verify that D-IR-calc instantiation by an annotation 7 corresponds to FO-res instantiation by
the substitution 7, i.e. t;7(inst-(C)) = t7(C)7. Also the D-IR-calc and FO-res resolution rules
correspond one to one in an obvious way. Thus the most interesting case concerns the Axiom rule.

Intuitively, the Axiom rule of D-IR-calc removes universal variables from a clause while record-
ing their past presence (and polarity) within the applied annotation 7. We simulate this step in FO-
res by first instantiating the translated clause by 7 and then resolving the obtained clause with the
unit p(1) and/or —p(0). Here is an example for a DQBF prefix IT = Vu Vv Vw 3z (u, v) Jy(v, w):

{@,y, ~u,v} {1z (vu, uv)ypy(uva Uy), P (), p(Uy) }

D-IR-cal -
(brR-eao {a/w0/v y0/vy (FO-res) {p2(1,0),py(0,uy)}

Theorem 47. D-IR-calc is sound.

Completeness. Let II - 1) be a false DQBF and let us consider G(¢17(1)), the set of all ground
instances of clauses in ¢;7(1)). Here, by a ground instance of a clause C' we mean the clause C'o for

some substitution o : var(C') — {0, 1}. We use an important result on ground instances.

Theorem 48 (Herbrand’s theorem [39]). A first order formulaVx, ...z, F (21 ... xy) with F(xq ..

containing no quantifiers is unsatisfiable if and only if there is a finite set of ground instances whose
conjunction is unsatisfiable i.e. t;j for 1 < i < n, 1 < j < m such that \, <, F'(t1; .. tnj)

unsatisfiable in propositional logic.

By the combination of Lemma 29 and Herbrand’s theorem, G(t17(¢)) A p(1) A —p(0) is
unsatisfiable and thus it has a FO-res refutation. Moreover, by completeness of ordered resolution
[8], we can assume that 1) the refutation does not contain clauses subsumed by p(1) or =p(0), and
2) any clause containing the predicate p is resolved on a literal containing p. From this it is easy to
see that any leaf in the refutation gives rise (in zero, one or two resolution steps with p(1) or —p(0))
to a clause D = t;7(C') where C' can be obtained by D-IR-calc Axiom from a Cyy € 1. The rest of
the refutation consists of FO-res resolution steps which can be simulated by D-IR-calc. Thus we
obtain the following.

Theorem 49. D-IR-calc is refutationally complete for DOBF.
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Although one can lift the above argument with ordered resolution to show that the set
{tr(C) | C follows by Axiom from some C € 1} is unsatisfiable for any false DQBF I7 - 1, we
only know how to simulate ground FO-res steps by D-IR-calc. That is because a lifted FO-
res derivation may contain instantiation steps which rename variables apart for which a subse-
quent resolvent cannot be represented in D-IR-calc. An example is the resolvent {p, (u, ), p.(u,)}
of clauses {p,(uy), py(uy)} and {—pz(uy), p-(u,)} which is obviously weaker than the clause
{py(uy), p-(uy)}. However, only the latter has a counterpart in D-IR-calc.

We also remark that in a similar way we can also lift to DQBF the QBF calculus YExp+Res
from [74]. It is easily verified that the simulation of YExp+Res by IR-calc shown in Section 4
directly transfers from QBF to DQBF. Hence Theorem 47 immediately implies the soundness of
VExp+Res lifted to DQBF. Moreover, because all ground instances are also available in VExp+Res
lifted to DQBF, this system is also complete as can be shown by repeating the argument of
Theorem 49.

In this chapter we look at how resolution can be implemented beyond QBF. In the remaining

chapters we remain in QBF but look beyond the resolution calculus.
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Chapter 11

Extension Variables for QBF Resolution

Using extension variables to abbreviate possibly complex formulas is a well known and powerful
concept in proof complexity and solving. In Tseitin transformations, extension variables are used
to encode arbitrary propositional formulas in CNF. More generally, allowing the extension rule in
proofs is known to shorten proof size drastically for many examples. This makes extension variables
also very interesting in the context of solving, and indeed modern proof checking formats such
as RAT for SAT-solvers [69] and QRAT for QBF solvers [70] incorporate the use of extension
variables.

When augmenting the classical resolution system with the extension rule, allowing it to introduce
a new variable v to abbreviate a disjunction —~x V —y, we arrive at extended resolution [115], cf.
also [85]. Although resolution itself is considered a weak proof system with many known lower
bounds (cf. [108]), extended resolution is an extremely powerful system. Extended resolution is
equivalent to extended Frege [45, 82], one of the strongest proof systems considered today. Showing
any non-trivial lower bounds for extended Frege constitutes an extremely challenging problem with
even hard candidate formulas currently lacking.

In QBF solving and proof complexity, using extension variables was first considered by Jussila
et. al. [75], where they augment Q-resolution to an extended Q-resolution system. In comparison to
the propositional case, extension variables in QBF present one additional challenge. We cite the
relevant passage from [75]:

“In adapting the extension rule to the QBF setting, the crucial question is where to ‘put’ new
variables, e.g., how defined variables are ordered with respect to variables that already occur in the
formula. It seems intuitive that new variables can only be existential. It is also clear that they cannot
be moved further out than the innermost variable on which they depend. In the experimental section
we show that we actually need this freedom to move defined variables as far out as possible. Keeping
them in the innermost existential scope, as for instance in the Tseitin encoding of a non-CNF QBF
formula, is insufficient.”

In this section, we explore this experimental observation with a rigorous theoretical argument.
For this we consider two systems: weak extended Q-resolution, where extension variables are
quantified at the innermost level, and extended Q-resolution, where extension variables are quantified
immediately after the innermost variable on which they depend. Our main result is an exponential
separation between these two versions. We show that QPARITY formulas (Chapter 5) have short
proofs in extended Q-resolution, but require exponential-size proofs in weak extended Q-resolution.

The lower bound uses the strategy extraction technique (Chapter 5). Here we show that weak
extended Q-resolution admits strategy extraction in AC’, i.e., from each refutation of a false QBF

we can extract a winning strategy for the universal player that can be computed by constant-depth
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circuits. This allows to transfer Hastad’s circuit lower bound for parity [67] to a proof size lower
bound for the QPARITY formulas in weak extended Q-resolution.

We divide this chapter as follows; Section 11.1 defines the two ways extension variables can
be added to Q-resolution, Section 11.2 shows that short proofs for QPARITY exist in extended
Q-resolution, however we see in Section 11.3, via a strategy extraction argument, that short proofs
do not exist in weak extended Q-resolution.

The work in this chapter appeared at the AAAI Workshop: Beyond NP 2016 [20].

11.1 Two Versions of Extended Q-resolution

(mx VvV =y V), (z Vo), (y Vo)

where:
x,y are variables already in the formula

v is a fresh variable,

v is inserted into prefix as existentially quantified,
weak extension: insert v at the end of the prefix
general extension: insert v after  and y in the prefix

Fig. 25. Two versions of extension rule

Extended resolution for propositional resolution [115], enables adding clauses expressing the
equality v < (—ax V —y), for a fresh variable v. We follow this idea in the context of Q-resolution.
Here, we need to decide the position of the fresh variable in the prefix. Two versions are considered;
a weak one and a general one.

Figure 25 defines the two forms of the extension rule, which gives us two flavours of extended

Q-resolution.

Definition 18. Weak extended Q-resolution is the calculus of Q-resolution enhanced with the

extension rule in its weak form.

Definition 19. Extended Q-resolution is the calculus of Q-resolution enhanced with the extension

rule in its general form.

Extended resolution and circuits. Semantically, introducing a fresh variable via the extension rule,
corresponds to defining v = x nand y. This enables expressing any Boolean functions in a circuit
form by a sequence of extension rules. Consider for instance = V y. Introduce fresh variables x"
and y" to denote the negation of x and vy, respectively, by setting ™ = x nand z. Subsequently, use
those to define the final output o by setting 0 = 2" nand y".

In the following text, whenever it is obvious that a formula is expressible in a circuit form, we
omit the intermediate definitions. In particular, in proofs, we enable writing extension clauses where

x and y may be literals rather than just variables.
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For instance, the extension clauses z V -y V v, -2 V —v, y V —w are realized by the introduction
of a variable x" corresponding to the negation of z, introduction of v via the extension rule and

finally replacing =™ with - by extra resolution steps.

11.2 Short Proofs for QPARITY in Extended Q-resolution

We show that QPARITY (Definition 6, Section 5) is easy for extended Q-resolution.
Theorem 50. The formulas QPARITY,, have linear-size proofs in extended Q-resolution.

Proof. We define extension variable sy = (1 V x2) A (Z1 V Z2). In clausal form this introduces

the following clauses:
SoVIT1IVry 82V VI SVriVra SVI1VI

For 2 < i < n, we define extension variables s; = s;—1 ® z; = ($i—1 V x;) A (5i—1 V Z).

In clausal form this introduces the following clauses:
siVx;Vsi_1 s;Vx;VSi—1 S;Va;Vsi_1 S8VIT;VSs_1

The main part of this short proof is to show that we can easily substitute s; for ¢;. We will show
this by induction on ¢. The shortness comes from the fact that s,, literals are left of z. This allows us
to reduce z literals “early” and get a contradiction.

Induction Claim: Clauses s; V t; and ¢; V §; (that show s; = t;) are provable in O(7) size
proofs.

Base Case: Let 7 = 2,

SoVIIVay  tpVEIVEY 5oV VEp BV Va
82\/t2\/i’1 _ 82\/t2\/l‘1
82\/!f2

tg\/.’f’l\/l'z 5oVZ1VZo t2\/x1\/9?2 SoVa1Vao
t2\/§2\/i‘1 tQ\/§2\/{E1
toV 5o

Inductive Step: We assume from the induction hypothesis that we have for some i < n, s;_1Vt;_1
and t;_1 V S;_1.

Firstly we use the clauses that express s;—1 = t;—1 to substitute s;_; for ¢;_; .

tLVZTVti_l ti—1VEi-1 t;Va;Vii_i
tLVZT;VEi_1 t;VaiVsi_1

tiVa;Viti_1 si_1Vitii1 t;VT; Vit
tiVax;Vsi_1 tiVIT;Vsi_1

We can use that the clauses that define s; and ¢; are structurally the same to derive s; = t;.
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$;VT;Vs;—_1 fi\/fi\/Ei_l siVx;Vs;_1 E/L‘\/Jii\/&;_l

Sivti
ti\/fi\/si—l §in¢\/5i—1 ti\/Ii\/Ei_l Ei\/xi\/si_l
ti\/gi\/fi tl-\/§l-\/:vi
t;\VS;

Since we only add a constant number of clauses, the induction argument allows us to keep a

O(%) size proof up until s,, V ¢, and t,, V 5.

