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Abstract

This work investigates the proof complexity of multiple systems about deterministic
and non-deterministic branching programs (BPs and NBPs respectively). It is based
on work by Buss, Das and Knop, where they defined the systems eL(N)DT reasoning
with (N)BPs by using extension variables/axioms to represent the dag-structure, over
a language of (non-deterministic) decision trees.

We start by focusing on positive branching programs (PBPs) i.e. NBPs where, for
any O-transition between two nodes, there is also a 1-transition. PBPs compute mono-
tone Boolean functions, much like negation-free circuits or formulas do, but constitute
a positive version of (non- uniform) NL, rather than P or NC', respectively. We
introduce eLNDT™, the positive fragment of eLNDT, that reasons about PBPs by con-
sidering restrictions on the form of inference rules we consider. The main result is that
eLNDT" polynomially simulates eLNDT over positive sequents. Our proof method is
inspired by a similar result for MLK (—-free LK) and LK by Atserias, Galesi and Pudlak.
Along the way we formalise several properties of counting functions within eLNDT™ by
polynomial-size proofs and, as a case study, give explicit polynomial-size proofs of the
propositional pigeonhole principle.

Our second contribution aims at defining Prover-Adversary games bespoke to the
setting of branching programs. It builds upon work by Pudldk and Buss who defined
a game with Boolean formulas as queries that corresponds to Hilbert-Frege/LK i.e. the
canonical systems for reasoning about Boolean formulas. We adopt their definition to
fit in our setting and provide games that correspond to eLDT and eLNDT. While the
deterministic case is simple enough, the non-deterministic one requires simulating nega-
tions of NBPs for which, through a series of technical results, we formalize a (partial)
non-uniform version of the Immerman-Szelepcsényi Theorem: NL = coNL.

The last part of this thesis presents the system 0-eLDT, a specifically designed frag-
ment of eLDT that reasons about ordered BPs (OBDDs). These are BPs whose paths
only exhibit variables under a fixed order. Due to their ‘restricted’ nature, they posses
multiple nice properties, for example, easy checking for equivalence between OBDDs.
They have recently received wide interest in the literature with their proof (complex-
ity) theoretic analysis initiated by work from Atserias, Kolaitis and Vardi where they,
among others, defined the system OBDD(A,w). We finish by comparing the expres-
sive strength of 0-eLDT and OBDD(A,w), concluding that the former polynomially
simulates the latter.



Acknowledgements

Formal acknowledgements

I would like to express my deepest gratitude to all people and entities that have helped
me see through this PhD. More specifically, I would like to start by thanking my su-
pervisor, Anupam Das, whose guidance, knowledge and attention to detail has helped
me improve as a researcher and author. I want to thank in general people of the theory
group (especially my RSMG) for their assistance and advice throughout my three and
a half years in Birmingham. It was a pleasure to be part of this community with a
lot of research and interesting topics being discussed. Lastly, I want to thank all my
friends and also University of Birmingham for funding my PhD.

Personal acknowledgements

While what written above is true, it lacks personal nuance which I will now add for
completeness sake. First off big thanks to my supervisor, Anupam Das, for being rich
(grant wise). Without all these academic travels in interesting destinations my PhD
life would have been much less enjoyable. In addition to how much I liked visiting
new places for schools and conferences, I met a multitude of unique people that do
interesting research and spending ‘real’ time together helped me get to know them.
Having academic discussions can be very fun but having discussions with academics
about every day things (arguing about where to eat) or arbitrary existential topics (how
would you suicide) is often even better. On that end, I want to thank my partners in
exploration in inverse alphabetical order: Marco, Lukas and Alakh-Akbar for exploring
places, many we shouldn’t be at (University of Milan), and getting kicked out by security
multiple times.

A large thank you to everyone that helped me with survival. First, I include names
in descending hosting-amount order: Abhishek vte, Gianluc-lukum and Ayberkius.

Thank you to all who helped me by keeping my stuff safe, I list in random order:
basement of my old placeE], Strateusimos, Chris, Sonia and Vincent in Birmingham,
while: my dramatic pet, Dario of life, Kirstinenburg, Kafa and Artem (Deported)
elsewhere.

A lot of appreciation goes to my collaborators (not just pertaining to this work)
for being patient with my not perfectly explained ideas and forcing me to be more
formal. Anupam’s (academic) ‘OCD’ has certainly helped me become much better at
expressing myself at a formal level (and not leaving double spaces in my latex code)

I'Not a person



while, Marianna’s (confused) comments on my ideas about counterfactuals, forced me
to refine my definitions/notation to achieve readable levels.

I enjoyed TAing on the MLFCS module for three years. It was quite fun and for
the most part well organised. Hence a big thank you to all my colleagues and students
who appreciated my teaching (or took photos with my hair) is warranted.

A decently sized thanks goes to people in the Theory group for the fun discussions
on random topics and having (group wide) long arguments via university email.

I should not forget to thank people in our department dealing with administra-
tive/bureaucratic stuff that nobody likes. There are multiple people in this category
but Kate certainly deserves an honorable mention. Another one would be my ‘enemy
by mail’/ ’friend in real life’ Felipe.

Big thanks goes to friends all over who were willing to invite and host me including,
in alphabetical order: Dellica, Lio de Janeiro, Kompo, Darmon and Ton Dicks. Visiting
and spending time with friends played a huge role in me enjoying these past years and
I am thankful for having the opportunity to do so.

This degree has been partially (and unofficially) sponsored by multiple supermarket
chains. I am grateful to them all for their free resources.

There are probably more friends and acquaintances that I should mention for being
there for me (or some people that deserve it multiple times) but I will stop here. I wish
them to get thanked in many more theses to come.



Contents

[Abstract]

(1 Introduction|

In

Proof Complexityl . . . . . . .. . . . . ... ...

[.2 _Outline of contributiond . . . . . . . . .. . . ... ... ... . ...

2 Profininanics

Proof Complexity| . . . . . . . . . . . . .. ...

[2.1.1 Branching programs| . . . . . . ... ... ... ... ......
[2.1.2  Representation of NBPs by extended formulas| . . . . . . . . ..
2.1.3  The systems eLDT,eLNDT| . . . . ... ... ... ... ... .

[2.1.4  Simple Simulation Results| . . . . . . ... ... ... ... ...

p1
P2

Monotone functions and positive proofs| . . . . . . . ... ... ...

[2.2.1 Monotone Boolean functions and positive programs| . . . . . . .
[2.2.2  Monotone complexity and positive closures| . . . . . . . . . . ..
[2.2.3  Representations of positive branching programs| . . . . . . . ..
[2.2.4  The positive fragment of eLNDT|. . . . . . . ... ... ... ..
225 Some basic theorems . . . . . .. .. ... oL

[3 Counting]

[3.1 OBDDs for Exact and their representations as eDT' tormulas] . . . . . .
[3.1.1  Programs for Threshold via positive closuref . . . . . . . . . ..
[3.1.2  Small proofs of basic counting properties| . . . . . . . . ... ..
4 Pigeons
4.1 Pigeons, holes and their use in proot complexity] . . . . . ... ... ..
4.2 Case study: Pigeonhole principle via positive branching programs| . . .
4.3 Summary of proof structure] . . . . .. ..o
4.4 From LPHP, to (n 4+ 1)-threshold . . . . ... ... ... ... .. .. .
4.5 From (n + I)-threshold to RPHP,| . . . . . .. ... ... ... .. ...
4.6 Putting it all together| . . . . . . . .. ..o
|5 Simulation of eLNDT by eLNDT |

Positive simulation of non-positive proots| . . . . . . ... ... ... ..

[>.1.1 Summary of proof structure] . . . . . .. ...

Positive normal form ot eLND T proots| . . . . . . ... ... ... ...

5.1
52
5.3

Generalised counting formulas| . . . . . .. ... ..o 0L

13
13
14
15
18
23
28
28
29
32
33
36

40

42
43

46
46
47
48
49
o1
52



CONTENTS

[5.4  ‘Substituting’ thresholds for negative literals| . . . . . . . ... .. ...
[>.5  Putting it all together| . . . . . . . .. ... 000

6 Prover-Adversary games for NBPs|
6.1 Preliminaries] . . . . . . . . . .. .
[6.1.1 Prover-Adversary Games| . . . . . . . . .. ... ... .. ....
[6.1.2  Abstract Pudlak-Buss games|. . . . . . . .. ... ... ... ..
(6.2 “Similar’ representations of branching programs| . . . . . ... ... ..
[6.3  Boolean combinations and negating NBPs| . . . . .. .. ... ... ..
(6.4 Games for (non-deterministic) branching programs| . . . . .. .. ...
[6.5 From proofs to strategies| . . . . . ... ... oL
[6.6  Non-unitorm version of Immerman-Szelepcsényl . . . . . . ... .. ..
[6.6.1 Working with positive decisions| . . . . . . ... ... ... ...
6.6.2 Decider Construction| . . . . . . . . . . ... ... ... ... ..
[6.7  From strategies to proofs| . . . . . ... ...
6.7.1 De Morgan normal form of strategies] . . . . . . . .. ... ...
6.7.2 From NB”™ to Bool"(eLNDT)|. . . . . ... ... ........
6.7.3 From Bool"(eLNDT) to eLNDT . . . . . .. ... ... .. ...
[7 Systems for OBDDs|
[7.1 The ordered fragment of eLDT|. . . . . ... ... ... ... ... ...
Ii‘l|l l]lll!‘!‘llllls:lll S!l (Jlil}l!{il .......................
[[12 Joinsof OBDDS. . . ... .. ...
[7.2  Comparison to OBDD(A,w)| . . . . . ... ... ... L.
8 Summary and Future Workl

8.1 Summaryl . . . . ...
[8.1.1 Simulation of eLNDT by eLNDT ). . . . . . . .. .. ... ...
[8.1.2  Games for Non-deterministic Branching Programs| . . . . . . . .

[8.1.3  Systems for OBDDs . . . . . ... ... ... ... ...

61
64

66
66
66
69
71
75
76
7
82
82
85
90
90
93
95

97
99
101
103
105



Chapter 1

Introduction

Proof theory is the study of mathematical proofs treated as formal mathematical ob-
jects. This analysis was first necessitated by the rigorous formalization of the founda-
tions of mathematics occurring in the early 1900’s (Hilbert’s program) [I]. Proofs are
commonly represented linearly, as lists of statements or graphically, as trees or directed
acyclic graphs whose nodes are statements. There, the final statement of the list or the
root of the graph respectively serves as the conclusion of the proof. Informally, proof
systems are sets of initial statements called axioms and rules that enable ‘combining’
statements and adding new steps in the proof. Some of the most studied types of proof
systems are the Hilbert-Frege proof systems and Gentzen’s sequent calculus LK (for a
comprehensive introduction to proof theory see [21]).

Computational complexity is a field of interest to theoretical computer science. It
aims to determine and classify the complexity of problems regarding finite data struc-
tures and compare the relative efficiency of algorithms solving said problems. Some typ-
ical examples of such problems are the boolean satisfiability problem (SAT), reachability
of nodes in a graph, the travelling salesman problem (TSP) and prime factorisation of
integers.

Studying the complexity of Boolean functions finds application in several branches
of computer science. Researchers in general aim to understand the complexity of useful
basic algorithms tackling arithmetic problems like addition, multiplication, squaring,
division or counting which can be represented by Boolean functions. Some early works
serving as introduction to Boolean function complexity are [49] and a more extensive
one being [62].

Boolean circuits, Boolean formulas, decision trees and branching programs are well
known models of computation commonly used to (non-uniformly) compute Boolean
functions. They are commonly visualized as different types of acyclic graphs whose
nodes range over Boolean connectives, variables or constants. For a thorough intro-
duction to computational complexity see [48] and for an introduction to decision trees,
branching programs their many variations and properties see [63].

Material in this thesis finds itself in the intersection of the worlds of proof theory
and complexity theory. More specifically we study the complexity of proof systems
reasoning about formula representations of branching programs.
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1.1 Proof Complexity

Proof complexity studies the size of formal proofs with respect to the theorem proved.
A well known result is that Gentzen’s sequent calculus is ‘polynomially equivalent’ to
Hilbert-Frege systems that is, a proof of some theorem in sequent calculus can be con-
verted to a proof of the same theorem in any Hilbert-Frege style system in polynomial
time and vice versa. The original motivation for the development of proof complexity
is due to a theorem by S. Cook and R. Reckhow [30]. Loosely stated, the theorem says
that finding superpolynomial lower boundq'|on the size of proofs for propositional logic,
directly implies P # NP. This gave rise to ‘Cooks-program’: prove superpolynomial
bounds for increasingly stronger propositional proof systems until a general method is
found. Multiple kinds of ‘hard’-tautologies have been studied in the pursuit of gen-
eral superpolynomial bounds. Notable mentions are ‘Tseitin formulas’, clique-coloring
tautologies and the pigeonhole principle. Tseitin formulas [59], are conjunctions of
connectivity conditions between nodes in a given graph. They describe parity con-
straints corresponding to the structure of the underlying graph and are usually written
in conjunctive normal form (CNF). Clique-coloring tautologies are pairs of clauses that
express the property of a graph containing a clique of a certain size versus the prop-
erty of the graph being k-colorable for k some natural number. A common way to
understand the pigeonhole principle is as a propositional formula that expresses the
(unsatisfiable) property of mapping a set of n + 1 elements to a set of n elements in an
injective manner.

It is typical for systems in proof complexity to be parametrized by a complexity
class of interest whose nonuniform counterpart comprises the objects of reasoning for
the associated proof system. For example, Hilbert-Frege systems reason about boolean
formulas, the nonuniform counterpart of ALOGTIME [19]. For the class P the corre-
sponding system is extended Frege, employing ‘T'seitin extension’ to represent the dag
structure of circuits. Originally, Tseitin in [59] introduced the extension rule for resolu-
tion proof systems and it was later applied in the context of Hilbert-Frege systems by
Cook and Reckhow in [30]. A standard textbook in proof complexity is [44].

Monotone proof complexity

Monotone proof complexity investigates the complexity of propositional proof systems
under some notion of negation-freeness. Research in monotone proof complexity was
initially motivated by the famous lower bound result of Razborov [53] [54], showing that
the clique function is not computable by polynomial size negation-free circuits. As a
consequence of that, there has been substantial study of the negation-free fragment of
Gentzen’s sequent calculus LK, called MLK.

Starting from [7], the authors obtained quasi-polynomial upper bounds for the pi-
geonhole principle for n + 1 pigeons and n holes (expressed as a monotone sequent in
MLK). Generalising this approach, in [8] they showed that MLK effectively simulates
LK proofs of monotone sequents, with quasi-polynomial increase in size while only poly-
nomial increase in the number of proof steps. It was years later in Jerabek’s work [39)

!Superpolynomial increase of a quantity w.r.t. original size N is not bounded by any polynomial
with input the size N. Quasi-polynomial increase is of the rate: n®((1°2™)°) for some constant c.
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where it was shown that under the assumption of existence of suitable expander graphs,
MLK polynomially simulates LK. Said assumptions were proven in [24] formalising the
expander-graphs from [39] used to construct the AKS sorting networks [4] and finally
showing that MLK polynomially simulates LK (on monotone sequents) and improving
the result of [§].

Proof systems of decision trees and branching programs

Decision trees are rooted ‘tree-like’ data structures commonly used to display algo-
rithms requiring multiple decisions and calculating event outcomes. They are subsumed
by branching programs (BPs), also called binary decision diagrams (BDDs) [63] which
are directed acyclic graphs (dags) and have more expressive power. BPs and their
many variations and corresponding properties have received increasing attention over
the years. They are typically pictured as directed acyclic graphs with two sink nodes
0 and 1, inner nodes labelled by propositional variables and one root node. A particu-
larly interesting class is the ordered binary decision diagrams (OBDDs) first introduced
by Bryant in [I6] where he imposed a fixed order on the input variables of Boolean
functions. Essentially, OBDDs are deterministic branching programs in which variables
(labelling nodes) occur (only once) in the same relative order in each branch. They
enjoy many nice properties for example, under a certain ordering of variables, to each
Boolean function corresponds a unique OBDD of minimal size computing it. Decision
trees and branching programs have recently received proof theoretic treatments. We
mention some notable works in the following.

S. Cook in his unpublished work [27], designed specific ‘Prover-Adversary games’
(first introduced by [52]) where queries are deterministic branching programs. He essen-
tially constructed a proof system corresponding (non-uniformly) to the complexity class
logspace (L) by designing it to reason with deterministic branching programs instead
of the original approach of boolean formulas.

In [9], the authors aim to introduce natural ways of defining a proof system corre-
sponding to each constraint-satisfaction problem. As a case study they investigate the
proof system OBDD(A,w) which reasons about ordered binary decision diagrams (OB-
DDs); in it, a proof step can only be a ‘conjunction/join’ step on two previously derived
OBDDs or a ‘weakening’ step introducing a new OBDD that is semantically implied by
a previous one. They compared the strength of their systems to other well-known ones,
such as resolution, the Gaussian calculus, cutting planes, and Hilbert-Frege systems of
bounded alternation-depth (the definitions of these systems can be found in [42]).

Building on these results, in [23] it is shown that OBDD(A,w) can give exponen-
tially shorter proofs than (dag-like) cutting planes. They also added a reordering
rule that allows changing the variable order for OBDDs and proceeded to show that
OBDD( A, w, ord) is strictly stronger than OBDD(A,w).

Recently, Buss, Das and Knop [22], proposed a proof complexity theory of L and
NL via first defining the systems LDT,LNDT reasoning about deterministic and non-
deterministic decision trees respectively. Utilizing formulas with extension, they intro-
duce the ‘extended’ versions of said systems, eLDT and eLNDT, reasoning about deter-
ministic branching programs (BPs) and non-deterministic branching programs (NBPs)
respectively. Proofs in these systems are parametrized by sets of ‘extension axioms’ and
‘extension variables’ to essentially abbreviate complex formulas corresponding to nodes
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in branching programs (in this manner ‘node sharing’ is permitted while preventing
repetitions and avoiding superpolynomial increase in the size of formulas expressing
BPs). The only logical rules in LDT,eLDT are right and left ‘decisions’ that introduce
an ‘if then else’ clause upon a propositional variable p written ApB:

A—Ap I''pB— A r—AAp I''p—A B
r T, ApB — A ’” I — A, ApB

A decision ApB should be understood as “if p then B else A”. The systems
LNDT,eLNDT also admit the standard rules for disjunction. While no system admits
conjunction natively, it is possible (under careful bookkeeping) to introduce complex
extended formulas expressing the conjunction of branching programs.

In [I1], Barrett and Guglielmi introduced a proof system for classical propositional
logic that also reasons about decision trees. They do this by augmenting the standard
language for propositional logic with a ‘decision connective’ similar to what is seen in
[22]. Their approach is a generalisation of a method used in subatomic logic [60], where
literals are considered self-dual non-commutative connectives: Oal instead of a and 1a0
instead of @. Intuitively, these can be seen as simple decision trees and thus including
the more general case AaB in the language, was a natural choice. Their work has proof
theoretic motivations: first, enhancing the standard language for classical propositional
logic means their proof system admits more proofs, some of which are provably shorter
than any sequent calculus proof of the same tautology. Secondly, the inference rules
in their system are linear in the usual sense encountered in structural proof theory:
rules use the same variables in the premise and the conclusion, implying, that all rules
can be presented in a ‘medial shape’. This is then used to achieve a novel method of
eliminating cuts via a simple procedure.

1.2 Outline of contributions

We mostly work with sequent-type proof systems that reason about formula representa-
tions of branching programs within the framework introduced by Buss, Das and Knop
[22]. This thesis contains three main contributions: first we investigate the proof com-
plexity of a restricted version of the system eLNDT where rules and formulas in a proof
are ‘positive’, second we design Prover-Adversary games whose queries are ¢(N)DT
formulas characterising the systems eL(N)DT and third we introduce the fragment of
eLDT that reasons about OBDDs.

1. Positive proofs

Positive branching programs (PBPs) are non-deterministic branching programs where
for every 0-edge from a node u to a node v there is a l-edge from u to v. They
compute monotone boolean functions, where flipping a 0 bit to a 1 bit in the input
cannot decrease the output value. The first part of this work, Chapters [3], [4] and
is dedicated to studying eLNDT™ the ‘positive’ fragment of eLNDT, reasoning about
positive branching programs by requiring decisions to be in positive form, Ap(A v B).
Naturally, the decision rules of eLNDT™ are also adapted to have positive syntax. The
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main goal of this part is to show a polynomial simulation of eLNDT by eLNDT™ over
positive sequents, where all decisions are positive. The method we use is inspired by [§]
where the authors showed quasi-polynomial equivalence of LK by its negation-free frag-
ment, MLK. They first defined a proof system polynomially equivalent to LK but with
negations ‘pushed’ to the atomic level. Following this, they define explicit monotone
formulas (pseudocomplements) which simulate negated atoms and ‘substitute’ them by
specific formulas in proofs. They crucially use (quasipoly-size) formula representations
of threshold functions Thj, monotone boolean functions which output 1 if and only if
at least k of the n input bits are 1 (their proof finishes with linearly many cut steps to
merge proofs and obtain the required result).

While we borrow some techniques and high level structure from [8], we need to
heavily adjust them due to the peculiarities of our setting. Firstly, the ‘non-duality’
of the positive decision rules makes ‘pushing negation to atoms’ hard. To resolve this
we define an intermediate proof system, an extension of eLNDT" which admits negated
literals but whose language has formulas only appearing in a ‘well behaved’ normal
form. Another issue is caused by the technicalities encountered when substituting
negated literals with extended formulas computing threshold functions: the systems
we work with do not permit decisions made upon complex formulas. We remedy this
by carefully defining new extension variables and axioms encoding positive decisions
made upon extended threshold formulas. We provide explicit proofs of all the ‘truth
conditions’ our formulas should satisfy which are crucial in obtaining the desired result.

2. Alternative approaches and gaming

In many of the aforementioned works along with this thesis, reasoning about (families
of) propositional proofs can be tedious and notationally heavy. This is frequent in proof
complexity and can be made worse when one employs extension to represent objects
with underlying dag structures as we do from Section onwards. The subscripting
condition of such structures can be subtle and must be carefully controlled to maintain
well-foundedness, especially in cases where we substitute such structures into one an-
other, see Section Using extension can also further complicate the techniques used
to handle equivalence or simulation between programs as will be required in Section [6.2]

A potential solution to these issues (that lies beyond the scope of this work) is
the program of bounded arithmetic [18, 43, 29, 42]. There, (very) weak theories of
arithmetic serve as uniform counterparts of propositional proof systems. We adopt a
different approach and employ Prover-Adversary games, a well known class of games in
the proof complexity literature. First formally described by Pudlédk and Buss in [52] for
the case of boolean formulas, they were construed as a counterpart to LK. One of the
reasons they introduced these games is to prove lower bounds for Hilbert-Frege systems
and their restricted versions by investigating the relation of the number of rounds in
the game to the number of steps in LK (thus also Hilbert-Frege) proofs. They showed
that the minimal number of rounds in a ‘winning Prover-strategy’ is proportional to
the logarithm of the minimal number of steps in an LK proof.

These games involve two players, Prover asks queries (the objects of reasoning) and
Adversary answers by assigning a value to the query, 0 or 1. Prover wins if they can
force Adversary into a ‘simple contradiction’ induced by the corresponding proof system,
(which are commonly witnessed by polynomial-size proofs). This allows recasting proofs
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as strategies, whose depth (maximal number of rounds) is proportional to the logarithm
of the number of steps in the proof. Through this lens, such games can be seen as
canonical ‘balanced tree-like’ versions of their corresponding proof systems, [41].
Following Cook’s (unpublished) idea [27] and within the framework from [22], in
Chapter [6| we define the games DB, NB, which admit Boolean combinations of branching
programs, non-deterministic branching programs as queries respectively. The main
result of this part is the polynomial equivalence of eLDT with DB and eLNDT with
NB. While the deterministic case is straightforward, the non-deterministic one requires
simulating the negation of non-deterministic branching programs. We achieve this by
formalising a non-uniform version of the Immerman-Szelepcsényi theorem, coNL = NL
[37, 58]. Our (partial) formalization is different in that, contrary to the original proof,
the inductive counting of our argument is not encoded into the NBPs we construct but
instead, in our proofs. That is, as seen in Chapter [0, we consider families of proofs
parametrised by a counter k and conduct our case analysis at the level of proofs. To
achieve this we rely on positive constructions akin to what was introduced in earlier

Chapters [3 and [4]

3. Systems for OBDDs

The last contribution of this work is involved with defining proof systems that reason
about OBDDs much like Hilbert-Frege/LK reasons about Boolean formulas. A natural
candidate to look into is the system eLDT which canonically reasons about deterministic
branching programs. We define its fragment, 0-eLDT, a system about OBDDs by care-
fully crafting ‘leveled’ extension axioms sets that respect a fixed order on propositional
variables. This way, o-eDT formulas defined over leveled sets of extension axioms rep-
resent OBDDs and every OBDD can be represented (uniquely) by an 0-eDT formula.
We finish this last part by comparing our newly defined system to previous work in the
literature, specifically the system OBDD(A,w) from [9] and [23]. Since our framework
is different that is, OBDD(A,w) is a resolution-like refutation system while 0-eLDT is
a sequent calculus type of system, we define the necessary technical tools to be able
to ‘translate’ OBDD( A, w) refutations into 0-eLDT proofs. Chapter [7| finishes with the
polynomial simulation of OBDD(A,w) by 0-eLDT.

Previously published results

Chapters and [5| heavily rely upon material from [31]. Chapters |§] and [7| contain
mostly unpublished material (at the time of submittal of this work).



Chapter 2

Preliminaries

In this chapter we lay out the necessary foundations for the rest of this thesis. Most
notions related to proof complexity are standard with slight deviations that better suit
our setting. Material pertaining to branching programs is defined akin to [22]. The final
part of the preliminaries is about Prover-Adversary games, where we provide definitions
and results from [52] and also introduce a more general version of the games in which
queries are not necessarily Boolean formulas.

Throughout this work we make use of a countable set of propositional variables,
written p, ¢ etc., and two Boolean constants 0 and 1. Assignments are maps from
propositional variables to {0, 1}, the set of assignments is denoted by Ass. An assignment
a is extended to constants in the natural way, by setting «(0) = 0 and (1) = 1.
We shall work with assignments that have finite support, i.e. being nonzero only on
variables occurring in a formula or proof of interest. For a fixed list of variables p =
D1,...,pn, We write Ass, for the set of assignments on p. Boolean functions will
come equipped with a list of propositional variables p and are defined to be maps from
Ass;, (the function’s finite domain) to {0,1}. Boolean functions are often alternatively
defined as maps from {0, 1}" — {0, 1} for n € N. In this work we may consider either
definition taking care to be clear when doing so.

A polynomial-time function f is a function for which there exists a determin-
istic Turing machine M such that on input z, M(x) = f(x) and the length of the
computation takes time polynomial in the length of x.

2.1 Proof Complexity

Formal proof systems were first defined by S. Cook and R. Reckhow in [30]; the definition
we use is equivalent but slightly altered for better exposition. For X3, 32; finite alphabets
and X* X7 the sets of finite words from 3,3, respectively, a proof system for a
language L < ¥* is a polynomial-time function P from X7} to LE]

Intuitively, the elements o € X7 code proofs in the system, while P itself is a
(efficient) ‘proof-checking’ algorithm that verifies that o is a correctly written proof
in which case, it returns its conclusion i.e. the theorem it proves. If not, it returns 1
(w.l.o.g. we consider 1 an element of L).

n proof complexity proof systems reason about coNP-complete languages, motivated by [30].

13
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We write TAUT for the set of propositional tautologies over the basis {1, A, v, —}
and in what follows, L = TAUT (as is usually the case in proof complexity and in this
work). A (propositional) proof system P is called sound if the conclusion of any P proof
is valid i.e. a tautology, while P is called complete if for each tautology ¢ € TAUT,
there is a P proof concluding with ¢.

Remark 2.1.1. Setting L to be TAUT ‘insists’ our proof systems be sound. Requiring
P to be surjective further implies that it is a complete proof system.

The following result from [30] shows the significance of this definition:

Theorem 2.1.2 (Cook-Reckhow). There is a propositional proof system with polynomial-
size proofs of each tautology if and only if coNP = NP.

The above ‘Cook-Reckhow definition” we use covers all well-studied proof systems for
propositional logic, under suitable codings. It is beyond the scope of this thesis to
provide any of these codings explicitly. Instead, we leave it implicit that the proofs
in the systems we consider are polynomial-time proof checkable in the way described
above, and thus constitute formal propositional proof systems as is standard in proof
complexity.

Definition 2.1.3 (Simulation). We say that a proof system P’ polynomially simu-
lates a proof system P if there is a polynomial-time function f such that if 7 is a P
proof of some ¢ € TAUT then f(¢) is a P’ proof of ¢. If two proof systems polynomially
simulate each other we call them polynomially equivalent.