Sp Vi, 2Vit, thV3E, zZVi,
Sn V2 S,V 2z

Because s, is defined only on z; variables and so universal reduction is available

sp Vz SpVZ
Sn Sn

1

This completes the short refutation in extended Q-resolution. O

11.3 Strategy Extraction and Hardness of QPARITY in Weak Extended Q-resolution

We now complement the upper bound from the previous section with a lower bound for the same
formulas in weak extended Q-resolution. The lower bound argument rests on strategy extraction
(see Chapter 5). The idea is to show that from refutations of false formulas it is possible to efficiently
extract winning strategies for the universal player.

Balabanov and Jiang [10] showed that Q-resolution allows strategy extraction in decision lists.
Here we show that the same remains true in weak extended Q-resolution. In comparison to [10] we

provide a simplified proof.

Theorem 51. Given a refutation 7 of QBF ¢ in weak extended Q-resolution, there exists a winning
strategy for the universal player for ¢ such that for each universal variable u of ¢ the winning
strategy can be represented as a Boolean function f, that is expressible as a decision list whose

size is polynomial in |r|.

Proof. We first review the proof of the strategy extraction theorem for Q-resolution and then explain

at the end how it applies to weak extended Q-resolution.

Letm = (Lq,..., Ly) be aresolution refutation of the false QBF Q¢ and let

0 ifi =2,
(Lit1,-..,L¢) otherwise.
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We show, by reverse induction on ¢, that from 7; it is possible to construct in linear time (w.r.t.

|7;|) a winning strategy o for the universal player for the QBF formula Q¢;, where

10) ifi =0,
¢; =
¢ANLiA---NL; otherwise,

such that for each universal variable v in Q¢, there exists a decision list D!, computing o as a
function of the variables in Q left of w, having size O(|m;|).

The statement of the theorem corresponds to the case when ¢ = 0. The base case of the induction
is for i = £. In this case o is trivial since ¢¢ contains the line L, = 1, and we can define all the
DY as u <+ 0.

We show now how to construct oi~! and Di~! from ¢!, and D’ :

— If L; is derived by resolution, then for each universal variable u we set oi~! = ¢¢ and

Dit = Dj,.
— Suppose L; is the result of an application of a V-Red rule on clause L;, thatis L; = L; V u®
with ¢ € {0, 1}, where u is the rightmost variable in L, and u" stands for —u and u! for u. Let

x,, denote the variables on the left of «’ in the quantifier prefix of QBF Q¢. Then we define

ol (xy) ifu #u,
o @) =<¢1—c  ifu' =uand Li(x,) =0,

ol(x,) ifu =wand Lj(x,) = 1.

Moreover for each u’ # u we set D';' = D!, and we set Di,"* as follows:

if =Li(xy) then u<+1—c¢;
else D¥(zxy).

We now check that for each v/, 0271 respects all the properties of the inductive claim.

It is clear that ai,_l and Di,_l are well defined and constructed in linear time w.r.t. |m;—1]|. Also,
by construction Df]l computes ai,_l.

To verify that o'~ is a winning strategy for Q¢;_1 we fix an assignment p to the existential
variables of ¢. Let 7; be the complete assignment to existential and universal variables, constructed
in response to p under the strategy o*. By induction hypothesis 7; falsifies ¢;. We need to show that
7;—1 falsifies ¢;_1. To show this we distinguish again two cases.

If L; is derived by the resolution rule, then 0*~! = ¢% and 7,_; = 7;. Hence by induction
hypothesis, 7; falsifies a conjunct from ¢;. To argue that 7;_; also falsifies a conjunct from ¢;_;
we only need to look at the case when the falsified conjunct is ;. As L; is false under 7; and L; is
derived by resolution, by soundness of the resolution rule one of the parent formulas of L; in the
application of the resolution rule must be falsified as well. Hence 7;_; falsifies ¢;_1.

Let now L; be derived by V-Red from L; = L; VV u° for some j < i. In this case, our strategy

o'~! changes the assignment 7; only when 7; made the universal player win by falsifying L;. As
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we set u to 1 — ¢, the modified assignment 7;_1 falsifies L;. Otherwise, if 7; does not falsify L; we
keep 7,1 = 7; and hence falsify one of the conjuncts of ¢;_; by induction hypothesis.

Let us now explain how the above applies to weak extended Q-resolution. Consider a refutation
7 of a QBF Qz¢(x) in weak extended Q-resolution. We can view 7 as a Q-resolution refutation of
the QBF QxJy¢(x) A 1(x, y), where suitable extension variables y together with their definitions
1 (x,y) have been added.

We apply the argument above to construct decision lists computing a winning strategy for
QBFQz3y¢(x) A ¢(x,y). By definition of the V-Red rule, no y variables are present in V-Red
steps in 7. Hence the decision list will also not use any of the extension variables and therefore in

fact compute a winning strategy for the original formula QBF Qz¢(x). O

This result enables us to show lower bounds for formulas that require hard strategies. An
example of such formulas are the QPARITY formulas. As observed earlier, the only winning strategy
of the universal player on the QPARITY formulas is to actually compute the PARITY function.
However, PARITY is the classic example of a function hard for bounded-depth circuits (and hence
by Lemma 5 for decision lists).

Using strategy extraction we can now immediately transfer this circuit lower bound to an

exponential lower bound in weak extended Q-resolution.

Theorem 52. Any refutation of QPARITY,, in weak extended Q-resolution is of exponential size

and thus weak extended Q-resolution does not simulate extended Q-resolution.

Proof. The unique winning strategy for the variable z in QPARITY,, is to compute 1 @ - - - B z,.
By Theorem 51, there is a polynomial-time algorithm for constructing a decision list D,, from any
refutation of QPARITY,, in weak extended Q-resolution. Such decision list can be converted in
polynomial time into a depth-3 circuit by Lemma 5. Hence, the refutation must be of exponential
size due to Theorem 7. O

With the upper bound from the previous section we get an exponential separation.

This also has consequences for strategy extraction in extended Q-resolution.

Theorem 53. Extended Q-resolution has strategy extraction in P, but does not admit strategy

extraction in ACP.

Proof. Inspecting the proof of Theorem 51 it is clear that extended Q-resolution still has strategy
extraction in polynomial time, and in fact for the original formula not involving extension variables:
for this it suffices to perform the construction of the decision lists as in Theorem 51 and then replace
extension variables by their definition. To keep the size polynomial, this requires reusing definitions
of extensions variables and hence instead of formulas will lead to polynomial-size circuits. However,
the substitutions will increase the depth and not result in AC? circuits.

To argue that extended Q-resolution does not admit AC” strategy extraction we use again the
QPARITY formulas, which have short proofs in extended Q-resolution by Theorem 50, but require
exponential-size strategies by Theorem 7. O
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Extended resolution is a powerful propositional system which can be lifted to QBE. We look at
proof systems of comparible strength and their QBF counterparts in Chapter 13. In Chapter 12 we

will look at proof system of intermediate strength between resolution and extended resolution.
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Chapter 12

A Cutting Planes Proof System in QBF

In Chapter 3 we presented the Q-resolution proof system from [77], this system takes a propositional
system— resolution [34, 107] and adds a simple reduction rule— V-Red that allows it to be complete
for QBF. We find that adding V-Red to a sound and complete propositional proof system P, gives a
sound and refutationally complete QBF proof system P + Vred. This will be explored further in
Chapter 13. In this chapter we focus on when P is the cutting planes proof system.

Cutting planes [46] is a proof system that works on linear inequalities with integer coefficients,
it can be considered to work for propositional logic by converting CNF formulas into an equisat-
isfiable set of linear inequalities. It has been shown that for CNF it is strictly more powerful than
propositional resolution and overall it is of intermediate strength between resolution and Frege.
Cutting planes and Resolution are the two primary systems that have the feasible interpolation
property [80,99]. This means for true implicational formulas an interpolating circuit can be extracted
in polynomial time from the proofs. This results can lead to a transfer of circuit complexity lower
bounds to proof size lower bounds. Indeed this gives us a lower bound for cutting planes [99].

As resolution can be adapted for the QBF setting, the cutting planes proof system can be adapted
for the QBF setting where the CNF matrix gets converted into a set of linear inequalities, this is the
CP+Vred system given in [23]. The design of this calculus resembles that of Q-Res and QU-Res
where propositional rules are obeyed and the universal reduction rule is added. The soundness and
refutational completeness for PCNF was shown in [23]. We can extend this to all quantified boolean
linear inequalities, which we do in this chapter.

Beyersdorff et. al. [23] provide a proof complexity investigation into CP+Vred. Firstly, CP+Vred
is shown to p-simulate Q-Res and QU-Res. Secondly, feasible interpolation is once again shown to
work in CP+Vred, just as it lifts in the resolution case (Chapter 8, [21]). This provides the clique-co
clique lower bound from Chapter 8. Thirdly, a strategy extraction technique is also shown for
CP+Vred. This is used to show a conditional mutual separation with the expansion based resolution
systems. In Chapter 5 we show that strategy extraction admits AC? circuits for Q-Res, instead
CP-+Vred has strategy extraction into a more general class of circuits— TC®. In this chapter we show
that CP+Vred does not have ACY strategy extraction.

Section 12.1 introduces the Cutting Planes + Vred proof system from [23]. In this section we
also provide a new completeness argument that shows the refutational completeness for all false
quantified boolean linear inequalities. We see a selection of proof complexity results for CP+vred
from [23] in Section 12.2, as well as a new result showing that CP+Vred cannot have AC strategy
extraction.

This chapter mainly reviews the work of [23] that appeared at the 37th IARCS Annual Confer-
ence on Foundations of Software Technology and Theoretical Computer Science.
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12.1 Cutting Planes in QBF

Definition 20 (CP+Vred proofs for inequalities [23]). Consider a set of quantified inequalities
F =0x1...9nxy. F, where F also contains the Boolean axioms. A CP+Vred refutation w of F
is a quantified set of linear inequalities Q111 . .. Qnxy.[I1, Io, . .., I}] where the quantifier prefix is
the same as in F, Ij is an inequality of the form O > C for some positive integer C, and for every

jed1,...,1},

-I;eF, or
— I is derived from earlier inequalities in the sequence (for example, I, , Iy, , with k1, ko < j)

via one of the following inference rules:

1. Addition: From Z cpxy > Cand Z drxy > D derive Z(ck +dg)xr > C+ D.
k k k

2. Multiplication: From Z cpxy > C derive Z degxy, > dC, where d € 7.

ke . Ck C .

3. Division: From ; cpxy, > C derive Zk: Tk > {d-‘ where d € 77 divides each cy.
Z cpxy > C ifh >0,

4. V-red: From Z cpxy + ha; > C derive ken)\{i}

ken]\{i} ‘

ke[n]\{s}

This rule can be used provided variable x; is universal, and provided all existential variables

cyrp, > C—hifh <0.

with non-zero coefficients in the hypothesis have ind(y) < ind(z;). (That is, if x; is
existential and c; # 0, then j < i). Observe that when h > 0, we are replacing x; by 0,
and when h < 0, we are replacing x; by 1. We say that the universal variable x; has been

reduced.