2.1.1 Branching programs

A deterministic branching program (deterministic BP or just BP) is a finite di-
rected acyclic graph G with up to two distinct sink nodes 0, 1 such that:

e (G has a unique root node, i.e. a unique node with no incoming edges.
e Each non-sink node of G is labelled by a propositional variable.

e Each non-sink node has exactly two outgoing edges labelled by the constants 0
and 1 respectively]

A more general notion is a non-deterministic branching program (NBP), a
branching program where non-sink nodes can have additional (i.e. more than two)
outgoing edges, labelled by 0 or 1. That is, a node may have multiple edges with the
same label. In this work, when represented graphically, 0-edges will appear dotted while
1-edges solid and NBPs may have multiple 1 and 0 sink nodes to ease readability, see
for example Figure [2.1]

A run of an NBP G on an assignment « is a maximal path beginning at the root
of GG consistent with a. That is, at a node labelled by p, the run must follow an edge
labelled by «a(p) € {0,1}. G accepts « if there is a run on « reaching the 1 sink. We

2The (trivial) BPs, 0 and 1, will be comprised of only one node (functioning as both sink and root)
labelled by 0 or 1 respectively.
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may extend a to a map from all NBPs to {0, 1} by setting a(G) = 1 just if G accepts
«. In this way, each NBP computes a unique Boolean function o — «a(G). Notice
that for NBPs, GG accepts as long as there is a run reaching the 1 sink i.e. they employ
existential non-determinism.

Remark 2.1.4. The dual concept, universal non-determinism i.e. accepting just if all
runs reach the 1 sink would define co-non-deterministic BPs but these will not be
considered in this work.

An in depth introduction to many variants of branching programs and their prop-
erties can be found in [63].

2.1.2 Representation of NBPs by extended formulas

Our syntactic representation of NBPs proceeds similarly to [22] using ‘formulas with
extension’ when working with formal proof systems. In our case, it may be convenient
to consider multiple slightly different grammars depending on our setting.

First appearing in [22], deterministic decision tree formulas, or DT formulas,
written A, B etc. formally represent (deterministic) decision trees and are generated
from the following grammar:

AB:=p | p| ApB | ApB (2.1)

where p is the dual of p. A decision, ApB, should be semantically interpreted as ‘if
p then B else A’. Including negative literals and not the usual constants 0 and 1, is a
stylistic choice made in [22] notice though, that one may identify 0 with ppp and 1 with
ppp. Furthermore a decision ApB is logically equivalent to BpA.

Non-deterministic decision tree formulas, or NDT formulas, written A, B etc.
formally represent non-deterministic decision trees and are generated from the following
grammar:

AB:=p | p| ApB | ApB |Av B (2.2)

where disjunction v, has the usual meaning.
Extended deterministic decision tree formulas, or eDT formulas, written A, B
etc. are generated from the following grammar:

AB:=p | Dp| ApB | ApB | e (2.3)

where e is an arbitrary element of a countable set of extension variables ¢y, e, es,
etc. which we require be disjoint from the set of propositional variables.

Similarly, extended non-deterministic decision tree formulas, or eNDT for-
mulas, written A, B etc. are generated from the following grammar:

AB:=p | p| ApB | ApB |Av B |e (2.4)
The size of a formula A, written |A| is the number of symbols occurring in A.

Remark 2.1.5 (Restrictions on decisions). Note that extension variables are formally
distinguished from propositional variables for technical reasons. That is, we want to
restrict the expressive power of our decision connective and only permit decisions on
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literals. Thus, throughout this work and regardless of the choice of grammar used, we
forbid formulas of the form Ae;B or ACB for C' a complex (non-literal) formula. If
this were allowed, our grammars would be able to express boolean circuits succinctly,
whereas the current convention ensures that eDT,e N DT only express BPs and NBPs
respectively.

The semantics of non-extended formulas under an assignment are standardly de-
fined:

Definition 2.1.6 (Semantics of NDT formulas). Satisfaction written =, is a (infix)
binary relation between assignments and formulas defined as follows:

e akE=pifa(p) =1and a k= pif a(p) = 0.
eaFAvBifakr Aorak B.

e o= ApB if either a(p) =0 and a = A, or a(p) = 1 and o = B.
e o ApB if either a(p) =0 and a = A, or a(p) = 1 and o = B.

When including extension variables however, the interpretation is parametrised by
a set of extension axioms:

Definition 2.1.7 (Extension axioms). A set of extension axioms £ is a set of the form
{e; <> E;}i<n, where E; is a formula in our language that may only contain extension
variables among eg, ..., e;_ 1.

With the use of extension axioms, eDT, eNDT formulas formally represent deter-
ministic and non-deterministic branching programs respectively. Intuitively, for an NBP
(G, extension variables provide unique ‘names’ to the nodes of G.

G
p1
e11 € eo1pi1ea
= \ ea1 <> esipa(es v esz)
D2 P2
/ €22 <> €32D2€33
W \ 1 \ es1 <> eqpslea vV es)
P3 e ps ps ez <> ezipa(€as)
( AN N\ €33 <> eq3psl
Dy & s n 1 esqr <> Ops0
eq9 <> (0 v eq)pal
W \ W \ W \ PN ( )
€43 Ipi1
0 0 1 1

Figure 2.1: An NBP G and its representation by extension axioms on the right. e;;
corresponds to the j-th node from the left on the i-th ‘level’ (top to bottom) of the
graph. They are ordered lexicographically i.e. e;; < ej, justif i <lori=1{and j <k.
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Definition 2.1.8 (Semantics of eNDT formulas). Satisfaction with respect to a set
of extension axioms £ = {e; <> E;};-,, written ¢, is a (infix) binary relation between
assignments and formulas over ey, ..., e, 1 that extends Definition [2.1.6}

e ak=cpifa(p) =1and a ¢ pif a(p) =0.
e o Av Bifaksg Aor a =g B.

a =g ApB if either a(p) = 0 and o =g A, or a(p) = 1 and o ¢ B.

a =g ApB if either a(p) = 0 and a =g A, or a(p) = 1 and a =¢ B.
o a=ge if kg B

The subscripting condition for each e; ensures that it ‘abbreviates’ only formu-
las with ‘smaller’ (index wise) extension variables. This forces the underlying graphs
described by formulas over a set of extension axioms to be well-founded (contain no
cycles) and likewise ensures ¢ above is well defined. More formally there is an induced
induction principle on extended formulas over a set of extension axioms &:

Remark 2.1.9 (€-induction). Given a set of extension axioms & = {e; <> E;};-, we
may define the least strict partial order <g¢ on formulas over ey, ..., e, ; satisfying:

o p<ec ApB, D <¢ ApB and A <¢ ApB and B <¢ ApB.
o p<g APB, D <¢ ApB and A <¢ ApB and B <¢ ApB.
e A<cAv Band B <g Av B.

o [, <¢ e, for each i < n.

Notice that <¢ is indeed well-founded by the condition that each E; must contain only
extension variables e; with j < ¢. Thus we may carry out arguments about formulas
by induction on <g, which we shall simply call ‘E-induction’.

We can now see Definition above of ¢ as definition by £-induction. Hence,
by fixing some set of extension axioms £ = {e; <> E;};,, each eNDT formula A over
€, - - -, €n—1 computes a unique Boolean function f by a — 1 just if a =¢ A. We may
then say that A computes f with respect to £.

Since many of our future arguments are based on £-induction we present an analysis
on its complexity:

Proposition 2.1.10 (Complexity of E-induction). Let A be an eDT or eNDT formula

over & = {e; <> E;}icy,. Then {B | B <¢ A}| < |A| + 2} |Ei| and, if B <¢ A, then
<n

|B| < max{|A|,|Eo|, ..., |En-1]}

Proof. If A is extension-free, then it is easy to see that [{B | B <g¢ A}| < |A]| since it

amounts to counting all distinct subformulas of A. Suppose instead there are extension

variables e,,, ..., e, for m < k < n occurring in A. Then, counting the distinct sub-
formulas of each E;,i < k and summing them all together clearly suffices as an upper
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bound since, each E; may only contain extension variables e; for j < i. We thus obtain
{B| B <¢ A}| < |A| + Y] |E;| which is itself upper bounded by |A| + Y] |E;l.

i<k i<n

Now, if B <¢ A, B is either a subformula of A in which case |B| < |A| or B is
a subformula of some F; such that e; <> E; and e; occurs in A. In the latter case,
|B| < |E;|. Hence, |B| < max{|A|, |Fo|,...,|E,_1|} suffices as an upper bound. O

2.1.3 The systems eLDT,eLNDT

The language of eLDT comprises of just the eDT formulas and similarly, the language
of eLNDT comprises of just the eNDT formulas. A sequent is an expression [' — A
where I and A are multisets of formulas. Commas are used to represent multiset unions
(interpreted conjunctively on the left hand side and disjunctively on the right hand side
of — ). A sequent I' — A is semantically understood as either a formula in I is false
or a formula in A is true. More formally, under an assignment o we say that I' — A is
true if either a(A) = 0 for some A € I" or a(B) = 1 for some B € A. We call a sequent
valid if it is true under all assignments.

The semantic interpretation in [2.1.8| and [2.1.17] means that ApB is simultaneously
logically equivalent to (p A A) v (p A B) and (p 2 A) A (p © B) where A © B is the
classical implication abbreviating —A v B. It is this observation which naturally yields
the decision rules in the following systems for eDT, eNDT formulas. We choose for
negative literals to appear positively on the other hand side of the sequent since later
on, negation-freeness will be of importance. See decision rules on p in Figure [2.2]

Definition 2.1.11. The system LNDT, is given by the rules in Figure and its
language comprises of the NDT formulas. An LNDT derivation of a sequent I' — A
from hypotheses H = {I'; — A, }ic; is defined as usual: it is a finite list of sequents,
each either some I'; — A; from H or following from previous ones by rules of LNDT
and ending with I' — A.

An eLNDT, proof is just an LNDT derivation from hypotheses that are a set of
extension axioms, i.e. £ = {e; <> E;},-,,; where we construe A <> B as an abbreviation
for the pair of sequents A — B and B — A. The size of a proof is simply the number
of symbols in it. The depth of a proof is the maximum number of steps in a branch.

We note that most of the proofs in our systems will be dag-like: we must avoid
duplication of subproofs with the same conclusion as, if this were recursively applied,
it could lead to an exponential increase in proof size.

Remark 2.1.12 (Digression on using extension). It is (typically) required that conclu-
sions of eL(N)DT proofs are free of extension variables. This stems from a ‘tradition’ in
the proof complexity literature that systems utilising extension operate under the above
condition. For example in [30], Cook and Reckhow do not formally distinguish between
extension variables and propositional variables and, among others, restrict conclusions
of their proofs to be extension-free. This is done to provide for a ‘smooth’ soundness ar-
gument: truth assignments are defined on propositional variables and may be extended
to complex formulas in the usual way; additionally if e <> A is an extension axiom
used in a proof, then for any truth assignment a, a(e) = a(A). Therefore, a truth
assignment « that satisfies all previous lines in an extended Frege proof, also satisfies
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the conclusion since it is extension free. We may later though consider ‘intermediate’
proofs that conclude with formulas containing extension variables. In all such cases,
the underlying extension axiom set will be provided explicitly.

Initial sequents and cut:

P, —> —A

Structural rules:

r—A r—A ALA— A r—>AAA
w-| ——mMmM8M8™— w-y ————————————— |l —m8m8 cr————
LA—A r—AA A— A r—AA

Logical rules:

A—A,p I''p,B— A r—AAp I''p—A,B
r T ApB — A " I — A, ApB
INAp—A TI''B—pA I'p—AA T'—pAB
r T, ApB — A - I — A, ApB

IA—A T,B— A I — A A B
T AVB—A "T—SAAVB

Figure 2.2: Rules of the system LNDT

Definition 2.1.13. The respective deterministic system LDT is given by the rules in
Figure excluding the ones for disjunction. The extended version eLDT is defined
akin to the way described above for the non-deterministic case. We may at times
slightly alter our exposition and permit context splitting cuts, omit structural steps or
consider cedents to be sets instead of multisets/lists. This (if and whenever it occurs)
will only be for improving the presentation of our proofs and arguments and has no
proof complexity theoretic significance.

It was shown in [22], that the system LNDT is adequate for reasoning about non-
deterministic decision trees and similarly, eLNDT adequately reasons about NBPs:

Proposition 2.1.14 (Soundness and completeness, [22]). eLNDT proves a sequent
I' = A (without extension variables) if and only if \T 2 \/ A is valid.
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One sanity check here is that the set of valid extension-free eLNDT sequents is indeed
coNP-complete, and so comprises an adequate logic for proof complexity. This is shown
explicitly in [22], but is also subsumed by the analogous statement for the ‘positive’
fragment of this language that we consider in a later section, namely Proposition [2.2.14]

While LNDT supports a propositional identity, it will be quite useful to establish a
general identity rule:

Proposition 2.1.15 (General identity). Let &€ = {e; <> E;};<,, be a set of extension
axioms. There are polynomial-size eLNDT proofs of A —> A, for formulas A containing
only extension variables from &.

Proof. We construct dag-like proofs of the required sequent by &£-induction. That is,
given eNDT formula A, we construct a proof of polynomial-size (on |A|+ |€|) containing
sequents B — B for each B <¢ A by £-induction on A.

e If A is a literal then we are done by the rule id.

e If A is an extension variable we extend the proof obtained by the inductive hy-
pothesis by adding the step:

&

£
e; —> L E; — e

€ — > €

cut

where the premises are extension axioms from £.

o If A= B v (C then we extend the proof obtained by the inductive hypothesis by
adding the derivation:

H H

B— B C—C
“"B—>BC " C—BC
T BVC—>B.C

A\

_TB\/C—>B\/C'

o If A = BpC then we extend the proof obtained by the inductive hypothesis by
adding the step:

H H | H
B— B B— B pp— C—C
w-r BTB,p w-l,w-r M w-l,w-r m w-l,w-r m
- B — BpC,p o p,C — BpC
o BpC — BpC

In all cases sequents marked by IH are obtained through the inductive hypothesis.
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With respect to the size of the proof provided, note that each step of the argu-
ment above, extends the proof by a constant number of lines, each of which has size
polynomial in |A| and |E|. Thus a polynomial bound follows by proposition Proposi-
tion 2.1.10/ O

Example 2.1.16 (A ‘medial’). Many classes of branching programs enjoy elegant sym-
metries w.r.t. permuting the order of nodes in the graph. Accordingly, in our eNDT
notation, we have validity of the following pair of sequents:

(AgB)p(CqD) <> (ApC)q(BpD)

The above equivalence is visualised in Figure 2.3]

p q

q q p p

A B C D A B C D

Figure 2.3: The ‘medial’ visualised. The two BPs compute the same Boolean function
despite the change on the order of nodes.

The name medial finds its origins in the ‘deep inference’ community, see for example
[2]. There, the medial rule permits ‘exchanging’ arguments that are ‘deep’ in the formula
between conjunction (A) and disjunction (v) connectives.

Alternative choices of grammar

It might be convenient to consider different choices for the grammar of our language.
For example we may choose to either not admit constants or propositional variables
natively but express them via complex formulas.

An alternative version of grammar is the 0/1-extended deterministic deci-
sion tree formulas, or 0/1-eDT formulas, written A, B etc. which are generated from
the following grammar:

AB:=1|0| ApB | e (2.5)

where e is again an arbitrary element of a countable set of extension variables
€, €1, €2, etc. Within this grammar, we identify the propositional variable p with the
formula Opl and its ‘dual’ p with 1p0.

0/1-extended non-deterministic decision tree formulas, or 0/1-eNDT formu-
las, written A, B are generated from the following grammar:

AB:=1|0]| ApB | AvB]| e (2.6)

Another convenient choice of grammar will be made when we later consider a spe-
cific type of NBPs called ‘positive branching programs’. m-extended deterministic
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decision tree formulas, or m-eDT formulas, written A, B etc. are generated from the
grammar for 0/1-eDT formulas but also admit propositional variables (from a countable
set) hence they are generated from:

AB:=1|0]|p]| ApB | e (2.7)

m-extended non-deterministic decision tree formulas, or m-eNDT formulas,
written A, B etc. are generated from the following grammar:

AB:=1|0|p| ApB | AvB |e (2.8)

Here, we identify p with 1p0.
The same syntactic restrictions apply in the alternative grammars namely, decisions
can only be made on literals and not complex formulas or extension variables.

Definition 2.1.17 (Semantics of 0/1-eNDT,m-eNDT formulas). Most cases are covered
by Definition which we simply extend by considering the cases for constants:

o atte0and a k=¢ 1.

The systems 0/1-eLNDT, m-eLNDT

The language of the systems 0/1-eLNDT, m-eLNDT comprises of just the 0/1-eNDT
and m-eNDT formulas respectively. Sequents and syntax are defined akin to Defini-

tion L1111

Definition 2.1.18. The systems 0/1-LNDT, m-LNDT are given by the rules in Fig-
ure 2.4, 'We require that cut-rules can only introduce formulas specific to each gram-
mar. An 0/1-LNDT, m-LNDT derivation of a sequent I' — A from hypotheses H =
{T'; — A, }ies is defined as usual: it is a finite list of sequents, each either some I'; — A,
from H or following from previous ones by rules of 0/1-LNDT, m-LNDT respectively
and ending with I' — A.

An 0/1-eLNDT, m-eLNDT proof is just an 0/1-LNDT, m-LNDT derivation from
hypotheses that are a set of extension axioms, i.e. £ = {e; <> E;};~,; where we construe
A <> B as an abbreviation for the pair of sequents A — B and B — A.

The respective deterministic systems 0/1-LDT, m-LDT are given by the rules in Fig-
ure excluding the ones for disjunction. Their extended versions 0/1-eLDT, m-eLDT
are defined akin to the way described above for the non-deterministic case.

Remark 2.1.19. The different choices of grammar are to some degree ‘practical’. The
grammar from can be viewed as more ‘convenient’ when defining Prover-Adversary
games for NBPs (Chapter @ That is because we avoid over-defining in our language:
the atom p is not natively available and instead is identified with the decision Opl.
Doing this allows us to get away with defining smaller and less convoluted sets of
simple contradictions. The grammars from and [2.3[22] may be preferable from
a proof theoretic perspective since cut-free proofs satisfy the subformula property in
the respective calculi. Furthermore, the grammar from only permits decisions on
‘positive’ literals which accommodates the definition of positive branching programs, in
Section [2.2.3] On the other hand, the grammar from [2.3]22] may be thought as more
‘elegant’, since it avoids overdefining with respect to constants.
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Initial sequents and cut:

r—AA I'NA—A
cut
p—>p I'—>A

Structural rules:

r— A r— A T AA— A I —>AAA
w-| ——MmM8M8 ™ w-r —————————— -l —mM8 c-r—m—m—m—
I A— A I —>A A T A— A T —AA

Logical rules:

[A—Ap TI',p,B—A r—>AAp I''p—AB
l -7
d T, ApB — A g I — A, ApB
I'A—A IB— A I'— A AB
v-l v-r
NNAvB—A r—AAvEB

Figure 2.4: Rules of the systems 0/1-LNDT, m-LNDT. The rule exclusive to 0/1-LNDT

is brown.

In this work we will make use of the grammars for 0/1-eNDT and m-eNDT formulas.
Polynomial equivalence between the systems eLNDT,0/1-eLNDT, m-eLNDT is provided
in the next section.

2.1.4 Simple Simulation Results

Here for completeness, we provide the polynomial equivalence results between the sys-
tems of eLNDT,0/1-eLNDT and m-eLNDT. We start by presenting an inductive trans-
lation (on formula structure) between eNDT and 0/1-eNDT formulas.

Remark 2.1.20. We observe that it is enough to show polynomial equivalence between
eLNDT and 0/1-eLNDT. One way to see this is by observing that in Figure all rules
of m-eLNDT are also rules of 0/1-eLNDT while general identity can (as we will see
later) be polynomially simulated in m-eLNDT. More formally, we can define a ‘natural’
translation between eNDT and m-eNDT formulas that is subsumed by the following
translations in Definitions [2.1.22] Hence, an equivalence result between eLNDT
and m-eLNDT would accordingly be subsumed by the equivalence result for eLNDT and

0/1-eLNDT, Corollary [2.1.25|

Definition 2.1.21 (From eNDT to 0/1-eNDT). We provide a (polynomial-time) trans-
lation from an eNDT formula A to a 0/1-eNDT formula AP as follows:
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(ApB)> = APpBP

(ApB)®  := BPpAP

(Av B)P = AP v BP

For a multiset I' = {A;,..., A,}, its ‘translated’ version I'® is {A® ... AP}. For a

set of extension axioms £ = {e; <> E;} we write E® for {¢? <> EP} where each e? is a
fresh extension variable.

p> = 0p
° =1p

1
D 0

Definition 2.1.22 (From 0/1-eNDT to eNDT). We provide a (polynomial-time) trans-
lation from an 0/1-eNDT formula A to a eNDT formula AP as follows:

0P = ppp (ApB)P = APpBP
1P = ppp (Av B)P = AP v BP
For a multiset T', its ‘translated’ version I'P is {A},..., AP}. For a set of extension

axioms & = {e; <> E;} we write EP for {e? <> EP} where each e is a fresh extension
variable.

Next, we check that any LNDT proof of a sequent I' — A can be simulated by an
0/1-LNDT proof of I'® — AP and vice versa.

Proposition 2.1.23. From an LNDT proof P for a sequent I' — A we can in polyno-
mial time construct a 0/1-LNDT proof P® of the sequent T® —> AP. Similarly, from a
0/1-LNDT proof P for a sequent T' —> A we can in polynomial time construct an LNDT
proof PP of the sequent TP — AP,

Proof. We proceed by induction on the structure of the proof and start by showing
polynomial simulation of LNDT by 0/1-LNDT. To do that, given an LNDT proof P of a
sequent I' — A, we obtain an 0/1-LNDT proof PP of I'®> — AP with only polynomial
increase in size. Since both translations commute with connectives (excluding ° on
ApB), the proof is straightforward.

e A left decision rule on a negative literal p:

I''p,A— A T''B—>A,p
!
I' ApB — A

P-

will be simulated by the following left decision:

I, BPp AP — AP

p-l

e A right decision rule on a negative literal p:

I'p—>AA T —ABp
" I — A, ApB

will be simulated by the right decision:
It — Ab, Bprb

p-r
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o A left decision rule:
A—Ap I''pB— A

I' ApB — A
will be simulated by the following left decision:

p-l

-l
’ T, AbpBb — AP

e A right decision rule:
r—AAp I''p—AB
I'— A, ApB

p-r

will be simulated by the right decision:
b — AP AbpBP

p-r

e A right disjunction rule:

I — A, A B
"TSAAVB

will be simulated by the right disjunction:

> — AP AP P
TTTh > AP, Ab ., BP

e A left disjunction rule:

A—A T''B—A
I'AvB—A

v-l
will be simulated by the right disjunction:

Fb,Ab N Ab Fb,Bb — Ab
T, 4>\ Bb — Ab

v-l
e If a cut-rule introduces a formula A

r—AA A A
r— A

cut

it will be simulated by a cut-rule on the translated formula A® with the translated
contexts:

TPt — Ab,Ab Fb,Ab — Ab
> — AP

cut
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e The four initial sequents:

id id lem-r —— lem-l

p—>p P—>D —Dp,D p,p—>

will be simulated respectively by instances of the general identity rule for A =
Op1, 1p0:

id ——MMMMM id

1p0 —> 1p0 Opl — Opl

The following constant size derivation:

1,w-r ———  id,w-r

— 0pl, 1,p p—0,p
— Opl, 1p0

p-r

And lastly:

id 0
p,1,1—=>p p,p0—
-1

0
0.1p0 — p p,1p0,1 —
-l
Opl, 1p0 —

P

With this we conclude that the 0/1-LNDT proof PP is clearly polynomial-time com-
putable from P.

The other direction i.e. polynomial simulation of 0/1-LNDT by LNDT proceeds sim-
ilarly and is not explicitly provided. The only cases worth mentioning are for initial
rules. These are either simulated by LNDT derivations of constant size or derivations
employing general identity requiring proofs of polynomial size.

e The initial rules

0 1

0— — 1

can be respectively simulated by LNDT derivations of fixed size with conclusions
ppp —> and —> ppp respectively:

id l-lem ——— l-rem id
Nand . p,p— i VN Snd
ppp —> — ppp

-

For a formula A, the generalized identity rule:
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in 0/1-LNDT is simulated by a derivation of the sequent AP — AP of polynomial
size in LNDT. This follows by a more general result for the system eLNDT,
proved in Proposition [2.1.15] The required corresponding proof for LNDT would
be slightly simpler: the cases of extension variables need not be considered and
the proof would proceed by induction on the complexity of formulas instead of
E-induction. O

Remark 2.1.24. We remind that to avoid ‘explosion’ in size our proofs are dag-like.
Furthermore, note that besides being a very natural property for our systems to satisfy,
general identity also implies that replacing a variable (not occurring deeply within
formulas) with a formula in a proof will only result in polynomial increase in sizeﬂ
This will in particular be of use later, for example in Chapter [3] and also in Chapter [0]
while a slightly adjusted general identity result for a fragment of eLNDT will appear in
Chapter [5] .

From Proposition [2.1.23| we immediately obtain the same result for the extended
systems:

Corollary 2.1.25. The systems eLNDT and 0/1-eLNDT are polynomially equivalent.

Proof. To prove the statement it is enough to show that from an eLNDT proof P for
a sequent I' — A with hypotheses from a set of extension axioms £ = {e; <> E;}, we
can in polynomial time construct an 0/1-eLNDT proof P° of the sequent I'® — AP with
hypotheses from £ and vice versa.

The proof proceeds in the same way Proposition does, with the addition that
in case an extension variable e; is occurring at some point in a sequent, it must be
accordingly substituted with its translation e?. The other direction is done similarly

but replacing an extension variable e; with e? instead. [

It is also easy to see that the same should hold for the deterministic fragments of the
systems since the rules for disjunction are ‘independent’ to other rules and vice versa:

Corollary 2.1.26. The systems eLDT and 0/1-eLDT polynomially simulate each other.

Proof. We make the observation that in the proof of Proposition [2.1.23] disjunction is
only used and required in disjunction steps. Hence, in the deterministic case, disjunction
is simply not considered while everything else remains the same. ]

Remark 2.1.27. In light of the results of this section we may freely reason within any
of the systems eLNDT, m-eLNDT,0/1-eLNDT interchangeably. To avoid ambiguity, we
will make clear which grammar we are using at the beginning of each section and only
write eLNDT,elLDT afterwards.

3Since id rules at leaves of the proof will be replaced by polynomial size derivations of general
identity.
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2.2 Monotone functions and positive proofs

Several models of monotone computation have been proposed and utilized in the liter-
ature. Examples include negation free circuits and formulas, monotone span programs
introduced in [40] and positive branching programs which will be of use to us.

This section opens by recapping notions of monotonicity, regarding computation
and boolean functions. We introduce positive branching programs (PBPs) computing
monotone Boolean functions and define the system eLNDT™, a fragment of eLNDT that
restricts reasoning to only formulas representing PBPs. It is noted that we formally
distinguish ‘monotone’ and ‘positive’, reserving the former for semantics and the latter
for syntax.

2.2.1 Monotone Boolean functions and positive programs

Given x = (21,...,%,),y = (y1,...,yn) where x;,y; € {0,1}, we write x < y if each
x; < y;, i.e. y may be obtained from x by flipping Os to 1s. A Boolean function
f:{0,1}™ — {0, 1} is called monotone if, whenever some tuple y € {0, 1}" is obtained
from tuple x € {0, 1}" by flipping 0Os to 1s, we have f(x) < f(y). It is more suitable to
our setting (accepting runs of NBPs) for the inputs of Boolean functions to be finitely
supported assignments. Under this convention, we consider the following alternative
definition:

Given a list of propositional variables p = {p1,...p,}, for a, € Ass,, we write
a < g if for all p;, we have a(p;) < f(p;). A Boolean function f : Ass, — {0,1} is
monotone if for all a, 8 € Assp, if o < f then f(a) < f(B).

The two definitions of monotonicity are equivalent and we may use either while
taking care to be clear when necessary.

Definition 2.2.1. [Positive BPs, e.g. [33]] A positive BP is an NBP such that for
every 0O-edge in its graph from a node u to a node v, there is a 1-edge from u to v.

Proposition 2.2.2. Positive BPs compute monotone boolean functions.

Intuitively, this is easy to see, by Definition [2.2.1] any leaf that can be reached via
a path 7 with any number of 0-edges can also be reached by another path 7" which is
obtained by flipping some 0-edges in 7 to 1-edges. More formally:

Proof. Assume we are given two assignments a < [ and « is accepting for G i.e.
a(G) = 1; it is enough to show B(G) = 1. That a(G) = 1 means there is an accepting
run r = (rq,...,7m, 1) of G consistent with « where for i < m, each r; is labelled by
some propositional variable p;. To finish the proof, from r we will inductively construct

an accepting run v’ = (r},...,r 1) consistent with 5. Since there is only one root

node in G, we must have r; = ry. Then, for each i such that a(p;) = B(p;), set 7} = ;.
In the case when a(p;) = 0 and 8(p;) = 1, by Definition 2.2.1 we know there will be
a 1-edge from node r; to node r;;; and we set r/,; = r;11. We observe that r’ is the
same run as r and it is also accepting for .

[
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2.2.2 Monotone complexity and positive closures

A family of NBPs (or circuits) {Go, Gy, ...} is called logspace (L)-uniform if there is
a L-Turing machine M such that for each n € N, M(n) = G,,. Textbook references to
circuit /branching program complexity include: [50] 61].