Each inequality 1; is a line in the proof w. Note that proof lines are always of the form ), cyxy, > C
for integer-valued ¢y, and C. The length of 7 (denoted |r|) is equal to the number of lines in it, and
the size of w (denoted size(T)) is equal to the bit-size of a representation of the proof (this depends
on the number of lines and the binary length of the numbers in the proof).

We start with a set of linear inequalities ¢ and boolean quantifier prefix /I, The aim is to show
that IT /\ ¢ semantically entails IT A ¢ A Ly A --- A L, where L, ... L,, are the inequalities that
represent the lines of a proof 7 in CP+Vred.

The soundness proof [23] of CP+Vred works from an inductive argument on ¢. The induction
hypothesisis II Ao EIT Np ALy A--- A L.

The base case is simple. In the inductive step, a line can be derived via a cutting planes rule or via
universal reduction. If L; 1 is derived via a cutting planes rule then clearly IT A ALy A---ANL; E
IIANGANLy AN+~ ALijq.

Now suppose that L;; is derived by reduction, without loss of generality L; = L;[0/u] for

some j < ¢ and universal variable .

HA¢ALAmAM
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= IVully N¢ ALy A+ AL
EUW’ng/\gb/\Ll/\---/\Li/\Lj
EHl(Hg/\gZ)/\Ll/\---/\Li/\Lj)[O/u]/\(Hé/\qﬁ’/\L’l/\---/\L;/\Lj)[l/u]
= LI (N ALy A AL)OJul A (& ALY A~ AL /u] A L;[0/u] A Lj[1/u]

Because L; does not contain any variables in I/ (or II}), it can be quantified again over 1o
Yully [\ ¢ ALy A -+ A Li ALi[0/u) A L[1/u]
So finally as a semantic consequence
ITNSNLL A+ ALigy.

Refutational completeness was shown for prenex CNF in [23], here we can show that in fact

refutational completeness holds for any set of quantified boolean linear inequalities.

Theorem 54. CP+Vred is refutationally complete for quantified boolean linear inequalities.

Proof. The key here is that we use the implicational completeness of cutting planes [64] to show
that certain lines can be derived that state that the substitution of universal variables with their
Herbrand functions will lead to a contradiction with the formula. Reduction can then be performed
and eventually we can arrive at the empty clause.

We use the fact that for ¢ a set of inequalities in z1,y1, . . . Tn, Yn, When Yy, 3 are boolean
quantifiers and Vpy1 3521 - . . VoynJpxn @ is false there is a winning strategy for the universal player
in the two-player game for quantified Boolean semantics. In other words for every y; there is a

Boolean formula C;(z1, ... 2, y1 . .. y;—1) that when all y; = C}, ¢ is false.

We now consider the propositional formula

n
\/ Yi %C xla"',xivyla'”vyifl))-

This is a semantic consequence of ¢, so we can use the implicational completeness of cutting planes,
to derive it, however in cutting planes this must be represented as a set of linear inequalities. We can
then perform universal reduction on y,, with both 0 and 1 granting us with the eventually semantic
consequence of Cp(z1,...,Zn, Y1, Yn— 1) # 0V Vi (yz # Ci(z1, ..., T Y1y, Yio1))
and Cp (21, ..., Zn, Y1, .-, Yn—1) # 1V VI (yl # Ci(x1,...,%4,Y1,-..,Yi—1)). Finally taking
these two together, the semantic consequence of \/i:1 (yi # Ci(x1,..., @iy y1,...,Yi—1)) can
be derived and we repeat this process until we arrive at the empty clause, hence CP+Vred is

refutationally complete. g
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12.2 Proof Complexity Results of CP+Vred
We now look at the simulation results for the CP+Vred.
Theorem 55 (Beyersdorff, Chew, Mahajan and Shukla [23]). CP+Vred p-simulates QU-Res.

This comes from the simulation of resolution by the cutting planes proof system [46]. Like
QU-Res, CP+Vred also does not restrict propositional rules on universal variables, so this is why

the stronger system is simulated.

Theorem 56 (Beyersdorff, Chew, Mahajan and Shukla [23]). Q-Res and QU-Res cannot
simulate CP+Vred.

Theorem 57 (Beyersdorff, Chew, Mahajan and Shukla [23]). The expansion-based system
VExp+Res cannot simulate CP+Vred,

These naturally comes from the propositional separation.

Theorem 58 (Beyersdorff, Chew, Mahajan and Shukla [23]). If P/poly TCO then CP+Vred
cannot simulate ¥ Exp+Res.

The idea here is similar to the strategy extraction technique in Chapter 5. However it uses a
conditional lower bound to propose the existence of a circuit. The strategy extraction technique then

applies in the CP+Vred system.

Theorem 59 (Beyersdorff, Chew, Mahajan and Shukla [23]). [Strategy Extraction Theorem]
Given a false QBF ¢ = Q. ¢, with n variables, and a CP+Vred refutation  of ¢ of size m, it is
possible to extract from m a winning strategy o, for each universal variable u € , such that each
oy, can be computed by Boolean circuits of (m + n)O(l) size, constant depth, with unbounded fan-in
AND, OR, NOT gates as well as threshold gates.

In particular, if ¢ can be refuted in CP+vVred in n°Y) size, then the winning strategies can be

computed in TCP.

We will see in Chapter 13 that V-Red rule and strategy extraction are tightly connected, this is
why we can get strategy extraction here.

We do not get polynomial time strategy extraction, however, in the weak model of AC°. To
show this, we define the family of false QBFs QM AJORITY,,. The QBF expresses the false sentence

1, ..., Topt1 V2 MAJORITY (21, . .., Xopt1) F 2.

To express this compactly with a CNF matrix, we use auxiliary variables t}; fori € [2n + 1] and
0 < k < 14, and inductively define t;, = THRESHOLDg (1, ..., z;) by using t} = t}:l \% (t};;__l1 Ax;).
Therefore tfﬁfll = MAJORITY (%1, ..., Z2041)-

We define QMAJORITY,, as the QBF with the prefix
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Az, .. 2o V2 3G, 1, 32 43,43, L 3 et ]
and the CNF matrix

(i} i€ 2n+1]
{z1,=t1}  {-z,ti}
(B2~ {w, ) {wi, =60, 4} 2<i<2n+1
(s, ~tL, 70y (=t 1t gLy 2<i<2n+1,keli—1]
{_ﬁ;lvti b {owt ﬁt;';ll} 2<i<2n+1,keli—1]
{z {-z, -t

Note that this is a false prenex QBF with CNF matrix, and is of size ©(n?).

Theorem 60. 1. Any proof system with polynomial time AC strategy extraction requires expo-
nential size proofs of QMAIJORITY
2. QMAJORITY has polynomial-sized proofs in CP+Vred.

Proof. For the lower bound, note that the only winning strategy for the single universal variable z
is the function MAJORITY (1, . . . , X2,+1) itself. By the results of [67], constant-depth circuits for
PARITY, and hence for MAJORITY, must be of size exponential in the number of variables. On the
other hand, if we have a proof of size S, and one can extract a winning strategy for the universal
player as an AC circuit of size polynomial in S. Therefore, if QMAJORITY has proof of size S,
then the winning strategy for the universal player, and hence MAJORITY, can be computed by a
polynomial size AC®-circuit in S. It follows that S must be exponential in 7.

We now describe a CP+Yred proof for QMAJORITY,, of length ©(n?).

We aim to first derive inductively that ¢, = THRESHOLDy, (1, ..., z;), for each i € [2n + 1]
and 0 < k£ < 4, in a cutting planes derivation. To simplify the expressions, we use the notation

PSuUM; to denote the partial sum ) | j<i ©j- We write the implications and inequalities as follows:

forward direction |backward direction

Implication t}‘C — PSuM; > k t}‘C «~ PSuMm; > k
Inequality |—kti + PSUM; > 0|(i — k + 1)t; — PSUM; > 1—k

We proceed by induction on %.

Base case: For¢ = 1, kis O or 1. At £ = 0, the forward direction is the Boolean axiom x1 > 0,
and the backward direction inequality 2t} — z1 > 1 is obtained by adding the Boolean axiom
—x1 > —1 and twice the unit clause axiom t(l) > 1. For k = 1, both directions are the inequalities
corresponding to the axioms ¢ < 7.

Inductive Step: Now assume that ¢ > 2. The extreme values of k£, namely £ = 0 and k& = 4, are
easy and we deal with them first.

k = 0 : For the forward direction, we simply add all Boolean axioms z; > 0 for j < ¢ together to
get PSUM; > 0. For the backward direction, similarly, we add all Boolean axioms —z; > —1 for

J < itogether to get —PSUM; > —i, and then add (i + 1) times the unit clause axiom t6 > 1.
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k =i : The forward inequality is derived as follows:

{ﬁtg’tf:%}

—ti 171 >0
—(i =1+ G-t >0 —(i—1)ti"] +PSUM;_; >0 {~t, ;)
—(i — 1)t + PSUM;_1 >0 —ti x>0
—it; + PSuM; > 0

The backward inequality is derived as follows:

{t, ~ti= ], ~wi}

th—tT] —x; > —1 ] —PSUM;_1 >2—

3
tt—PSUM; > 1—i

1 < k < i: Now we consider the intermediate values. The backward direction is a bit easier and

we do it first. It uses the inductively derived backward direction for ¢ — 1.
We first derive inequalities for PSUM;_; > k — ti; and PSUM;_1 > k—1Az; — ti; and then

derive the inequality for PSUM; > k — t};.
The derivation of an inequality for PSUM;_; > k — t}; is as follows.

{ti ) _‘t;;l}
th—t >0

(i —k)tt — (i —k)ty ' >0
(i — k)ti —PSUM;_1 > 1—k

(i —k)t, ' —PSuM;_1 > 1—k

The derivation of the inequality for PSUM;_1 > k-1 A z; — t}; is as follows.

{tiv _‘t?;lla —z;}

tho— it — x> 1

(i—k+1)(t -t —2)>k—i—1
(i —k+1)t8 —PSUM;_1 — (i —k+1)z; >1—i

(i—k+ 1t —PSuM;_1 >2—k

We can conclude with the following derivations.

(i — k)t —PSUM;—1 > 1 —k
(i — k4 1)t —PSUM;—1 — (i —k+ )x; > 1 —3

(i — k)%t — (i — k)PSUM;_1 > (i — k)(1 — k)
((—k+1)(@—k)+Dth — (i —k+1)PSuM; > 1 —k(i+1—k)

th >0
(i—kt, >0  ((i—k+1)G—k)+1)t, — (i —k+1)PSum; > 1—k(i+1—k)

(i—k+1)% —(i—k-+1)PSum; >1—k(i+1—k)
(i —k+1)t, —PSuM; >1—k
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The forward direction uses both the directions of the inductively derived inequalities for ¢ — 1.
Recall thatz > 2and 1 < k <7 — 1. We need to derive 1t}'C — PSuM; > k. The key to this is to
derive and then combine inequalities for t}'c — PSUM;_1 > k — 1 and tﬁ; — x; VPSUM,;_1 > k.