Grigni and Sipser in [33, 32] developed and studied a comprehensive theory of mono-
tone models of computation with the general goal of answering whether containment
relations between complexity classes also hold for their monotone versions. They defined
monotond’| non-deterministic Turing machines (MNTM), where if transition is possible
when reading 0, the same transition is also possible when reading a 1. They named the
class of languages decided by such machines with logarithmic size work-tape mNL and
additionally provide a non-uniform analogue to this class namely, L-computable families
of monotone non-deterministic logarithmic-width polynomial-sized leveled circuits.

Deterministic branching programs are a non-uniform analogue of L: for every
language L € L there is an L-computable family of BPs {Gy, G, ...} (thus with size
polynomial w.r.t. input size) such that on input x of length n, G, decides whether
z € L and conversely, the language E = {(G,z) | G(z) = 1} is L-completd’| where G
is a BP and x an appropriate input. Comparably, NBPs are a non-uniform version of
non-deterministic logspace (NL). In this work we will provide a non-uniform analogue
to mNL by defining L-computable families of positive branching programs (PBPs).

To define PBPs we make use of a natural construction that is available in the setting
of BPs in contrast to Boolean formulas or circuits. That is, the ‘positive closure’ which
given a BP, constructs a ‘positive’ version of it by adding, for every 0-edge from a node
u to a node v, a l-edge from u to v (if there is not already one). Formally:

Definition 2.2.3 (Positive closure of an NBP). Given NBP G, if the sets of 0-edges
and 1-edges of G are Ey and E; respectively, then its positive closure G is the NBP
with the same vertex set as G' and 0-edges Ey but 1-edges Ey u Ej.

We may call edges parallel if they have the same starting and ending nodes. We
note that through the positive closure construction we always obtain a positive BP thus
giving us a ‘canonical’ positive version of an NBP.

There is a closely related semantic notion of closure for boolean functions, the ‘mono-
tone closure’.

Definition 2.2.4 (Monotone closure). For a Boolean function f : {0,1}" — {0, 1}, we
define its monotone closure m(f), by m(f)(x) = 1 just if 3y < x such that f(y) = 1.
Alternatively, if we consider the inputs of f ranging over Ass,, we define m(f)(a) =1
just if 38 < a such that f(8) =1.

Remark 2.2.5. While it will not be of use to this work, we mention that one can define
the dual monotone closure of f by: m(f)(x) = 0 just if 3y > x such that f(y) = 0.
It is the ‘greatest’ monotone function dominated by f and holds a similar relation with
‘positive co-NBPs’ Remark [2.1.4] That is, being given an NBP G computing f, we
consider its dual positive closure i.e. the positive co-NBP G*.

4They use the word “monotone” for both semantic and syntactic notions and reserve “positive” for
a class of monotone functions.
5Under NC' reductions, see [28]
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The monotone closure of a function f essentially acts as a least monotone upper
bound for f. In many cases thanks to the monotone closure we can exactly characterise
the semantic effect of positive closures of NBPs. That is, there are specific classes
of NBPs for which the positive closure of an NBP G in that class, computes exactly
the monotone closure of the function computed by G. We call a (deterministic) BP
G read-once if each path of G contains at most one instance of each propositional
variable. Then:

Proposition 2.2.6 ([33]). If G is a read-once BP computing a Boolean function f then
G* computes exactly m(f).

Proof sketch. Assume the nodes of G are labelled by propositional variables from {p;}7;.
For one direction, if m(f)(8) = 1 then by Definition we know there exists some
assignment o < f such that f(a) = 1. Hence G accepts on o and consequently G*
accepts on « (since the same accepting run can be followed). Furthermore, similar to
the argument given in Proposition since for every 0-edge in G there is a parallel
1-edge, it is clear that G also accepts on 5. For the other direction, for any assignment
S such that G*(8) = 1, we will show that m(f)(8) = 1. If it holds G(5) = 1 then
also f(8) = 1 and by Definition we obtain m(f)(5) = 1. Hence, the only case
to consider is that for some assignment 8, Gt has an accepting run r»* , but G does
not. Since for any run of G there is an identical run in G*, it must be that r* follows
some of the 1-edges in G* that do not occur in G. Since every such 1-edge is parallel
to a 0-edge, there is an accepting run r in GG corresponding to some assignment o < f3.

Hence f(a) = 1 and by Definition 2.2.4 m(f)(3) = 1.
[

A minimal counterexample of a BP GG in which a repetition of a variable in a path
causes G to fail to compute m(f) is illustrated in Figure

1 L \ . 1( \ 0

Figure 2.5: Why reading once matters. G computes the zero function but its positive
closure G, does not since G*(p — 1) accepts.

In particular, Proposition holds when G is an ordered branching program
(usually abbreviated as ‘OBDD’) from ordered binary decision diagram, i.e. a BP
in which propositional variables appear in the same relative order in each run through
G. An example of this which will be useful later involves OBDDs calculating the exact
counting functions in Chapter [3|
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Example 2.2.7 (Monotone closure of Exact). A BP and its positive closure are given in
Figure[2.6] The upper graph G is an OBDD computing f, the Exact 2-out-of-4 function
(returns 1 iff exactly two input bits are 1) and below is G, its positive closure. Since
G is read-once by Proposition we know that GT is a PBP computing m(f), the
Threshold 2-out-of-4 function (returns 1 iff at least two input bits are 1).

G P
D2 D2
A VI
D3 ps3 b3
i N N N
y2 y2! y2 y2!
N N Now N N
0 0 1 0 0
G* p1

p p
K 2 NedowT 2 N
P3 P3 Ps3
IO AERNVEEEN
2 D4 D4 2
(o NG N N N
0 1

0 0 0

Figure 2.6: Upper: OBDD for 2-out-of-4 Exact, lower: its positive closure computing
2-out-of-4 Threshold.

In [33, B2], Grigni and Sipser proved separation results for the monotone coun-
terparts of some well known complexity classes. Among others, they show that the
monotone version of the Immerman-Szelepcsényi theorem (NL = coNL, [37, 58]) does
not hold: mNL is not closed under complementationf| Their method starts by stating
that reachability between two nodes in a graph is in mNL (there is an L-computable
family of polynomial-size PBPs deciding it) and later show that the only monotone
co-non-deterministic BPs computing reachability will have exponential size, conclud-
ing that reachability is not in co-mNL implying mNL # co-mNL. In light of the
Immerman-Szelepcsényi theorem: NL = co-NL, [37, 5], they showed that mNL is
not the monotone fragment of NL. Since all monotone functions can be computed

They defined positive monotone functions as we defined monotone functions in Subsection [2.2.1]
and called their complements negative monotone functions. The set of monotone functions is the
union of positive and negative monotone functions. Only in this manner, considering the complements
of monotone complexity classes makes sense. See also Section 2.1 of [32]
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via PBPs the above can be understood as: there is no feasible notion of constructing
the positive closure of NBPs (i.e. maintaining polynomial-size) that succeeds in always
computing the monotone closure of boolean functions.

A corollary of their results is:

Theorem 2.2.8 ([33]). There are monotone functions computed by polynomial-size
families of NBPs, but only super-polynomial-size families of PBPs.

2.2.3 Representations of positive branching programs

We now revisit representing NBPs by extended formulas but specifically tailored to
PBPs. In this section and until further notice we use the grammar for m-eNDT formulas
from ([2.8]) and the appropriate semantics from Definition [2.1.17]

Definition 2.2.9 (Positive formulas). Positive extended non-deterministic deci-
sion tree formulas (eNDT™) are eNDT formulas such that for each of their subfor-
mulas of the form ApB, it holds B = A v C for some C. A set of extension axioms
E = {e; <> E;};-, is positive if each F; is positive.

eNDT™" formulas, under positive extension axioms are representations of PBPs, the
extension axioms given in Figure represent a PBP computing the Threshold 2-out-
of-4 function.

D1 €11 < 821p1(€21 v 622)
e21 < e31p2(es1 Vv es2)
N\ : 2o (€39 €
D P e22 <> e3apa(es2 v e33)
K 2 B 2 €31 <> (2,11]73((341 \% (242)
K Nod v h e32 <> eqops(eq2 v €43)
Ps3 Ps3 D3 e33 <> ea3p3(€43 Vv e4s)
ANV ANV AN i <> Opy(0 )

€9 <> Op4 Ovi1

2 2 P4 P4 ( )
(o NCo N NG N e = i1 v O
0 1

0 0 0 eqq <> Opg(0 v O

Figure 2.7: Positive BP computing 2-out-of-4 Threshold, and representation by positive
extension axioms.

In particular a positive decisionﬂ Ap(Av B) is logically equivalent to the monotone
boolean formula A v (p A B). Thus, under the restriction that all decisions are positive,
eNDT™ formulas over positive sets of extension axioms duly compute monotone Boolean
functions:

Proposition 2.2.10. Suppose £ = {e; <> E;};-, is a positive set of extension axioms.
Each eNDT?" formula A over e, ..., e,—1 computes a monotone Boolean function with
respect to &.

“From now on we may use the term ‘general decision’ when referring to the decisions introduced in
Section to distinguish them from positive ones.
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Proof. The proof proceeds by £-induction on formulas. It is immediate that proposi-
tional variables and constants compute monotone Boolean functions. Assume that by
induction hypothesis we have obtained that A, B compute monotone Boolean functions.
Given an eNDT™ formula Ap(A v B), we recall it is logically equivalent to A v (p A B)
which, since we do not permit negative literals, is a monotone boolean formula. Hence,
Ap(A v B) must also compute a monotone Boolean function. An eNDT™ formula of
the form A v B, for A, B computing monotone boolean functions, also immediately
computes a monotone Boolean function since v is monotone. The case of an extension
variable e; such that e; <> E; is an extension axiom, is covered by the logical equivalence
of e; with F; and invoking induction hypothesis on E; since E; <¢ e;. O

2.2.4 The positive fragment of eLNDT

Our goal is to define the proof system eLNDT™ reasoning about formula representa-
tions of positive BPs. For this, we need to design new decision rules which are sound,
invertible, satisfy the subformula property and also have no ‘side changing’. That is,
apart from id and cut, in all rules of eLNDT™ distinguished formulas are typeset on
only one side of the respective sequents. As we will see later in Proposition the
invertibility property together with the subformula property imply completeness of the
positive decision rules and the system eLNDT™.

The semantic equivalence of Ap(A v B) and A v (p A B) motivates the following
‘positive decision’ rules:

I A— A D,p,B— A I —AAp I'— A AB

o 2.9
T, Ap(Av B) — A . [ — A, Ap(A v B) (2.9)

These rules can be further justified by showing they are derivable by general deci-
sions, e.g. p*-I can be derived by only using p-/ in combination with v-I and w-I.

+

Theorem 2.2.11. There are polynomial-size eLNDT derivations for the above rules
.

Proof. We can obtain the following derivation:

A— A
Wl —————————
A—A I''p,B— A p,A— A
w-l v-l
I''p,A— A I''p,Av B— A
-l

p

I'Ap(Av B) ™ A
This derivation concludes with I', Ap(A v B) > A with ' A— A and I',p, B —> A
as premises, the same ones as in the p™-[. This shows that p*-I can be derived by only
using p-1, v-I and w-1[.
Similarly, we can obtain the derivation:
r—AAB
w-l,v-r
I —>ApA Lp—AAvB
" ' — A Ap(A v B)

This derivation shows that that p*-r can be derived by only using p-r, v-r and w-I. [

p
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By construction, none of the formulas A, p or B ‘change sides’ in the rules above,
making positive decisions indeed monotone. This is unlike general decisions, for which
p may change sides.

Remark 2.2.12. One may observe that contrary to the case of general decisions
(which are self-dual), the rules for positive decisions are not dual (for instance A is
‘duplicated’ only in the positive decision right rule). This can be seen in the process
of constructing them: in the case of the left positive decision rule, the three valid hy-
potheses occur because of a left disjunction step which, is not dual to a right disjunction
step. Accordingly, in the case of the positive decision right rule there are only two valid
hypotheses.

This happens because we use existential nondeterminism but not universal. If we
defined a new type of decision of the form: (A A B)pA we could, similarly to the case
above, define new left and right decision rules such that they would be the dual of the
previous positive decision rules.

We are now ready to define the positive fragment of eLNDT:

Definition 2.2.13 (eLNDT™). The system eLNDT™ is defined like eLNDT, using the
rules for the system m-LNDT from Figure [2.4, except with replacing the p-l and p-r
rules by their positive counterparts from Equation (2.9). It is also required that all
extension axioms and formulas (in particular formulas introduced by a cut) in a proof
are positive.

A positive sequent contains only positive formulas under positive extension ax-
ioms.

It was shown in [22] for LDT (and in extension LNDT,eLDT, eLNDT) that the set of
valid sequents is expressive enough i.e. coNP-complete which makes their investigation
meaningful proof-complexity wise [30]. Their approach employs a well known result by
S.Cook and L. Levin [26] 45] that shows the validity problem for Boolean formulas in
disjunctive normal form (DNF) is coNP-complete. They then used decisions to define
DT formulas that simulated conjunctions and disjunctions, showing that lines in LDT
proofs can express DNF properties and thus obtaining the result. We provide a proof
of the equivalent statement for valid (positive) sequents in eLNDT™.

Proposition 2.2.14. The set of valid positive sequents (without extension variables)
18 coNP-complete.

Proof. By [26, 45] we know validity of DNFs is coNP-complete. We start by expressing
conjunctions of propositional variables as eNDT™ formulas. This is simple, observe that
a positive decision Op(0 v A) is logically equivalent to p A A. We can recursively apply
this m-times to express an m-ary conjunction of variables as nested positive decisions:

/\pi = 0p1(0v 0p2(0 v (- 0pui (0 pr) ) (2.10)
i=1
Using the same notation as in [22], we write Conj(py, ..., pn) for the eNDT™ formula

on the right-hand side of [2.10]
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Now, fix a Boolean formula A = \/ /A 1; in DNF where 1; are lists of literals ranging

over propositional variables pq, ..., pk and their negations. Then, obtain the lists p; by
substituting each negated literal [; = p; in 1;, with a fresh one p] and construct the
following positive sequent that is valid if and only if A is:

PV P, Vv P — Conj(py), ..., Conj(py,)

Intuitively, the left hand side of the sequent dictates the semantic behavior of p’ for
j =1,...k ie. it forces the clauses to act as cases of ‘excluded middle’. Then, any
assignment satisfying the formula A can be extended to an assignment satisfying the
sequent and vice versa.