In order to show tfc — PSuM;_; > k — 1 from our inductive hypothesis and the clause
ﬁt}; V t;;l V t;;_ll, we use the fact that tzfl — tﬁ;_ll is true. But first we must derive this fact from
the induction hypothesis. We start the derivation as follows:

(i+1—-k)ti L —PSum;_1 >2—k  —kti ' +PSUM;_1 >0
k' (1Rt > 2k

Now we equalise the coefficients on the left-hand-side by adding a multiple of an appropriate
Boolean axiom, and then a division rule yields —t};l + t};ll > 0.
Ifi+1— 2k > 0, then we proceed as follows:

> 1
—(i4+1=2k)t, "> —(i+1-2k) -kt '+ i+ 1kt >2—k
(1R (1R > 2 (11— k)
—ty T+t >0

Alternatively, if : + 1 — 2k <0,

i—1
>0
—(i+1-2k)"L >0 —kt) 4+ (G+1-k)t L >2—k
kit kRt > 2k
4+t >0

(At the last step, we may obtain 1 on the right hand side if £ = 1. In that case, we further add

0 > —1, which may be considered an axiom or may be derived by adding the two Boolean axioms
for any variable.)

Next we use the derived inequality —ti:_l + t;:_ll > 0 to derive —tfc + tﬁc__ll > 0.

{—ti, et e}
ittt >0 e T >0
—ti 4+ 2t >0 —ti > -1
=2t 426171 > 1
—ti + 17 >0

This, with the inductive hypothesis, lets us derive t}; — PSuM,;_1 > k — 1.

—t + 1L >0
—(k—=1t + k-1t >0 —(k—1)t; " +PSum;_; >0
—(k — 1)t} + PSUM;_1 > 0
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As described earlier, we also need an inequality for t}; —ax; VY, j<iTi = k. Under Boolean

conditions, the inequality —ktff_l +> j<iTj + kx; = 0 suffices. We use an axiom clause along

with the inductive hypothesis to derive it.

{(=tt, 6 2}
—ti +ti a2 >0
—kti + ki ke, >0 —kti! £ PSUM;_; >0
—kt}, + PSUM;_1 + kx; > 0

Now we combine the derived inequalities to obtain the inequality for the forward direction.

—ti > —1
—ktj, + PSUM; 1 + kz; >0 (1—-k)t), >1—k —(k — 1)t} + PSUM;_1 > 0
(1 —2k)t; + PSUM;_1 + kz; > 1 —k —(k — 1)t + (k— 1)PSuM;_1 >0

—k2ti + kPSuM; > 1 —k
—kti +PSum; >0

After Induction: With the induction part of the proof completed, we have shown that (n+ 1)ti’f11 —
PSUMgy4+1 > —nand —(n + 1)t,2${1 + PSUMg,,+1 > 0 can be derived in a short proof of length
©(n?). (We use O©(1) additional steps for both directions of each (i, k) pair.) We now complete the
refutation via universal reduction, which can be applied after eliminating the ¢ variables; the partial
sums do not block the reduction. The first fragment below reduces z by setting z = 0, the second

one sets z = 1.

{Z,t2n+1}
z+ tiﬁﬁl >1
(n+1)z+ M+ >n+1  —(n+ 12" + PSUMaptq > 0

(n+1)z+PSUMg, 11 >n+1
PSUMQn—H >n+1

{_'Z> _‘t2n+l}

2n+1
—Z = tn-i—l >—1

—(n+1)z—(n+ 1) > —(n+1)  (n+ 12" — PSUMa,41 > —n
—(n + 1)2 — PSUM2n+1 > —-2n-—1

—PSUMop 41 > —n

—PSUMgn_H > —n PSUM2n+1 >n+1
0>1

O

It was shown in [99] that monotone feasible interpolation holds for cutting planes. This result

was extended to CP+Vred in the same way that the resolution result was extended to Q-Res.
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Theorem 61 (Beyersdorff, Chew, Mahajan and Shukla [23]). CP+Vred for inequalities admits
monotone real feasible interpolation. That is, let F be any false quantified boolean set of inequalities
of the form IpQqQr. [A(p, q) \ B(p, r)] where A U B also includes all Boolean axioms, and
where the coefficients of p are either all non-negative in A or are all non-positive in B. For any
S-proof T of F, we can extract from w a monotone real circuit C of size polynomial in the length |
of ™ and the number n of p variables in F, such that C computes a Boolean function, and on every

0, 1 assignment a for p,

C(a) =0 = Qq.A(a,q) is false, and
C(a) =1 = Qr.B(a,r) is false.

Such a C'is called a monotone real interpolating circuit for F.

In Chapter 13 we apply the same reduction rule to Frege systems as we have done with cutting

planes and show further strategy extraction results.
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Chapter 13

Frege Systems for QBF

In Chapter 12 we saw that the cutting planes proof system can be augmented with a reduction rule
in a similar way to how Q-resolution [77] builds on resolution. A strategy extraction theorem is
present for both Q-Res and CP-+Vred, in the complexity classes AC? and TC? respectively. In this
chapter we continue these ideas and provide a general method of transforming a propositional proof

system into a QBF proof system, by adding the universal reduction rule.

A. From Propositional to QBF: New QBF Proof Systems. We exhibit a general method how to
transform a propositional proof system to a QBF proof system. Our method is both conceptually
simple and elegant. Starting from a propositional proof system P comprised of axioms and rules,
we design a system P + Vred for closed prenex QBFs (Definition 21). Throughout the proof, the
quantifier prefix is fixed, and lines in the system P + Vred are conceptually the same as lines in
P, i.e. clauses in resolution, circuits from C in C-Frege, or inequalities in cutting planes. Our new
system P + Vred uses all the rules from P, and can apply those on arbitrary lines, irrespective of
whether the variables are existentially or universally quantified. To make the system complete, we
introduce a universal reduction rule that allows us to replace universal variables by simple Herbrand
functions, which can be represented as lines in P. The link to Herbrand functions provides a clear
semantic meaning for the Vred rule, resulting in a natural and robust system P + Vred. Our new
systems P + Vred are inspired by the approach taken in the definition of Q-Res [77]; and indeed
when choosing resolution as the base system P, our system P + Vred coincides with the previously
studied QU-Res [116]. While our definitions are quite general and yield for example previously
missing QBF versions of polynomial calculus or cutting planes, we concentrate here on exploring

the hierarchy C-Frege+ Vred of new QBF Frege systems.

B. From Circuit to QBF Lower Bounds: a General Technique. It is a long-standing belief that
circuit lower bounds correspond to proof size lower bounds, and clearly some of the strongest
lower bounds in proof complexity as those for AC-Frege are inspired by proof techniques in circuit
complexity, cf. the survey of [12]. Here we give a precise and formal account on how any circuit
lower bound for C can be directly lifted to a proof size lower bound in C-Frege+ Vred.
Conceptually, our lower bound method uses the idea of strategy extraction, an important
paradigm in QBF (Theorem 63). Semantically, a QBF can be understood as a game between a
universal and an existential player, where the universal player wins if and only if the QBF is false.
Winning strategies for the universal player can be very complex. We also find that the strategy
extraction theorem is implied by the existence of the reduction rule and is present in all our

C-Frege+ Vred systems. Precisely, we show that from each refutation of a false QBF in a system
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C-Frege+ Vred we can efficiently extract a winning strategy for the universal player in a simple
computational model we call C-decision lists. We observe that C-decision lists are easy to transform
into C circuits itself, with only a slight increase in complexity.

A direct transfer of circuit complexity to proof complexity is conjectured for propositional proof
complexity, but such a transfer has not be proved. In C-Frege+ Vred we get an exact transfer. To
obtain a proof-size lower bound we need a function f that is hard for C. By strategy extraction,
refutations of Q-f in C-Frege+ Vred yield C-circuits for f; hence all such refutations must be long.
In fact, we even show the converse implication to hold, i.e. from small C-circuits for f we construct
short proofs of Q- f in C-Frege+ Vred. Our lower bound technique widely generalises ideas recently
used in Chapter 5 to show lower bounds for Q-Res and QU-Res for formulas originating from the
PARITY function.

C. Lower Bounds and Separations: Applying our Framework. We apply our proof technique
to a number of famous circuit lower bounds, thus obtaining lower bounds and separations for
C-Frege+ Vred systems that are yet unparalleled in propositional proof complexity. In Figure 26 we

summarise the QBF Frege systems. Essentially we show three new important lower bound results.

(eFrege) (eFrege+ Vred)

Fre@ (Frege+ Vred)
TC'-Frege) CI'CO—Frege+ ‘v’red)
AC[p]-Frege (ACO[p]-FregeJr ‘v’recD
AC’-Frege) @CO—Frege+ Vred)
(Resolution) (QU-Res)
(a) A simulation Hasse diagram for (b) A simulation Hasse diagram for
propositional Frege systems QBF Frege + Vred systems

| —————— superpolynomial lower bounds for systems below F

Fig. 26. A comparison of known lower bounds in Frege and Frege+ Vred systems

C.(i) Lower Bounds and Separations for the QBF Proof System ACO[p]-Frege + Vred. We
observe the current picture for Frege systems in Figure 26(a). We see that the best lower bounds

are for the bounded depth Frege system— AC’-Frege. However AC°[p]-Frege which allows mod p
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gates has no known lower bounds. In QBF we can move this dotted line slightly higher to a lower
bound for AC’[p]-Frege+ Vred as shown in Figure 26(b).

The seminal results of [102,112] showed that PARITY and more generally MOD), are the classic
examples for functions that require exponential-size bounded-depth circuits with MOD,, gates,
where p and q are different primes. Using these functions, we define families of QBFs that require

exponential-size proofs in ACY[p]-Frege+ Vred by strategy extraction.

C.(ii) AC°[p]-Frege + Vred and TC®-Frege + Vred are Separated. MAJORITY is another clas-
sic function in circuit complexity, for which exponential lower bounds are known for constant-depth
circuits with MOD,, gates for each prime p [102, 112]. Using our technique, we transfer these to
lower bounds in AC®[p]-Frege + Vred for all primes p. Carefully choosing the QBF encoding of
MAJORITY, we obtain polynomial upper bounds for the MAJORITY formulas in TC?-Frege+ Vred,
thus proving an exponential separation between the two QBF proof systems AC° [p]-Frege+ Vred
and TC"-Frege+ Vred. Again, such a separation is wide open in propositional proof complexity.

To obtain separations of these proof systems, the exact formulation of the QBFs matters. When
defining the PARITY or MOD, formulas directly from (arbitrary) NC!-circuits computing these
functions, we obtain polynomial-size upper bounds in Frege+ Vred. However, when carefully choos-
ing specific and indeed very natural encodings, we can prove upper bounds for the MOD, formulas
even in AC%[¢]-Frege+ V'red, thus obtaining exponential separations of all the AC°[p]-Frege + Vred
systems for distinct primes p.