More formally: assume that A is valid. Consider any assignment o/ on py,p, ..., pk, D}
that satisfies the LHS of the above sequent i.e. o/(p; v pj) = 1forall 1 < j < k. We
need to prove that o/(Conj(p;)) = 1 for some 1 < i < n. Since A is valid, if « is the

restriction of o on py, ..., pg, it will satisfy a(/AL;) = 1 for some ¢ and we claim that
a'(Conj(pi)) = 1 as well. This is easy to see: for all p; in 1;, a(p;) = ¢/(p;) = 1 since
a is the restriction of o/ on py, ..., pi. Furthermore, for all p; in 1;, it holds a(p;) = 1

hence, a(p;) = o/(p;) = 0. Since it must be that o'(p; v p;) = 1, we obtain that
a(p}) = 1 which concludes that /(Conj(p;)) = 1. For the other direction, assume the

sequent above is valid. Then, any assignment o on py,...,ps, can be extended to an
assignment o’ on pi,pj, . . . p, P}, choosing o/ (p}) = 1 —a(p;). By definition, for some 7,
o'(Conj(p;)) = 1. Hence, a(/A\ ;) = 1 and thus a(A) = 1. O

We next prove the ‘positive’ counterpart to Proposition [2.1.14] that is, soundness
and completeness for eLNDT™.

Proposition 2.2.15 (Soundness and completeness). Given a positive extension free
sequent T —> A, eLNDT™ proves I' — A if and only if AT o \/ A is valid.

Proof sketch. Soundness: soundness follows immediately by observing that for all
rules, validity (more so truth) of premise(s) implies validity of the conclusion and since
the initial sequents are all valid.

Completeness: We proceed by bottom-up cut-free proof search and without using
any extension variables. First note that all logical rules are invertible: validity of the
conclusion implies validity of premises. Moreover, due to the subformula property, the
premises must always be less complex than the conclusion: going bottom-up the number
of connectives is strictly reduced. In this way, by applying logical rules as necessary
we eventually reach sequents only containing propositional variables and constants.
Validity was preserved at each step so the sequents we have obtained must either have
a 0 on the left hand side, a 1 on the right hand side or the same variable p on both sides.
All such cases can be obtained via initial sequents with some additional weakening steps.

O

Remark 2.2.16 (Extended soundness and completeness). Conventionally, proofs us-
ing extension conclude with extension-free theorems. It is possible however to extend
Proposition to proofs in which extension variables may appear as formulas in the
lines. Given a set of (positive) extension axioms £ = {e; <> FE;};~, for an assignment
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a, recall we defined o ¢ e; if o E¢ F;. An eNDT' formula A over eq,...,e,_1 is
E-valid if, for every assignment «, we have o =¢ A (see Definition [2.1.8)).

In proving the completeness of eLNDT" w.r.t. positive sequents containing ex-
tension, the only difference with the completeness proof in Proposition [2.2.15| is that
we have to accordingly deal with extension variables: upon reaching (bottom-up) a
connective-free sequent with at least one extension variable e;, we use the correspond-
ing extension axiom e; <> E; to unfold e; into the formula E; in an ‘equivalence’ ( <> )
step. The proof then continues in the same manner and termination is guaranteed by
the complexity argument from Proposition [2.2.15] and also £-induction, since E; <¢ e;.

2.2.5 Some basic theorems

This section presents basic results of eLNDT™ that will be necessary to carry out future
arguments while exemplifying tools and techniques we will frequently use.

It is natural to first show the positive version of Proposition that is, a
polynomial-size proof of general identity for positive sequents.

Proposition 2.2.17 (General positive identity). Let & = {e; <> E;},<, be a positive set
of extension azioms. There are polynomial-size eLNDT™ proofs of A —> A, for positive
formulas A containing only extension variables among eg, ..., €, 1.

Proof. We proceed almost identically to Proposition [2.1.15] only difference being that
we are in a positive context. Given eNDT" formula A, we construct a (dag-like)
polynomial-size proof of A — A by £-induction. More precisely, for each such A,
we construct a polynomial-size proof containing sequents B — B for each B <g A by
&-induction on A. We only mention the cases that differ from Proposition [2.1.15

o If A =0 then we have:

o If A =1 then we have:

_)1

w-1
1—1

e If A is an extension variable = e; for some ¢ < n, we extend the proof obtained
by the inductive hypothesis by adding the step:

e, >k, LEi—e¢

€ — €

cut

where the premises are extension axioms from &.
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o If A= Bp(B v C) then we extend the proof obtained by the inductive hypothesis
by adding the step:

IH IH . IH
B— B B— B p— C—C
"B—pB "BoBC pnC—Byp M C—>B.C
_lB—>Bp(B\/C') p,C — Bp(B v ()

+

p

Bp(B v C)— Bp(B v C)
In all cases sequents marked [H are obtained through the inductive hypothesis.

The same complexity analysis as in Proposition takes place: at each step of
the argument above, we add a constant number of lines of polynomial size in |A| and
|E|, see Proposition The proof must be dag-like to avoid exponential explosion
in size due to the possible repetition of sequents. O

We next provide explicit proofs of ‘truth conditions’ of positive decisions as we will
make use of them in many simulation results.

Proposition 2.2.18 (Truth conditions). Let €& = {e; <> E;};=,, be a positive set of
extension axioms and let A and B be eNDT" formulas over e, ...,en_1. There are
polynomial-size eLNDT™ proofs of the following sequents with respect to & :

1. Ap(Av B) = A/p
2. Ap(Av B) ™ A, B
3. A— Ap(A v B)

4. p,B— Ap(A v B)

Proof. We provide proofs for all four sequents:

ptlA—)A,p p,B— A,p p+-1A_)A’B p,B— A, B
Ap(Av B) — Ap Ap(Av B) — A, B
idA_>A idA_>A idp_)p idm
3?$A%ApWAHAB 4w?}ﬁ—ﬂmWW%BHAB
A— Ap(A v B) p, B— Ap(A v B)

where steps marked id follow from Proposition [2.2.17] ]
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Remark 2.2.19. We note that Proposition [2.2.18 could be proven in a more ‘high-level’
way, without providing explicit proofs for each sequent. Proposition [2.2.17| provides us
with polynomial-size proofs of general identity in eLNDT" and by Proposition
we know that eLNDT™ is complete w.r.t. valid positive sequents. We then observe that
the sequents are valid and consider their ‘atomic’ instances, i.e. A is replaced by
an atom a and B by an atom b. It is clear that these would have constant-size proofs
ending in identity steps. Substituting each a and b in these constant-size proofs with
the eNDT™ formulas A, B respectively, would provide us with proofs ending in general
identity steps, each of which has size polynomial in A, B.

Example 2.2.20 (A positive ‘medial’). A positive version of Example [2.1.16, can be
obtained by taking the positive closures of the BPs by adding 1-edge parallel to every
0-edge. This would result in the following pair of sequents:

(Ag(A v B))p((Ag(A v B)) v (Cq(C v D)))
< (Ap(A v O))q((Ap(A v C)) v (Bp(B v D)))

The validity of this equivalence can be seen by noticing that each side is semantically
equivalent to Av (p A C) v (g A B) v (pAgn D) and the LHS and RHS are visualised

in Figure 2.8

(2.11)

q L \ q ‘ L \ p
AN AN NN

A B C D A B C D

Figure 2.8: The positive ‘medial’ visualised. The two PBPs compute the same monotone
Boolean function despite the change on the order of nodes.

By completeness Proposition [2.2.15(and the substitution argument from Remark[2.2.19,
we have polynomial-size proofs of (2.11)).

Finally, we will use the truth conditions from Proposition [2.2.18| to show that we
can substitute provably-equivalent formulas in a decision in a proof.

Corollary 2.2.21. Given hypotheses 'y A — A, A" and I', B — A, B’, there are poly-
nomial size eLNDT* derivations of

I'Ap(Av B) — A A'p(A" v B)

over any positive set of extension axioms that contains all extension variables occurring
in A, A" and B, B'.

Proof. We explicitly provide the derivation:

Proposition [2.2.18)3] Proposition [2.2.18|l4]
TA— A A A — Ap(AvB) T,B—AB pB — Ap(AvB)
cut cut
NA— A A'p(A' v B') Iip,B—> A Ap(A' v B)
-

+

p

I'Ap(Av B) = A A'p(A' v BY)
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Some structural rules have been omitted for simplicity, namely w-[, w-r on the right
premise above cut-steps necessary to match contexts. It will be typical for us to omit
similar steps and freely use ‘context splitting’ and ‘context sharing’ behaviour, under
structural rules. [



Chapter 3

Counting

This chapter formally introduces the Boolean counting functions that appeared in our
earlier Example [2.2.7] provides canonical BPs computing them and presents the nec-
essary framework to represent said BPs in our proof systems, m-eLDT, m-eLNDT via
formulas with extension.

The Exact functions Ex}, : {0,1}" — {0, 1} are defined by:

Exp(bi,....by) =1 <« Db =k

Le. Ex}(by,...,b,) = 1if and only if exactly k of by,...,b, are 1.
The monotone closures of these functions (see Definition [2.2.4)), are the Threshold
functions Thy : {0,1}" — {0, 1} defined by:

Thi(by,...,by) =1 = Db >k

Le. Thy(by,...,b,) = 1if and only if at least k of by,..., b, are 1.

Staying consistent with the previous exposition from Chapter [2| given a list p =
P1,- -, Pn of propositional variables, we may construe Ex}(p), Th} (p) as Boolean func-
tions from AssP to {0, 1}, and writing Ex, (p)(«), Thy (p)(«) for their respective (Boolean)
outputs.

3.1 OBDDs for Exact and their representations as
eDT formulas

It is well-known that counting functions including those above, are computable by
OBDDs (see [63]).

We present a more general version of the OBDD computing the exact 2 out of 4
function seen in Example [2.2.7] That is, in Figure [3.1] we give an OBDD for the exact
k out of n function, Ex}(p1, ..., pn). Since OBDDs are by definition deterministic, they
can be formally represented by m-eDT formulas (i.e. v-free) by defining an infinite set
of extension axioms as follows:

40
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P1
RN
b2 D2
N TN
P3 Ps3 Ps3
. N AN
Pn Pn .- Pn
N N S
0 0 1 0 0 0

Figure 3.1: An ‘ordered’ BP/ binary decision diagram (OBDD) for the ‘standard’ order
of propositional variables. It computes the Ex}(p1, ..., p,), where only the k + 1th leaf
is a 1 and rest are 0.

Definition 3.1.1 (m-eDTs for Exact). For each list p of propositional variables , and
each integer k, we introduce an extension variable e} and write X for the set of all
extension axioms of the form (i.e. for all choices of p, p and k),

eg < 1
e, <> 0 itk+#0 (3.1)

PP s P, P
€k CLPCL 1

where ¢ is used for the empty list.

While the extension variables (and the extension axioms) from Definition do
not strictly follow the subscripting conditions from Definition [2.1.7] we may understand
them to be ‘names’ for the appropriate subscripting. It suffices to establish the well-
foundedness of <y as done in Remark which is clear by induction on the length
of the superscript of the extension variables. That is, a variable e} is ‘smaller’ than a
variable e w.r.t. <y if p is a suffix of q. Furthermore, one may extend this well-founded
partial order to a well-founded total order by setting e} <x ef when k <.

Remark 3.1.2. Since proofs are parametrised by sets of extension axioms, we must be
careful about the amount of extra data we consider in particular, it should not be too
large (or infinite for that matter). However, X being an infinite set does not present us
with issues regarding proof complexity. In the case we use it as the underlying set of
extension axioms in proofs, only finitely many of the extension axioms will actually ever
be used as hypotheses in a particular proof. It is implicitly assumed here, that the sub-
scripts of the extension variables are appropriately small (to not contribute significantly
to proof complexity) and such that the subscripting condition from Definition is
satisfied. Same applies to all other ‘well-founded’ sets of extension axioms we may de-
fine later. For example, in Section we introduce extension variables with seemingly
large indices. This does not pose a problem in our setting though. That is because
we understand that a proof P in which extension variables have large indices could be
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‘substituted’” by a proof P’ that is identical to P with only difference that the (finite)
set of extension variables/axioms it uses is considered under appropriate renaming so
that extension variables only have indices from {1,...,S} for some S € N.

Proposition 3.1.3. Let p = (p1,...,pn) be a list of propositional variables. Then, e}
computes Ex}(p), with respect to X .

Proof. We show that a =x ¢f <= Ex}(p)(a) = 1 by induction on the length n of
the list p. If n = 0 then ExY(¢) returns 1 just if & = 0, so the result is immediate from
the first two axioms of (3.1). For the inductive step we have:

akEx e’ = akEyelpel | by and Definition
akExey, alp)=0
akExer; alp) =1
{EXZ(p)(a> =1 a(p) =0
Exp_1(p)(a) =1 a(p) =1
= Ex;"(p,p)(a) =1 O

by inductive hypothesis

3.1.1 Programs for Threshold via positive closure

Notice that since the Exact programs we considered were OBDDs, which are in partic-
ular read-once, the semantic characterisation of positive closure by monotone closure
from Proposition applies. Looking back to Figure[3.1] the positive closures we are
after (as NBPs) are given in Figure [3.2]

Realising this directly as m-eN DT formulas and extension axioms we obtain the

following:
b1
[N
b2 D2
(o NN
3 p3 Ps

Pn Pn DPn
(N (N (N
0 1 0

0 0 0

Figure 3.2: The positive closure of the OBDD for Exact from Figure |3.1 computing
Thy (p1,.-.,pn). Again, there are k Os to the left of the 1, and n — k to the right.
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Definition 3.1.4 (Positive m-eN DT's for Threshold). For each list p of propositional
variables, and each integer k, we introduce an extension variable ¢t} and write 7 for the
set of all extension axioms of the form (i.e. for all choices of p, p and k):

£ o 1
= < 0 if k#0 (3.2)
e <> ety v i)

Just as in the case of X in Remark [3.1.2] even though 7 is an infinite set, we shall
typically write eLNDT* proofs with respect to this set of extension axioms, understand-
ing that only finitely many are ever used in any particular proof. This finite subset will
not be explicitly computed , but such a consideration will be subsumed by our analysis
of proof complexity.

Note that the relation between the OBDD from Figure[3.1]and the PBP in Figure[3.2
is reflected by the respective extension axioms from X7 representing their graphs.
That is, the extension variables ¢} and set of extension axioms 7 above, are just the
positive closures of e} and X earlier, within the m-eN DT setting. Thus, an immediate
consequence of Proposition is that for each non-negative k, t} computes exactly
the threshold function Thj(p) with respect to T

Corollary 3.1.5. If k > 0, then ¢} computes Th(p), with respect to 7.

We note that there are alternative ways of phrasing Definition [3.1.4] For k negative,
we could have alternatively set ¢ to be 1. We could have also simply set ¢ to be 1 for
arbitrary p. Instead, we have chosen to systematically take the positive closure of the
aforementioned Exact programs, to make our exposition more uniform.

3.1.2 Small proofs of basic counting properties

The main results we present later heavily rely on having small proofs of characteristic
properties of counting formulae. We provide said proofs in this section.