As mentioned before, lower bounds for ACY[p]-Frege (as well as their separations) are major

open problems in propositional proof complexity.

C.(iii) CNFs Separating the ACS-FregeJr Vred Hierarchy. As a third example for our approach
we investigate the fine structure of AC’-Frege + Vred, comprising all AC)-Frege+ Vred systems,
where all formulas in proofs are required to have at most depth d for a fixed constant d. In circuit
complexity the SIPSER functions from [38] provide an exponential separation of depth-(d—1) from
depth-d circuits [66]. With our technique, this separation translates into a separation of AC2_3-Frege
+ Vred from ACg—FregeJr Vred, where the increased gap of size 3 comes from our transformation of
C-decision lists into C-circuits.

The STIPSER, formulas achieving these separations are prenexed CNFs, i.e. the formulas have
depth 2. While in propositional proof complexity the hierarchy of ACg—Frege systems is exponen-
tially separated [2, 83, 98], such a separation by formulas of depth independent of d is a major open

problem.

D. Characterisation of Frege + Vred Systems with Strategy Extraction. In addition to the
unconditional bounds, we can yield conditional lower bounds based on complexity assumptions.
Indeed we find using strategy extraction that PSPACE ¢ NC! would show that Frege+ Vred has a

lower bound. In fact this connection is two-way, we show that Frege+ Vred can only be found from
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either lower bounds in Frege or lower bounds of NC! in PSPACE. This is perhaps one of the most
important aspects of Frege+ Vred since it essentially shows that strong QBF calculi will be difficult
to show lower bounds for.

In Section 13.1 we define the C-Frege+ Vred systems and justify their soundness and complete-
ness. In Section 13.2 we show the strategy extraction theorem for C-Frege + Vred, a formalised
strategy extraction exists in C-Frege+ Vred which we present in Section 13.3. In Section 13.4 we
show the lower bounds and separations for ACY[p]-Frege, in Section 13.5 we show the separations
of AC2—Frege+‘v’red systems. Finally in Section 13.6 we characterise hardness in Frege+ Vred and
eFrege+ Vred system.

The work in this chapter appeared at the 7th Annual Innovations in Theoretical Computer

Science conference [17].

13.1 Defining QBF Frege Systems

For the following we fix a circuit class C with some natural properties, e.g. closure under restrictions.

Definition 21 (C-Frege + Vred). A refutation of a false QBF Q¢ in the system C-Frege+ Vred is a
sequence of lines L1, . .., Ly where each line is a circuit from the class C, ¢ is a conjunction of C
circuits, Q is a quantifier prefix of all variables in ¢, Ly = | and each L; is either a conjunct in ¢,

inferred from previous lines L; using the inference rules of C-Frege or using the following rule

L;

7[@ /B (Vred),

where Ljlu/B] belongs to the class C, u is the innermost variable among the variables of L; and

B is a circuit from the class C containing only variables left of u.

The formal justification why C-Frege+ Vred is a sound and complete QBF proof system is given
in Theorem 62 below. However, let us pause a moment to see why adding the Vred rule results
in a natural proof system C-Frege+ Vred. Recall that we consider C-Frege+ Vred as a refutation
system; hence we aim to refute false quantified C formulas. A standard approach to witness the
falsity of quantified formulas is through Herbrand functions, which replace a universal variable u by
a function in the existential variables left of u. These functions can be viewed as ‘counterexample
functions’. In Definition 21, B plays the role of the Herbrand function. Clearly, when restricting
formulas to a class C we should also restrict B to that class, and substituting the Herbrand function
into the formula should again preserve C.

Note that we are even allowed to choose different Herbrand functions B for the same variable
u in different parts of the proof. In general, this will be unsound (unless variables right of u are
renamed). However, it is safe to do if the line L; does not contain any variables right of .

It is illustrative to see how our construction compares to previously studied QBF resolution
systems. Choosing Res as our propositional proof system, which is an OR-Frege system, we obtain

Res + Vred. In Res + Vred the Vred rule can substitute a universal u by either another variable or
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by a constant 0/1. In the former case, we simply obtain a weakening step. In the latter case, if u
appears positively in the clause then substituting u by 0 precisely corresponds to an application
of the Vred rule in Q-Res, whereas substituting « by 1 results in the useless tautology T.> As
Res + V'red can resolve on existential and universal variables, our system Res + Vred is exactly the
well-known QU-Res (with weakening).

We now proceed to show soundness and completeness of the new QBF systems.

Theorem 62. For every circuit complexity class C, the system C-Frege+ V'red is a refutational QBF

proof system.

Proof. Res +¥red is complete as it p-simulates Q-Res, which is complete for QBF [77]. To obtain
the completeness for C-Frege+ Vred we first use de Morgan’s rules to expand the formula into a
CNF. This is possible as, by definition, C-Frege is implicationally complete. Now we can refute the
CNF by Res + Vred. C-Frege+ Vred p-simulates Res + Vred and hence C-Frege+ Vred is complete.

Regarding the soundness of C-Frege+ Vred, let (L1, ..., Ly) be a refutation of Q¢ in the system
C-Frege+ Vred and let

b — 1) ifi =0,
¢ NLiN---NL; otherwise.
By induction on i we prove that Q¢ semantically entails Q¢;, i.e. Q¢ = Q¢;. Hence, at step i = £
we will immediately obtain that Q¢ is false, since Ly = { L} and Q¢y = L.

Since Q¢ = Q¢ the base case of the induction holds.

We show now that Q¢ |= Q¢; implies Q¢ = Q¢;41. By definition, ¢;11 = (¢; A Li+1) and
L; 1 was either introduced by a C-Frege rule or by the Vred rule. If L;,1 was introduced by a
C-Frege rule then ¢; |= L;+1, 50 ¢; = ¢;11 and clearly Q¢ = Q¢; = Qdji1.

Suppose now that L; ;1 was introduced by the Vred rule, say L; 1 = L;[u/B] with j < 7, u the
innermost variable among the ones in L; and B relying only on the variables left of u. Moreover

suppose that Q¢; = Orx Vu Qayd;, then we have the following chain of equivalences

Q¢; = Q1 Vu Qayd;
= Q1 Vu Qoyoi A Lj
= Q1m<(Q2y¢i[u/0] A L;[u/0]) A (Qeydilu/1] A L, [u/l])>
= Qua(L;[u/0] A Lyu/1] A (Qysilu/0]) A (Qaydifu/1]))
= Que (Ly{u/0) A Lyfu/1] A uQayss
= le(Lj [w/0] A L;[u/1] A Lj[u/B] A quQy@-)

% Note that, contrasting the usual setting of Q-Res [77], our definition of Res +Vred does not need to disallow
tautologous resolvents as these will always be reduced to T.
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= Q1xVuQoyd; N Lj [u/O] VAN Lj [u/l] VAN Lj [U/B]

From this follows, by weakening, that
Q¢; = QxeVuQoyd; A Lju/B],

hence Q¢ = Qdi+1. O

Clearly lower bounds on the complexity of C-Frege +Vred follow from lower bounds on
C-Frege. The lower bounds we show later will be of a different kind as they will be ‘purely for QBF
proof systems’ in the sense that they will lower bound the number of occurrences of the Vred rule

in refutations.

13.2 Strategy Extraction

We introduce now the simple computational model of C-decision lists.

Definition 22 (C-decision list). A C-decision list is a program of the following form
if Cy(x) then u < Bi(x);
else if Cy(x) then u < Ba(x);

else if Cy_i(x) then u <+ By_1(x);
else u <+ By(x),
where C,...,Cy_1 and B1, ..., By are circuits in the class C. Hence a decision list as above

computes a Boolean function u = g(x).

This definition generalises decision lists from [105], where the conditions C;(x) are expressible
as terms and the decisions are expressed as constants. These changes are to reflect our new calculi.

We note that for many cases C-decision lists can be easily transformed into C-circuits.

Proposition 4. Let D be a C-decision list using circuits C,...,Cy_1 and By, ..., By, such that
D computes the Boolean function g. Then there exists a circuit D' € C computing the same function

g, such that the size of D' is linear in the size of D and
depth(D’) < depth(C; depth(B; 2.
ept(D') < o { | e (depth(C). o {depth(B)}  +

Proof. We have that
)4
u=\/ | Ci(x) ABj(z) A ]\ ~Ci() |,
j=1 k<j
where C) is a circuit computing the constant 1. O
Balabanov and Jiang [10] proved a strategy extraction result for QU-Res. Here we generalise

that result to the full hierarchy of C-Frege+ Vred QBF proof systems. This result is the main tool

we use to prove size lower bounds in such systems.
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Theorem 63 (Strategy Extraction). Given a false QBF Q¢ and a refutation 7 of Q¢ in C-Frege
+Vred, it is possible to extract in linear time (w.r.t. ||) a collection of C-decision lists D computing

a winning strategy on the universal variables of ¢.

Proof. Letm = (L1, ..., Ls) be a refutation of the false QBF Q¢ and let

0 ifi = s,
T =
(Liz1,-..,Ls) otherwise.

We show, by downward induction on %, that from ; it is possible to construct in linear time

(w.r.t. |7;]) a winning strategy o for the universal player for the QBF formula Q¢;, where

10) ifi =0,
¢NLiA---NL; otherwise,

b1 =

such that for each universal variable u in Q¢, there exists a C-decision list D!, computing o', as a
function of the variables in Q left of u, having size O(|m;|).

The statement of the Strategy Extraction Theorem corresponds to the case when ¢ = 0. The
base case of the induction is for ¢ = s. In this case ¢ is trivial since ¢ contains the line L; = 1,
and we can define all the D;, as u < 0.

We show now how to construct o1 and D:~! from ¢!, and D?:

e If L; is derived by some Frege rule, then for each universal variable u we set 0%, ! = ¢% and
Dt =D,

L
o If L; is the result of an application of a Vred rule, thatis ——. , where w is the rightmost

Lij[u/B
variable in L;, L;[u/B] is a circuit in C using only variables on the left of u, and L;[u/B] = L;.

Let .,/ denote the variables on the left of ' in the quantifier prefix of Q¢. Then we define

ol (zy) ifu #u,
ol (ww) = B(w,)  ifu =wand Lj[u/B](z,) =0,
oi(zy) ifu' =wand L;u/B)(a,) = 1.

Moreover for each u’ # u we set D;Tl = D!, and we set D! as follows:

if —Lj[u/B](z,) then u < B(x,);
else D¥(xy).

We now check that for each o/, ai,_l respects all the properties of the inductive claim.

» o' 1 and D' are well defined. By construction L;[u/B] is a formula in the variables @ left of
u. This immediately implies that, for each universal variable v/, the strategy af]l is well defined
and Di~! is also well defined. By induction hypothesis D7, is a C-decision list, so D! is also a

C-decision list.
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» o'~ and Df]l are constructed in linear time w.r.t. |m;_1|. This holds by inductive hypothesis

and the fact that computing —L;(u/B) is linear in |m;_1|.

> Df]l computes 07’;1. For v/ # u, by induction hypothesis, D;,_l computes O'Z,. The same

happens, by construction, for v’ = wu.

» o'~1is a winning strategy for Q¢;_1. Fix an assignment p to the existential variables of ¢. Let
7; be the complete assignment to existential and universal variables, constructed in response to p
under the strategy o’. By induction hypothesis 7; falsifies ¢;. We need to show that 7;_; falsifies
¢i—1. To show this we distinguish again two cases.

I = ¢% and 7,_; = 7. Hence by induction

If L; is derived by some Frege rule, then o/~
hypothesis, 7; falsifies a conjunct from ¢;. To argue that 7;_; also falsifies a conjunct from ¢;_;
we only need to look at the case when the falsified conjunct is L;. As L; is false under 7; and L; is
derived by a sound Frege rule, one of the parent formulas of L; in the application of the Frege rule
must be falsified as well. Hence 7;_; falsifies ¢;_;.

Let now L; = Lj[u/B] for some j < 4. In this case, our strategy o'~! changes the assignment
7; only when 7; made the universal player win by falsifying L;. As we set u to B(7;(x)), the
modified assignment 7;_1 falsifies L;. Otherwise, if 7; does not falsify L; we keep 7;,_1 = 7; and

hence falsify one of the conjuncts of ¢;_; by induction hypothesis. O

From the proof of the Strategy Extraction Theorem it is clear that the size of the C-decision
list computing the winning strategy extracted from the refutation 7 has size that is actually linear
in the number of applications of the Vred rule in 7. More precisely, the size of the C-decision list
computing the winning strategy for variable u corresponds exactly to the number of Vred rules on u

in .

13.3 Formalised Strategy Extraction

It can be shown [32] that each strategy extraction theorem (Theorem 63) for C-Frege+ Vred can be

formalised in C-Frege itself.

Theorem 64 (Beyersdorff, Pich [32]). Let C be AC?, AC® [p], TC% NCY, or P /poly. Given a
C-Frege+ Vred refutation  of a QBF 3x1Yys . .. 30, Yyn ¢(21, -« Try Y1, - - -, Yn) Where ¢ € X8,
we can construct in time |7|°Y) a C-Frege proof of

n

/\ (yl <~ Ci(.’El, ey Ly Y1y .- 7,%'—1)) — _|¢($1,. s Ty Yl 7yn)
i=1

for some circuits C; € C. (The depth of the C-Frege proof increases by a constant compared to the
depth of the C-Frege+ Vred proof.)

We demonstrate an application from [32] of the Strategy Extraction Theorem to obtain normal
forms for C-Frege + Vred proofs. The authors show that any C-Frege + Vred refutation can be
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efficiently rewritten as a C-Frege derivation followed essentially just by Vred rules. This result is

then used to show that in the Vred rule it is sufficient to only substitute constants.

Theorem 65 (Beyersdorff, Pich [32]). Ler C be AC?, AC°[p], TC®, NC!, or P/poly. For any
C-Frege+ Vred refutation w of a QBF 1 of the form

Elxlva T axnvyn ¢<$17 vy Ty Y1y e 7yn)

where ¢ € X, there is a |7r\o(1)-size C-Frege + Vred refutation of v starting with a C-Frege

derivation of

n
\/ Yi %C xla"',xivyla"'vyifl))v

from ¢ for some circuits C; € C, followed by n applications of the Vred rule, gradually replacing
the rightmost variable y; by circuit C;(x1,...,%;,Y1,...,Yi—1) and cutting the inequality y; #
Ci(xlv s T Y1y ey yi—l) out Ofthe diSjl/il’leiO”l \/?:1 (yZ 7é Ci(.%'l, sy T Y1y - 7yi—1))-

An immediate consequence of Theorem 65 is the p-equivalence of C-Frege + Vred and its

tree-like version.

Corollary 12 (Beyersdorff, Pich [32]). Ler C be AC®, ACY[p], TC®, NCY, or P/poly. Then C-Frege
+ V'red is p-equivalent to tree-like C-Frege+ Vred.

Finally we further simplify C-Frege +Vred so that every application of the Vred rule only
substitutes constants 0/1 instead of general circuits. We denote the resulting system as C-Frege

+Vredg,1. This shows that C-Frege+ Vred systems are indeed very robustly defined.

Theorem 66 (Beyersdorff, Pich [32]). Ler C be AC°, AC?[p], TC®, NC2, or P/poly. Then, C-Frege
+Vred and C-Frege+ Vredq 1 are p-equivalent.

13.4 Separations and Lower Bounds via Circuit Complexity

We now introduce a class of QBFs defined from some circuits C',, computing a function f. Choosing

different functions f, these formulas will form the basis of our lower bounds.

Definition 23 (Q-C),). Let n be an integer and C,, be a circuit with inputs x1,...,T,. Let
t1,...,tm—1 be a topological ordering of the internal gates of Cy, and let the output gate of
C, be ty,. We define

m
=1

where u <> =ty = (U V ty) A (—u V —ty,) and G; expresses as a CNF the function computed in

the circuit Cy, at gate i, e.g. if node t; computes the N of t; and ty, then

G, =t; < (tj VAN tk) = (ﬁti V tj) VAN (—QL,Z‘ V tk) A (ti V -ty V ﬁtk),
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similarly if gate i computes —, \/, ©, M OD,, T}, or some other Boolean function.

Informally, the QBF Q-C,, expresses that there exists an input & such that C),(x) neither
evaluates to O nor 1, an obvious contradiction as C,, computes a total function on {0, 1}". Using
these formulas together with the Strategy Extraction Theorem, we now establish a tight connection

between the circuit class C and C-Frege+ Vred.

Theorem 67. Let C be one of the circuit classes ACY, AC° [p], TCO NC?, P/poly and let (Cy,)nen
be a non-uniform family of circuits where C,, is a circuit with n inputs. Then the following implica-

tions hold:

1. ifthe QBFs Q-C,, have C-Frege+ Vred refutations of size bounded by a function q(n), then for
each n, C,, is equivalent to a circuit C), where C, is of size O(q(n)) and uses the gates and
depth allowed in C;

2. if (Cp)nen is a polynomial-size circuit family from C then the QBFs Q-C,, have polynomial-size
refutations in C-Frege+ Vred.

Proof. Regarding (i), by the Strategy Extraction Theorem and Proposition 4, if the QBF Q-C),
has a refutation in C-Frege+ Vred of size S then a winning strategy for the universal player can
be computed by a circuit C), € C of size O(S). We have that in Q-C,, the quantifier prefix looks
like 3z - - - 3z, Vu3t. Now, by construction, u # C,(x1,...,x,), hence a winning strategy for
the universal player must consist of playing u = Cy,(x1, ..., xy). This means that the circuit C/,
computing the winning strategy for the universal player is equivalent to the circuit C,, and the size
bound follows.

Regarding (i), let
Q-Cp, = 3xy -+~ Fxp,Yudty - - Ftp (u < —t) A o,

where ¢, is a formula depending on the circuit C),. By definition, the ¢; are indexed w.r.t. a
topological ordering of the nodes of C),.

We prove, by induction on ¢, that there exists a circuit D; € C such that t; <> D; is derivable in
C-Frege with size polynomial in | D;|. Suppose that ¢; corresponds to a gate ®(t;,, ..., t;,) with
fan-in ¢, where © could be an A, V, =, ®, MOD,,, T}, . .. from the gates allowed in the class C.
By the inductive property we know that t;, <> Dj, is provable in C-Frege with proofs of size

polynomial in |Dj, |. Moreover, C-Frege is able to prove

tj, < Dj1 ce tj, < ng t; < @(tjl, e ,tjg)
t; & @(Djl, .. .,Dj[>

Let then D; = ®(Dj,, ..., Dj,). At the m-th step C-Frege proves that ¢, <> D,,, from which

follows that
tm < Dy U > by,

u > Dy,
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Since now w is universal and the innermost variable of u <> —D,,,, we can apply the Vred rule and
get0 <> =Dy, 1 & —D,,, which leads to an immediate contradiction in the QBF proof system
C-Frege+ Vred.

In particular, a Boolean function f is computable by polynomial-size C circuits if and only
if 9Q-C,, have polynomial-size C-Frege refutations for each choice of Boolean circuits (C,)pen
computing f. Note that the circuits C), are not necessarily circuits from the class C.

In the remainder of this section we apply Theorem 67 to a number of circuit classes and transfer

circuit lower bounds to proof size lower bounds. O

Lower Bounds for Bounded-depth QBF Frege Systems. PARITY is one of the best-studied
functions in terms of its circuit complexity. With Theorem 67 we can immediately transfer circuit

lower bounds for PARITY to AC” [p]-Frege+ Vred, regardless of the encoding for PARITY.

Corollary 13 (Q-PARITY lower bounds). Let C,, be a family of polynomial-size circuits com-
puting PARITY. For each odd prime p the QBFs Q-C,, require proofs of exponential size in
AC[p]-Frege + Vred.

Proof. The exponential lower bound for the proof size in AC° [p]-Frege+ Vred follows from Theo-
rem 67 and the fact that for each odd prime p any family of bounded-depth circuits with MOD,,
gates computing PARITY must be of exponential size [102,112].

We highlight that non-trivial lower bounds for AC” [p]-Frege are one of the major open problems
in propositional proof complexity. We complement the lower bound in Corollary 13 with an upper
bound for arbitrary NC! encodings of PARITY in Frege+ Vred. O

Corollary 14 (Q-PARITY upper bounds). Let C,, be a family of NC! circuits computing PARITY.
Then the QBFs Q-C\, have polynomial-size proofs in Frege+ Vred.

Proof. By a result of [93], PARITY can be computed by circuits in NC!. Hence if we consider a
family C,, of NC! circuits computing PARITY then the polynomial upper bound in Frege + Vred

follows immediately from Theorem 67. O

In fact, this upper bound can be improved to the QBF proof system AC’ [2]-Frege+ Vred, albeit
not for arbitrary NC!-encodings of PARITY, as it is not clear how these could be handled in bounded
depth. For this purpose, we consider explicit QBFs for PARITY, which can be built from its inductive
definition PARITY (21, ...,Z,) = PARITY (21, ..., %p—_1) & Ty, This leads to the QBFs

n
G, = Fzy -+ - JxpVudty -+ Tty (g < (11 D 22)) A /\ (t; <> (tic1 D i) A (u <> —ty),
i=3
where a <> (b®c) = (maV —bV-c)A(—aVbVe)A(aV-bVe)A(aVbV—c). This formulation
of Q-PARITY was considered in Chapter 5.
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Corollary 15. The PARITY-formulas @, require refutations of exponential size in ACO[p]-Frege
+Vred for each odd prime p, but it have polynomial-size AC° [2]-Frege+ Vred refutations.

Proof. The lower bound follows as in Corollary 13. For the upper bound we cannot use Theorem 67,
but need to give a more direct proof. Without loss of generality we can assume that our AC® [2]-Frege

+ Vred system uses the connectives {A, V, -, <>, & }.