We start with a needed basic monotonicity property for our PBPs computing thresh-
old:

Proposition 3.1.6 (¥ is decreasing in k). There are polynomial-size eLNDT™ proofs
of the following sequents over extension axioms T :

1. =8
2.t
3.ty — whenever k > |p|

Proof. We proceed by induction on the length of p (and sub-induction on k). In the
base case, for p = ¢, all three sequents follow easily from 7 initial sequents, weakening
and cuts. For the inductive steps, we construct polynomial-size proofs as follows:
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— by the inductive hypothesis
[ : — t§p(tf v t*,) by Proposition [2.2.18|(3)
— (P by extension axioms T
e, — thx(th,, vty) by extension axioms T
: — t2p(th v th_,) by inductive hypotheses and Corollary [2.2.2T
— P by extension axioms T

P — p(ty v tr ;) by extension axioms T
‘ — .t by Proposition [2.2.18] (2)
' — by [2] and contraction
— by inductive hypothesis

The proofs have size polynomial in the length of the list p and the number k: we perform
induction on the length of p and each time, we require k£ + 1 instantiations of all the
sequents above, one for each choice of threshold ¢ < k. The same proof complexity
analysis will usually suffice for later arguments, in which case we shall suppress it
unless further justification is required.

O

Convention 3.1.7. The above proof is presented in ‘linear’ style instead of the usual
tree-like form. We consider the reasoning easier to follow when presented this way and
the proof is meant to be read by obtaining each sequent by the justification provided
in the right with maybe additional structural steps.

Convention 3.1.8. The second sequent requires using Corollary [2.2.21], which allows
us to apply previously proven implications or ( <> )-equivalences ‘deeply’ within a
decision formula. This ‘technique’ shall be used throughout this work without further
mentioning Corollary to lighten the exposition.

A Boolean function is called symmetric if its value does not depend on the order
of its input bits, but only on the number of ones (or zeros) in the input i.e. the output
of f remains unchanged under a permutation of its input bits. Equivalently, if two
assignments «, 5 on a finite list of propositional variables send the same number of p;s
to 1, then a Boolean n-ary function f is symmetric if and only if f(«) = f(5).

Counting functions are known to be symmetric [62]. In particular, the provable
symmetry of the formulas ¢} computing threshold functions, will be essential later on.
We shall establish this property through a series of results, beginning by a ‘case analysis’
on a propositional variable changing places in a list. The proof serves as a prime
example within the eLNDT™ framework as it involves many of previously established
results, general positive identity Proposition[2.2.17] positive medial Example and

Corollary [2.2.21

Lemma 3.1.9 (Case analysis). There are polynomial-size eLNDT™ proofs of,

bPqq 5 +9Pq
tk tk

over the extension azioms T .
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Proof. We proceed by induction on the length of p. The base case, when p is empty,
follows immediately by general identity, Proposition [2.2.17]
For the inductive step we construct polynomial-size proofs as follows:

rpad

o ) by T

<> PP IPT) by [H and [2.2.2]]
o S (S ) g, v ) by T

o ) ) v B v %) by Bxample
o g e by T

A by T O

Similarly to the proof of Proposition the above argument should be read as
providing polynomial-size proofs ‘in both directions’, by the justifications given on the
right. Our use of <> -equivalences necessitates that we restrict cedents to contain only
a single formula to avoid ambiguity of the comma delimiter. Polynomial proof size on
the length of p,q and k is, again, immediate by inspection on the number of lines.

The main result of this section is presented next. It states the naturally expected
symmetry property of our extension variables in 7T :

Theorem 3.1.10 (Symmetry). Let w be a permutation of p. Then there are polynomial-
size eLNDT™ proofs over the extension axzioms T of:

Proof. Write p = p1 - pn, 7(P) = q1 - ¢, and write p>™" for the list p with the
elements ¢;, ..., q, removed, otherwise preserving relative order of the propositional

variables. We construct polynomial-size proofs by repeatedly applying Lemma [3.1.9| as

follows:
ty > P by Lemma [3.1.9

<> thflqnp"_l’n by Lemma |3.1.9

o by Lemma [3.1.9
> tz(p) by definition of q



Chapter 4

Pigeons

4.1 Pigeons, holes and their use in proof complexity

The rudimentary combinatorial principle that there is no one to one mapping from a
set of finite cardinality m into a set of cardinality n where m > n, is known as the
pigeonhole principle. A common way to state it involves a number of m pigeons which
is to be put into n holes for m > n ;| concluding that at least two pigeons will be put
together. The version of the pigeonhole principle we are going to work with involves
n + 1 pigeons and n holes. It is usually encoded in propositional logic by a family
(parametrized by n) of —-free sequents of the following form:

n+l n n n n+l
ANV rs = NN N 7 pe) (4.1)
i=1 j=1 7j=11i=1i=i+1

Here it is useful to think of the propositional variables p;; as expressing “pigeon i
nests in hole j”. In this way the left-hand side (LHS) above expresses that each pigeon
i€ {l,...,n+ 1}, nests in some hole j € {1,...,n}, and the right-hand side (RHS)
expresses that there is some hole j occupied by two (distinct) pigeons i,7. We remark
that this encoding allows the mapping from pigeons to holes to be ‘multi-functional’,
i.e. the LHS allows for a (dismembered[[) pigeon to nest in multiple holes.

Propositional encodings of the pigeonhole principle have been utilized as ‘hard’ to
prove tautologies to examine the relative strength of different proof systems. Start-
ing from [30], Cook and Reckhow introduced propositional tautologies encoding the
pigeonhole principle and showed polynomial-size proofs in extended Hilbert-Frege sys-
tems while noting that the only then known non-extended Hilbert-Frege proofs were
exponential in size. In [34], it was shown that for sufficiently large n, resolution proofs
of the pigeonhole principle have exponential (on n) size lower bounds. E]Following this,
[20] improved the result of [30] by finding polynomial-size proofs for the pigeonhole prin-
ciple in Hilbert-Frege systems without utilizing extension. Later on in [3], Ajtai showed
superpolynomial lowers bounds for proofs of the pigeonhole principle in bounded depth
Hilbert-Frege systems. His method uses combinatorial /probabilistic elements and draws

'No pigeons were harmed in the making of this thesis.
2They use different tautologies encoding that n pigeons put into n + 1 holes leaves a hole empty.
For a survey on the proof complexity of variations of the PHP see [55].

46
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ideas from Cohen’s forcing [25]. Ajtai first proved the result for a non-standard model
of Peano Arithmetic and then obtains it for standard values of natural numbers.

The same result was shown in [13], where Bellantoni et al. introduced the notion of
an approximate proof: inferences of such a proof may only be sound on a subset of the
possible truth assignments. Their use of approximate proofs ‘simplifies’ Ajtai’s result,
by eliminating the need of using a non-standard model of Peano Arithmetic.

This result was improved in [I2], where the authors showed exponential lower bounds
on the size of bounded Hilbert-Frege proofs for the pigeonhole principle via a more
sophisticated version of Hastad’s switching lemma [36]. More recently, in [7], the authors
obtained quasi-polynomial upper bounds for the propositional pigeonhole principle,
expressed as a monotone sequent in MLK. This bound was improved to polynomial in
[8], where the authors considered two well-known variants of the pigeonhole principle:
OPHP”*! and FPHP"*!. In these, the mapping from pigeons to holes is onto and
each pigeon is nesting in exactly one hole i.e. the mapping is not multifunctional,
respectively. They achieve polynomial size tree-like MLK proofs for OPHP” ! FPHP™*!
and a perfect matching principle PM,,, concluding that the pigeonhole principle from
[7] has polynomial size MLK proofs.

We draw a lot of inspiration from this last result, and adapt some of their techniques
(adjusted for our setting) to obtain the material in the following sections. At a high
level, what we develop next can be viewed as a case study of the more general simulation
result in Chapter . That is, we know eLDT polynomially simulates LK, see [22], and
thus there are polynomial size eLDT proofs of PHP,,. We are going to exemplify the
expressive strength of eLNDT™ by finding explicit polynomial size dag-like eLNDT™"
proofs of PHP,,.

4.2 Case study: Pigeonhole principle via positive
branching programs

The grammar for eNDT™ formulas does not natively express conjunctions, so we adopt
a slightly different encoding to that fits our setting. Since is a sequent, the
outermost conjunctions on the LHS can simply be replaced by commas. When it comes
to the subformulas p;; A py; on the RHS, we observe they may be encoded as Op;;(0v p;/;)
since they are logically equivalent. This can be justified within eLNDT™" by the following
‘truth conditions’ :

Corollary 4.2.1 (Truth conditions for conjunction encoding). The following sequents
have polynomial-size eLNDT" proofs:

e p,B—0p(0 v B)
e 0p(0v B) —p
e Op(Ov B) ™ B

Under these changes, we shall work with the following encoding of the pigeonhole
principle throughout this section:
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Definition 4.2.2 (Pigeonhole principle). PHP,, is the following positive sequent:

n n+l n n  n+l
{\/Pi;} - \/\/ \/ 0pi; (0 v pirj)
j=1 i1 j=1 i=1 i'=i+1

We write LPHP,, and RPHP,, for the LHS and RHS, respectively, of PHP,,.

The results of this section culminate to proving polynomial-size proofs for the pi-
geonhole principle in eLNDT*:

Theorem 4.2.3. There are polynomial-size eLNDT™ proofs of PHP,,.

4.3 Summary of proof structure

Before providing an overview of our method, let us introduce some necessary notation:
Notation 4.3.1. We fix n € N throughout this section and write:

e p; for the list p;1, ..., pin, and just p for the list p1,...,Pny1.

e p; for the list pyj, ..., puy1; and just pT for the list pf,...,p].

The notation pT is chosen to be suggestive since, construing p as an (n + 1) x n
matrix of propositional variables, pT is just the transpose n x (n + 1) matrix.

At this point it might be helpful to recall the definitions of the extension variables
and axiom set 7 from Definition since they will be useful next. Our approach
towards finding polynomial-size eLNDT™ proofs for PHP,, will be broken up into the
three smaller steps, proving the following sequents respectively:

1. LPHP, — 2,

p pT
2. tn+1 - Zfn-i—l

3. t*, — RPHP,

Notice that, since pT is just a permutation of p, we already have small proofs of
sequent [2| from Theorem In the next two subsections we shall focus on sequents
and (3| There, being able to ‘merge’” and ‘split’ threshold formulas will be quite useful,
hence we provide the following lemma:

Lemma 4.3.2 (Manipulating threshold arguments). There are polynomial-size eLNDT*
proofs, over extension axioms T of the following sequents:

1.t =, (merging)
2. tpd, = th o, t} (splitting)

Proof. We proceed by induction on the length of the list p. In the base case, when p
is the empty list €, we have two cases for [I| for which we provide short derivations:
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e if k = 0 then 5, ¢! — t;! follows by id and w-i:

id ————
t—
w-1

.t =t}

e if & # 0 then we have an axiom ¢ — 0 from 7, whence ¢}, ;! — t}', follows by

initial step for 0, a cut and a w-[:

0— t2+l

5 q
U =ty

e 44 > +4
k> tl tk+l

= —0
cut

w-[

For , we have polynomial-size proofs of t}!,, — t! already from Proposition m,
whence we obtain ¢}, — t7, .t by w-r.

For the inductive step we will find polynomial-size proofs for the sequents t}°, t}} —> /2
and 27 — ;%5 .t} for which we shall appeal to Corollary [2.2.21] First, for , by the
inductive hypothesis we already have a polynomial-size proof of the sequents:

P 4 Pa

o ti =ty

p a 5 +Pqa
te-1ty tesi-1

Thus, we can derive,

(8 v ), 6 = (5 v 65 )

from which we obtain the sequent #}°, ¢} — {29 by the extension axioms 7 .
For [2| by the inductive hypothesis we have a polynomial-size proof of:

pPq > +P q

thrl 2fk+17 tl
Pq > +P 14
Zfk+l—1 tk ) tl

Thus, we can derive,

tgglp(tggl 4 tgilzq) - ti)Jrlp(thrl 4 tg), t?

from which we obtain the sequent ;57 —> /¥, /! by the extension axioms 7. O

4.4 From LPHP, to (n + 1)-threshold

In this subsection we will give small proofs of the sequent 1| from Section 4.3|

Lemma 4.4.1. Let q = qo, ..., qu_1. For all j < k, there are polynomial-size eLNDT*
proofs over extension axioms T of:

g — ¢
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Proof. First we derive,

g <>ty (4.2)
as follows:

¢; <> 0¢;(0v 1) by Proposition [2.2.1§] axioms and cut
<> 19q;(t1 v £§) Dby extension axioms 7 and Corollary [2.2.21
> ] by extension axioms T

By repeatedly applying Lemma we obtain polynomial-size proofs of,
R N N A A 21

However, we also have small proofs of —> t§’ by Proposition ., and so applying
k — 1 cuts we obtain a polynomial-size proof of:

tP — ] (4.3)
The required sequent now follows by simply cutting [4.2] against [4.3] O

Intuitively, the above lemma can be explained as following: a threshold formula ¢,
computes the threshold function with input the list q and outputs 1 when at least one
of the elements of the list evaluates to 1. Hence for any choice of ¢; € q, the sequent
q; — t is valid. Note that an explicit choice does not need to be made as long as at
least one of the variables is evaluated to 1. This is formally proven in the next lemma:

Lemma 4.4.2. There are polynomial size eLNDT™ proofs of \/ pi — t}".
Proof. Let i€ {1,...,n+ 1}. By above, we have small proofs of,

pij —> "
for each 7 = 1,...,n. By applying n — 1 left v steps we derive:

\/ pi — (4.4)

Proposition 4.4.3. There are polynomial-size eLNDT™ proofs of i.€.,

LPHP,, —>

n+1
over extension azxioms T .

Proof. Applying Lemma n times (and using cuts), we obtain small proofs of:

R (4.5)

Finally, by instantiating Equation (4.4]) for each i = 1,...,n+ 1 and applying n + 1 cut
steps against Equation (4.5) we derive the required sequent:

\/pla"';\/pn+1_)tg+1 ]
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4.5 From (n + 1)-threshold to RPHP,

Before deriving the final sequent [3| for our proof of PHP,,, we will need some lemmas. In
particular the next one establishes expected ‘truth conditions’ between our threshold
formulas and the positive decisions 0g(0 v ¢); that we used to encode the conjunc-
tion ¢ A ¢;. In the following, it may be convenient to write A — {B;};~ instead of
A— By,...,B,_1.

Lemma 4.5.1. Let q = qo, ..., qr—1. There are polynomial-size eLNDT™ proofs of,
g, 17 —> {0q(0 v @) }i<k
over extension axioms T .