Then it is easy to see, by induction on 4, that Frege proves t; <> ®(x1,x2, . .., ;) with a proof

of size linear in ¢. Hence, similarly to what was done in Theorem 67, we get
u < @ (T1,22, ..., Tp).
Then w is the rightmost variable; hence by the Vred rule we have
1< =@ (x1,29,...,2,) and 0> =P (21, 22,...,%n),

which gives an immediate contradiction. O

In fact, we can further strengthen Corollary 15 and use Smolensky’s circuit lower bounds for
an even more ambitious separation of all AC°[p]-Frege+ Vred systems. For this we consider the

function

MODp($1,...,xn) — 21_1 ] ( p)
0 otherwise.

Forr <p—1let
Lif )27y =r (mod p)

MOD,,(z1,...,2n) =
0 otherwise.

If we want to use MOD,, for a separation of AC’[p]-Frege +Vred and AC%[q]-Frege + Vred for
different primes p, ¢, then MOD),, has to be encoded as a QBF in the language common to both proof
systems, which means that we cannot use MOD,, or MOD,, gates. As for PARITY, an arbitrary
NC! encoding as in Corollary 13 will also not work (this would just give upper bounds in Frege
+Vred), so we need to devise again explicit QBF encodings for MOD,,. Such QBFs can be built
using the fact that MOD,, thatis MOD,, o, can be defined for r # 0 by

MOD,,(z1,...,2;)) = (MODp,(x1,...,2i-1) AN—x;) V (MODpr—1(21, ..., Tim1) N x;i),
and for r = 0 by

MODp,O(xlv .. ,a:i) = (MODp,O(xla .. ,xi_l) A\ —\xi) V (MODp’p_l(iCl, RN xi_l) A\ :L'Z)
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Using variables s for MOD,, ,(z1, ..., z;) this leads to the QBFs

0P = 3y -+ Iz, YuIs¥Is1Is9TsdTs3 - - - 30 -+ TP (w 3 =82 A (51 <> 1) A () < —mp) A
- —1
/\ <sf o (ST A=) Vo (siTE A a:,)) A /\ <s? & () Ama) V(sET) A xz)>

1<i<n 1<i<n
0<r<p—1

Corollary 16. For each pair p, q of distinct primes the MOD ,-formulas O}, require proofs of
exponential size in AC°[q]-Frege+Vred, but have polynomial-size proofs in AC°[p]-Frege+ Vred.

Proof. The exponential lower bound for the QBF proof system AC®[q]-Frege+ Vred follows from
Theorem 67 together with the result from [102, 112] that for distinct primes p, ¢ any family of
bounded-depth circuits with MOD,, gates computing M OD,, must be of exponential size.
Regarding the upper bound, without loss of generality we can assume that our AC° [p]-Frege
system uses the connectives {A, V, -, <>, MOD,}. Then it is easy to see, by induction on ¢, that
AC®[p]-Frege proves
sj <> MODy(x1,...,x;,1,1,...,1),
-
p—r
with a proof of size linear in ¢. Hence, similarly to what was done in Theorem 67 and Corollary 15,
we get
u <> " MODy(z1,...,2p5,1,1,...,1).
P

Then w is the rightmost variable; hence by the Vred rule we have

1 < -MODy(x1,...,2p,1,1,...,1) and 0 =MODp(z1,...,2n,1,1,...,1),
N—_—— N—_——
p P
which gives an immediate contradiction. O

Another notorious function in circuit complexity is MAJORITY. Again we can transform circuit

lower bounds to proof size lower bounds for arbitrary encodings of MAJORITY.

Corollary 17 (lower bounds for Q-MAJORITY). Let C), be a family of polynomial-size circuits
computing MAJORITY (21, ..., 2y). Then for every prime p, the QBFs Q-C,, require proofs of
exponential size in AC°[p]-Frege + Vred.

Proof. The lower bound follows again applying Theorem 67 and the fact that MAJORITY requires
exponential-size bounded-depth circuits with MOD,, gates [102,112]. O

For general encodings, we can again show Frege+ Vred upper bounds.

Corollary 18 (Q-MAJORITY upper bounds). Let C,, be a family of NC! circuits computing
MAJORITY (21, ..., xy). Then the QBFs Q-C,, have polynomial-size proofs in the QBF proof
system Frege+ Vred.
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Proof. By aresult of [93], the function MAJORITY is computable in NC! and hence Q-C,, are well
defined. The upper bound then follows from Theorem 67. O

As for the MOD), functions, we can improve on this upper bound by considering explicit QBF
encodings of MAJORITY, thereby even obtaining a separation of AC® [p]-Frege+ Vred systems from
TCY-Frege + Vred.? Explicit QBFs for MAJORITY can be defined using the following property of
the k-threshold function.

Ti(x, ..., 25) = Th(zr, ..o, 2i-1) V (Th—1 (1, -0 @im1) A @), )
Using variables t}; for Ty (z1, .. .,x;) this gives rise to the QBFs ¥,, which is given by

Fwy - JwaVudty - 3 (u e ot ) A N tgA (<) A N\ (Ho GV (G2 A ).
1<n k<n/2
i<n
Corollary 19. For each prime p the MAJORITY-based formulas W,, require proofs of exponential-
size in the QBF proof system ACO[p]-Frege+ Vred, but have polynomial-size proofs in TCY-Frege
+ Vred.

Proof. The exponential lower bound from [102, 112] will give us the exponential lower bound w.r.t.
the size of ¥, in AC®[p]-Frege + Vred, since the size of ¥, is O(n?).

Regarding the polynomial-size proof of the QBF formula ¥, in TC’-Frege + Vred we can
proceed similarly as for PARITY in Frege. The crucial feature here is that T}, are, by definition of TC?,
in the language of TC°-Frege. Hence T'(z1, ..., x;) = Tp(x1, ..., 2i-1) V (Tho1(21, ..., 2 1) A

x;) can be used to prove ti < T(21, . . ., z;) and we can easily refute ¥, in TC?-Frege+ Vred. O

We note that a separation of AC[p]-Frege from TC-Frege constitutes a major open problem

in propositional proof complexity as we are currently lacking lower bounds for AC° [p]-Frege.

13.5 Lower Bounds for Constant-depth QBF Frege Systems

We now aim at a fine-grained analysis of AC’-Frege by studying its subsystems ACg-Frege. Our
next result is a version of Theorem 67, however, we need to be a bit more careful for circuits of
fixed depth d.

Theorem 68. Let (C),)nen be a non-uniform family of circuits where Cy, is a circuit with n inputs.

Then the following implications hold:
(i) if the QBFs Q-C,, have ACY-Frege+ Vred refutations of size bounded by a function q(n), then
for each n, C,, is equivalent to a depth-(d + 2) circuit C}, of size O(q(n));

3 Clearly, such a separation already follows from Corollary 16 together with the simulation of AC®[p]-Frege+ Vred by
TCO-Frege + Vred. Here we will prove the stronger result that all these systems are separated by one natural principle,
namely MAJORITY.
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(ii) if (Cp)nen is afamily of polynomial-size depth-d circuits, then the QBFs Q-C', have polynomial-
size refutations in AC)-Frege+ Vred.

Proof. The proof of (i) follows the proof of the analogous statement of Theorem 67. The Strategy
Extraction Theorem in this case tell us that from refutations of Q-C,, in ACS-FregeJr Vred of size S
we can extract a winning strategy for the universal player that can be computed by ACg—decision
lists of size O(.5). By Proposition 4, this means that the winning strategy can be also computed by
ACY._ , circuits and the size upper bound follows.

The proof of point (ii) follows the proof of the analogous statement of Theorem 67. That
proof will give us that Q-C,, has polynomial-size refutations in AC?l  o-Frege +Vred. Here we
want to prove that Q-C), has actually polynomial-size proofs in ACS—FregenL Vred. Without loss of
generality suppose that the last gate t,,, of C,, is an A, that is

Q-Cyp = Ty -+ FrpVuty -+ Styn (1 4> ~t) A (b <>\ i) A b,
Jj<t
where each ¢;; is an \/ gate and ¢,, is the encoding of the rest of the circuit C',. We clearly have that

u 'V /\tij;

Jj<t

From which we obtain both

—u Vv —\tij.
Jj<e

Now we can proceed, similarly as in Theorem 67. By induction (on the depth of C),) AC2—Frege is

able to substitute ¢;, with D; where D;; is an ACg_l-formula over the x1, . . ., x,, variables starting

with an \/. More precisely by induction we can prove that ACS—Frege proves both
tij VD R

ﬁtij \Y Dij .

Hence from our derivations follows that ~u V'\/ j<¢ 7Di;, which is an ACY-formula only over the

variables u, x1, . .., x,. Hence by the Vred rule we get

\/ -D;,.
Jj<t
We get first that /\;,(u V ¢;;) and then we get A\, (u V D;;), which, again, is an ACY-formula

over the variables u, x1, . .., Zy. By the Vred rule we get
N\ D,
Jj<t
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13. FREGE SYSTEMS FOR QBF

From these follows immediately a contradiction. a
From Theorem 67 we obtain a wealth of lower bounds for Res + Vred.

Corollary 20. Let f(x1,...,x,) be a Boolean function requiring exponential-size depth-3 cir-
cuits and let (Cy,)nen be polynomial-size circuits (of unbounded depth) computing f. Then the
OBF's Q-C,, require exponential-size refutations in AC?-FregeJr‘v’red and hence, in particular, in
Res +V'red.

We now prove a separation of constant-depth Frege + Vred systems. For this we employ the
Sipser functions separating the hierarchy of constant-depth circuits. We quote the definition of the

SIPSER, function from [38]:

SIPSER; = /\ \/ /\ @ Ti1iiz...iqs

11<my 12<mg i3<ms3 1g<mgq

where () = \/ or A depending on the parity of d. The variables x1, ..., xz, appear as T, i,is...i,
for i; < mj, where m; = y/m/logm, mg =ms3 =--- =mg_1 =m, mg = y/dmlogm/2 and
m = (n\/2/d)"/ 4=,

Corollary 21. Fix an integer d > 2. Let (C}})nen be a family of polynomial-size depth-(d + 3)
circuits computing the function SIPSERq13(1, . .., %y). Then the QBFs Q-C} need exponential-
size proofs in ACg—FregeJr Vred, but have polynomial-size proofs in ACS L, 3-Frege+Vred.

Proof. The lower bound follows from Theorem 68 and from the result that for every d, STPSER4 3
needs exponential-size depth-(d + 2) circuits [66]. Regarding the upper bound, by construction C}
has depth d + 3 and polynomial-size. Hence, by Theorem 68, the family Q-C} has polynomial-size
proofs in AC2+3—Frege+ Vred. O

Note that the gap of size 1 in the circuit separation of [66] increases to a gap of size 3 in our
proof system separation, due to the transformation in Proposition 4. We highlight that in contrast to
Corollary 21 where our separating formulas are CNFs, a separation of the depth-d Frege hierarchy

with formulas of depth independent of d is a major open problem in propositional proof complexity.

13.6 Characterizing QBF Frege and Extended Frege Lower Bounds

We finally address the question of lower bounds for Frege +Vred or even eFrege +Vred. Our
next result states that achieving such lower bounds unconditionally will either imply a major
breakthrough in circuit complexity or a major breakthrough in classical proof complexity and vice

versa. (Notice that it might be much easier to obtain the disjunction than any of the disjuncts.)

Theorem 69. Let C be either P /poly or NCL. C-Frege+ Vred is not polynomially bounded if and
only if PSPACE ¢ C or C-Frege is not polynomially bounded.*

*By NC! we mean non-uniform NC'. Note that by the space hierarchy theorem it is known that PSPACE ¢
uniform NC*, but this does not suffice for Frege+ Vred lower bounds.
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13. FREGE SYSTEMS FOR QBF

Proof. Clearly if C-Frege is not polynomially bounded then C-Frege+ Vred is not polynomially
bounded. If PSPACE ¢ C then let f be a Boolean function in PSPACE but not in C. Since QBF is
PSPACE-complete there exists a QBF Qwa¢(w, x1, ..., x,) with a CNF ¢ such that

flxy,. ... xn) = Qwo(w, xy, ..., x,).

We define
Q-frn = Jz1 -+ -z, Vu(u > Qwo(w, z1, ..., x,)),

which can be rewritten into formulas ©,, in prenex form. Notice that the only winning strategy for
the universal player on both Q- f,, and ©,, is to compute u = f(x1, ..., x,). Therefore, the Strategy
Extraction Theorem together with f ¢ C immediately implies super-polynomial lower bounds for
©,, in C-Frege+ Vred.

The opposite direction was shown first in [32] and the argument is as follows. We assume that
C-Frege+ Vred is not polynomially bounded. Then there is a sequence of true QBFs @ v,, such that
=@ 1, do not have polynomial-size refutations in C-Frege+ Vred. Let Q) 1, have the form

Vai13yr ... Ve, Iyn Un(z1, .o Ty Yty oo Yn)-

If PSPACE ¢ C, we are done. Otherwise, there are polynomial-size circuits C; witnessing the

existential quantifiers in () v,,. That is, for any z1,...,Zn, Y1,---,Yn
n
/\ (yl e Ci(.iUl, s Ty Y1, 71/1'—1)) - ¢n($1, <oy Tns Y1, - 72/77,)
i=1

We claim that these are a sequence of tautologies without polynomial-size C-Frege proofs.
Otherwise, having —,,, C-Frege can derive \/, y; # Ci(x1,...,%i, Y1, .., Yi—1) by a polynomial-
size proof, and so as in Theorem 65, C-Frege+ Vred can efficiently refute =Q) v,. O

We remark that we do have a separation between uniform NC! and PSPACE, because uniform
NC! C LOGSPACE and LOGSPACE # PSPACE by the space hierarchy theorem. Therefore,
choosing f € PSPACE \ uniform NC! and considering the prenex formulas ©,, arising from Q-f,,

we can infer the weaker result that Frege+ Vred has no uniform short proofs of ©,,.
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Chapter 14

Conclusion

In this thesis we introduce improvements to QBF proof complexity in the following areas:

1. We introduce new proof systems to better understand and characterise solving and complexity
in QBF and DQBE.

2. We introduce the most current QBF lower bounds and we complete the simulation/separation
structure of the main QBF directed acyclic graph (DAG) resolution systems.

3. We lift lower bound techniques from propositional to QBF logic, where we have particular
success in tree-like calculi. However for DAG like systems and QBF proof complexity in general
we find that a very different picture is emerging.

4. We exhibit a new interesting lower bound technique for QBF calculi of varying power— strategy

extraction.

New Proof Systems. Prior to this work, a handful of proof systems existed for QBF. The QCDCL
style proof systems Q-Res and each of its improvements LD-Q-Res, QU-Res and LQU"-Res
were defined. The foundational expansion-based calculus— VExp+Res was developed due to its
relation to RAReQS and stronger calculi such as the sequent calculus G and the first order resolution
EPR were also known.

In Chapter 4 we built natural expansion based QBF proof systems— IR-calc and IRM-calc that
hybridised the quantifier handling in QCDCL and expansion based solving. Some progress towards
bringing the solvers together can be seen in the QESTOS solver [33] which uses DPLL conflicts to
generate the strategies used in CEGAR solvers. However, in IR-calc we added partial expansion
instead of full expansion, this is not yet fully implemented in practical solving.

IR-calc is also naturally applicable to DQBF and forms a sound and complete resolution calculus
D-IR-calc as seen in Chapter 10. There have been recent advances in DQBF solving [57,58,62,117].
We believe that D-IR-calc will be an important calculus when relating solvers to proof systems in
this area. DQBF is also related to dependency-schemes, which while not explored in this thesis are
increasingly prevalent in solving with solvers such as DepQBF. Indeed dependency schemes have
received recent interest from a theoretical point of view. Slivovsky and Szeider showed a sound
QBF resolution calculus that incorporates dependency schemes [111]. This was further adapted to
long-distance resolution [96]. The work by Beyersdorff and Blinkhorn [16] details the conditions
on making dependency schemes sound in proof systems.

In addition we introduced the P+ Vred system (Chapter 13) which could also be seen as a
calculus that is of practical importance in the future. If we suppose SAT solving advances beyond

the resolution system to system P, then QCDCL solvers may correlate to P + Vred. In particular, we
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see CP+Vred in Chapter 12, where cutting planes is a useful system related to integer programming.
We also introduce a hierarchy of C-Frege+ Vred systems, for the powerful Frege systems.

From C-Frege+ Vred systems, we get a tighter grasp on the connections between QBF proof
complexity and circuit complexity. C-Frege+ Vred systems naturally match to complexity classes C
both in description and in lower bounds, which is a connection not yet established in propositional
proof systems. Furthermore, formalisations of strategy extraction show that these systems charac-
terise hardness in Frege and circuit complexity, showing that lower bounds can only be obtained via

circuit complexity or propositional proof complexity.

New Lower Bounds. The states of lower bounds has improved significantly in QBF, previously

only a few lower bounds were known for QBF calculi:

the KBKF formulas from [77] that show a lower bound for input Q-Res, two modifications of
the KBKF formulas were presented in [11] that mutually separate QU-Res and LD-Q-Res.
the formulas from [73] that show a lower bound for VExp+Res but are easy for Q-Res.

any propositional lower bounds lifted as purely existential QBF.
We add a significant number of new lower bounds which are as follow:

the QPARITY lower bounds for Q-Res, QU-Res (Chapter 5) and weak extended Q-Res
(Chapter 11), as well as their modifications for hardness in LD-Q-Res and LQU™-Res.

— more generally, the Q-C), lower bounds which work for a range of C-Frege+ Vred proof systems
(Chapter 13).

— the clique co-clique formulas which are genuine QBFs for the QBF calculi with the monotone

feasible interpolation property (Chapters 8 and 12).

— We also show that the KBKF formulas do indeed provide a lower bound to Q-Res because they
provide a lower bound to IR-calc (Chapter 6). KBKF also provides a lower bound to tree-like
QU-Res (Chapter 7). The modification of KBKF in [11] provide a lower bound to IRM-calc.

DAG versus Tree-like Calculi. In Chapters 4, 5 and 6 we show that in QBF resolution systems
we completely separate the simulation structure for DAG-like QBF proof systems. To show the
separations we used new techniques for QBF such as the strategy extraction technique (Chapter 5)
along with the examples of [77] (Chapter 6).

It is quite important to note that for the DAG like QBF systems the size-width relation fails.
This is a major technique in propositional proof complexity. Instead the stand-out success that led us
to many new lower bounds comes from connections to hardness in circuit complexity. This allows
us to look only at higher level properties of the calculi, which we believe is more illuminating on
sources of difficulty than the previous counting techniques in QBF proof complexity.

In addition to strategy extraction, the other technique that works for DAG-like QBF calculi is the

feasible interpolation technique, although we see that this can somewhat be seen as a special case of
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strategy extraction (Chapter 8). This so far is the sole case of a general lower bound technique that

lifts from propositional proof complexity to DAG-like QBF systems.

For tree-like QBF systems, we find that lower bound techniques generally do transfer from
propositional proof complexity. We see this in two examples: 1.) The game technique for Q-Res
and QU-Res (Chapter 7) 2.) The size-width relation for VExp+Res and IR-calc. A similar game
technique for QBF was shown in [40], this was used on an ensemble of QU-Res systems with

oracles in the polynomial hierarchy.

Just as the DAG like systems have simulation and separations, these relations are also possible
in the tree-like cases. It is known that tree-like VExp+Res and IR-calc are equivalent despite the
fact that they are strictly separated in DAG-like resolution. We also know all the simulations that
are present in the DAG-like case remain. However all other potential separations are unknown.
It is even possible that all the QBF resolution systems are equivalent on tree-like proofs. This is
important as the distinction between tree-like and DAG-like has practical relevance. Due to the
nature of DPLL solving, hard examples are likely to have tree-like traces. Therefore there are still
some important questions about how this affects expansion versus QCDCL solving. Since in the
tree-like calculi, VExp+Res p-simulates IR-calc it also p-simulates Q-Res, and the converse is
still unknown, despite the fact DAG Q-Res does not simulate VExp+Res.

Strategy Extraction. The most successful technique in QBF proof complexity is the strategy
extraction technique (Chapters 5,11,12 and 13). For false QBFs, the universal player is guaranteed
a winning strategy and this can be represented by a circuit. In strategy extraction for proofs this

circuit has to be extracted in polynomial time from the proof.

Strategy extraction is also possible in solvers. In some sense, strategy extraction is desirable in
solvers. Not only can the correctness of a solving instance be verified by a strategy, for QBF such as
those that relate to games the winning strategy may be just as important as the result. On the other
hand, we show that strategy extraction can lead to lower bounds, we show this in the case of proof

systems but the same is true for solvers.

Strategy extraction is possible in polynomial time for all the QBF resolution calculi (cf. Chapter 4
and [11]). The key to lower bounds in Q-Res and QU-Res is that it can be done in restrictive ACO

circuits of which super-polynomial lower bounds are known.

Strategy extraction has a strong relationship with the universal reduction rule and our new
P + Vred calculi. We find that even extended Frege systems augmented with the reduction rule
have strategy extraction in polynomial time (Chapter 13). This property can create conditional and
unconditional lower bounds.

Comparisons of strong proof systems for QBFs were made in [52], including comparisons
to IR-calc and IRM-calc. In [32] it was shown that strategy extraction characterises hardness
for strong systems such as Frege+ Vred systems and beyond. This means that lower bounds for

stronger systems are limited by either propositional proof complexity or circuit complexity. The
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work by Beyersdorff et. al [30] shows further characterisations for even weaker systems, with a

third possibility of hardness by quantifier alternations.
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