Proof. For each i < k, by Proposition . we have a (constant-size) proof of,
¢,q —> 0q(0 v ;)
and so by cutting against appropriate instances of we obtain:
q,t7 — 0q(0 v ;)
Instantiating the above for each ¢ < k and applying several w-r and v-[ steps we obtain:

q; \/t% — {0q(0 v ¢;)}i<k (4.6)
i<k
Now, by repeatedly applying Lemma [4.3.2}f2 (under cuts) and v-r steps we obtain
polynomial-size proofs of:
15— \/ 7 (4.7)

i<k
Finally, we conclude by cutting 4.7 above against [4.6] O

Lemma 4.5.2. Let q = qo, ..., qs_1. There are polynomial-size eLNDT™ proofs of,
ts —> {0¢i(0 v gir)}icir<k
over extension axioms T .

Proof. We proceed by induction on the length k of q. In the base case, when q = ¢,
we have an axiom t5 — 0 from 7, whence we conclude by a cut against the 0-axiom
and w-r.
For the inductive step, we obtain by two applications of Lemma the following
sequents:
o~ .4
e — i

Now we already have small proofs of tY — ¢ from and of t2 — from Proposi-
tion [3.1.6]3], and so cutting against the respective sequents above we obtain:

37— q.t3 (4.8)

$39 —> 4a (4.9)
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Finally, we combine these sequents using cuts as follows:

I3 1.0 45T
t3d —q,t3 51—t ¢t = {0q(0 v @) ik IH
2cut
ttgq — {0q(0 v @) i<k t3 — {0¢;(0 v gi) bicir<
cu

t51 —> {0gi(0 v qi) }icir<k
where the proof marked /H is obtained from the inductive hypothesis. [
Proposition 4.5.3. There are polynomial-size eLNDT" proofs over T of@ i.e. of:

t?., — RPHP,

n+1

Proof. Recall that pT = pl,...,pl, so by n — 1 applications of Lemma (and
cuts) we have small proofs of:
(PT —> Rl R (4.10)

Now, instantiating Lemma with g = pj we also have small proofs of,

T
ty" = {0pi; (0 v pij) hr<icizn (4.11)
for each j = 1,...,n. Finally, we may apply n cut steps on against each instance
of (for 7 =1,...,n) and apply v-r steps to obtain the required sequent. O

T
Remark 4.5.4. The reason we consider ‘threshold-2’ formulas like tgj is connected to
the form RPHP,, has. Being on the right side of the sequent arrow, it can be equivalently
rewritten as:

n  n+l n n+l
\/ \/ <0pi1(0 Vv pi/l)), cee \/ \/ (Opm(O \% pi’n))
i=1 ¢/=i+1 i=1 i'=i+1

or, alternatively:
{Opil(o vV pi’l)}1<i<i’<n7 ceey {Opm(O Vv pi'n)}1<i<z"<n

T
Then, each bracket {Op;;(0 v pij)}1<i<ir<n corresponds to the formula tgj as seen in
Lemma |4.5.2; intuitively, each bracket ‘states’ that at least one pair of variables p;;, pi;
for 1 < j < n must be true.

4.6 Putting it all together

We are now ready to assemble our proofs for PHP,,.

Proof of Theorem[{.2.5. We simply cut together the proofs of and [3] that we have
so far constructed:
Proposition [1.4.3] Theorem B.1.10] Proposition [£.5.3]
T T
LPHP, — 2., *,, — " * —>RPHP, 0

LPHP,, — RPHP,

2cut
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Remark 4.6.1. One observes that differently to [7], we achieved polynomial size
eLNDT™ proofs (w.r.t. number of variables) of the pigeonhole principle. The differ-
ence comes from the threshold formulas we considered: we used extension to represent
the dag-structure of our NBPs which, in Definition permitted us to define eNDT™"
formulas of size polynomial and hence also provide proofs of size polynomial. On the
contrary, the Boolean formulas they used in [7] are quasi-polynomial in size which
translated in quasipolynomial sized proofs. They are however able to get a size/depth
tradeoff, with their proofs being only logarithmic in depth.



Chapter 5

Simulation of eLNDT by eLNDT™

5.1 Positive simulation of non-positive proofs

In this chapter we consider the system eLNDT over the alternative grammar for m-e N DT
formulas, . Hence, whenever we mention eLNDT one should keep in my that we
work with the system m-eLNDT. This poses no issues in light of the results in Sec-
tion 2.1.4

In Chapter |4 we formalised counting arguments within the system eLNDT™", which
were then used to give polynomial-size proofs for the pigeonhole principle. The same
counting arguments will be of use in the next sections, where we provide the necessary
steps for a polynomial simulation (over positive sequents) of the system eLNDT by its
positive fragment eLNDT". The main result of this chapter is:

Theorem 5.1.1. eLNDT" polynomially simulates eLNDT over positive sequents.

While the high-level structure of the argument is similar to that of [8], we must
make several specialisations to the current setting due to the peculiarities of decision
formulas and extension axioms.

5.1.1 Summary of proof structure

Before providing technical details, let us go over our strategy towards proving Theo-
rem [5.1.1] Our approach is divided into three main parts, which mimic the analogous
proof structure from [g].

In the first part, Section [5.2] we deal with the non-positive formulas occurring in a
eLNDT proof. The intuition is similar to what is done in [§] where they first reduced
all negations to the variables using De Morgan duality. In our setting formulas are no
longer closed under duality (general decisions are self-dual while disjunctions have no
dual connective). Nonetheless, we are able to devise for each formula A an appropriate
‘positive normal form” A~ which, may contain negative literals (in particular as decision
variables), but all decisions themselves are positive.

We duly consider an extension eLNDT' of eLNDT" which admits negative literals
p and has two extra initial sequents: p,p — and — p,p. The main result of the
first part is that eLNDT" polynomially simulates eLNDT over positive sequents (Corol-
lary . This is achieved by first proving Theorem where being given a eLNDT

o4



CHAPTER 5. SIMULATION OF eLNDT BY eLNDT* 95

proof P for a sequent I' — A with I', A multisets of positive formulas, we construct an
eLNDT* proof P~ for I — A~ where if I' = {A;, Ay,...} then T~ = {A], A;,...}.
Then, employing Lemma we derive I' —™ A from '™ — A~ by finding small
proofs for A <> A~ for each A appearing in I' and A. Finally, the wanted result is
obtained by several cut-steps.

In the second part the aim is to ‘replace’ negative literals in an eLNDT' proof
by certain (eLNDT™") formulas computing threshold from Definition . This is the
same idea as in [§], but in our setting we must deal with some technicalities encountered
when substituting extended formulas in eLNDT' and eLNDT*. In particular, if a literal
occurs as a decision variable, then we cannot directly substitute it for an extension
variable (e.g. a threshold formula ¢}), since the syntax of eLNDT (and its fragments)
does not allow for this. To handle this issue appropriately, we introduce in Section a
refinement of our previous threshold extension variables and axioms, defined mutually
inductively with eNDT formulas themselves, that accounts for all such substitution
situations (Definition [5.3.1]).

For the remainder of the argument, in Section we fix an eLNDT* proof P of
I' — A over extension axioms &£ and propositional variables p = pg,...,pm_1. We
define, for each k > 0, systems eLNDT} (P) that each have polynomial-size proofs P* of
I — A (Lemma[5.4.5). Morally speaking, this simulation is by ‘substituting’ negative
literals by threshold formulas and the consequent new axioms required in eLNDT; (P)
are parametrised by the threshold k. The number £ functions as a lower bound on the
number of variables in p that are required to be true in each case.

We point out that eLNDT} (P) itself is tailored to the specific set of extension
axioms &£ and propositional variables p to facilitate the choice of threshold formulas
and required extension variables/axioms.

The final part, Section [5.5], essentially stitches together proofs obtained in each
eLNDT} (P) for 0 < k < m + 1. More precisely, using basic properties of threshold
formulas, we show that each eLNDT; (P) proof of a positive sequent I' — A can be
polynomially transformed into a eLNDT™ proof of t/, T — A, ¢} .1, over appropriate
extension axioms (Lemma [5.5.2)). We conclude the argument for our main result The-
orem by simply cutting these together and appealing to Proposition [3.1.6]

5.2 Positive normal form of eLNDT proofs

In this section we will define the system eLNDT, an extension of eLNDT™" that further
admits negative literals and permits positive decisions on negative literals.

For this reason for each propositional variable p, we consider its dual p, which we
shall also refer to as ‘negative literal’. The formulas in the eLNDT? system are given
by the following grammar:

AB:=1|0|p | p| Ap(AvB)| Ap(AvB) | AvB |e (5.1)

The system eLNDT is defined similarly to eLNDT™: all syntactic positivity con-
straints on decisions and extension axioms remain.
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The rules of eLNDT™ include two additional initial sequents:

—-l

—-r

p,p— DD

and two additional positive decision rules on negated atoms accordingly.

CTA—>A ITpB—A  TI—AAp IT—AAB
pT-l pr-

[, Ap(Av B) — A " T — A Ap(Av B)

Essentially, the system eLNDT' admits a ‘normal form’ of eLNDT proofs:

Definition 5.2.1. We define a (polynomial-time) translation from an eNDT formula
A to an eNDT? formula A~ as follows:

0" :=0
17 =1 (AvB)”:=A" v B~
p=p (ApB)~ :=0p(0 v A7) v Op(0 v B7)
p =D
For a multiset of formulas I' = A;,..., A, we write I'™ := A],..., A, . For a set of

extension axioms £ = {e; <> E;}i<,, we write £~ for {e; <> E },.,, where {e; };=, is
a fresh set of extension variables.

This section focuses on proving the following:

Theorem 5.2.2. Let P be a eLNDT proof of I' — A over extension axioms E. There
is an eLNDTY proof P~ of T~ —> A~ over £~ of size polynomial in |P].

Notice that, since the translation -~ commutes with all connectives except for decisions,
to prove the above theorem it suffices to just derive the translation of decision steps. For
this it will be useful to have another lemma giving us the appropriate ‘truth conditions’:

Lemma 5.2.3 (Truth conditions for _~-translation). Let & = {e; <> E;};~, be a set
of positive extension axioms and let A and B be formulas over eg, ... ,e,_1. There are
polynomial-size eLNDTZL proofs of the following sequents over £ :

1. (ApB)" —™ A~ p
2. (ApB)~,p — B~
3. A= — (ApB)~,p
4. p,B= — (ApB)~
Proof. We give the proofs explicitly below:

0 id ———— 0o—— id
0— A= — A~ 0— p—>p
2w-r ——— w-l,w-r 2w-r ———  w-l,w-r
L 0—=>4A7p pAT—=A"p 0—=>4A7p p, B~ —>A"p
— —l _l
’ 0p(0 v A™) — A= p ’ 0p(0v B~) — A~ p
-l

\%

(ApB)™ — A7,p
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0 T 00— ‘BB

W'l::M—HB B AT — B W_l::(),p—>B B p— B

0p(0v A™),p— B~ Op(Ov B™),p— B

- (ApB)~,p — B~
- id ——— id d—
—Dpp A — A- p—>p B — B
W_ZVZA‘HOEP AT S04 W_Z:V::p,B‘—W,p B —> 0.8
A= —0p(0v A7), p p, B~ — 0p(0 v B7)
AT > (ApB) T BT — (A4pB)-

The premises marked by id, are understood to follow from polynomial-size proofs by
a generalised identity result for eLNDTY. We do not explicitly provide proofs of this
since they would be similar to that of Proposition [2.1.15] and Proposition [2.2.17 ]

We are now ready to prove our polynomial-size interpretation of eLNDT within
eLNDT™:

Proof of Theorem[5.2.4. We proceed by a straightforward induction on the length of P.
The critical cases are when P ends with decision steps, which we translate as follows.
A left decision step,

A—Ap I''pB— A

I'ApB — A

p-l

will be simulated by the following derivation:

Lemma [5.2.3/[1] IH Lemma IH
(ApB)- ™ A~,p TA- —Ap (ApB)",p—> B~ I,p,B- — A
. I (ApB)” — Ap B I (ApB)",p — A
- T, (ApB)” — A

A right decision step,
r—AAp I''p—AB

I'— A, ApB

p-r

will be simulated by the following derivation:

IH Lemma [5.2.33] IH Lemma [5.2.3/4]
r—>AAp A — (ApB)",p I,p— A, B~ p, B~ — (ApB)~
“ [ — A, (ApB)~,p “ e — A, (ApB)~
“ [ — A, (ApB)-

As a corollary of the above, the _~ translation gives rise to a bona fide polynomial
simulation of eLNDT by eLNDT* over positive sequents:
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Corollary 5.2.4. eLNDT? polynomially simulates eLNDT, over positive sequents.

Proof. From Theorem above, it suffices to derive I' — A from I'" — A~. For
this we shall give short eLNDT' proofs of,

A > A- (5.2)

over £UE~ when A is positive and free of extension variables. From this, we obtain that
I' — A follows from I'™ — A~ by several cuts. We proceed by structural induction
on A, for which the critical case is when A is a decision formula (since -~ commutes on
other connectives). The two directions are proven separately.

First, note that we have polynomial-size proofs of the following sequents:

Ap(Av B) — Ap by Proposition [2.2.18 (5.3)
Ap(Av B) —™ Av B by Proposition and v-r (5.4)
A — (Ap(Av B))",p by Lemma [5.2.3|3] /H and cut (5.5)

p,Av B — (Ap(Av B))~ by Lemma [5.2.3][d] IH and cut (5.6)

We arrange these into a proof of the left-right direction as follows:

B3] b4 5.6
A-cut Av B-cut
Ap(Av B) — (Ap(Av B))",p Ap(Av B),p — (Ap(Av B))~
p-cut

Ap(Av B) — (Ap(A v B))~

Next, note that we have small proofs of the following sequents:

A — Ap(Av B) by Proposition [2.2.18|3] (5.7)

p,B — Ap(Av B) by Proposition [2.2.18|4] (5.8)

(Ap(Av B))” — Ap by Lemma [5.2.3|[1} /H and cut (5.9)
(Ap(Av B))” — AvB by Lemma [5.2.3|2] IH and cut (5.10)

We arrange these into a proof of the left-right direction as follows:

5.9 il B.10 B.7
Av B-cut
Ap(Av B)” — Ap(A v B),p Ap(Av B)~,p — Ap(A v B) ]
Ap(Av B)” — Ap(A v B)

A-cut

p-cut

5.3 Generalised counting formulas

In [§], after ‘pushing’ negations to variables, they substitute negated literals occuring in
proofs of LK by explicitly given monotone formulas that compute threshold functions.
While this is entirely unproblematic in their setting (based on Boolean formulas), for
us it is more challenging. That is because we are dealing with extension variables that
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represent NBPs via extension axioms, and thus handling substitutions is much more
subtle and notationally heavy.

We do not treat this uniformly but instead specialise to substituting negated literals
for counting formulas. For this we start by carefully giving an appropriate mutually
recursive definition of formulas and extension variables.

Definition 5.3.1 (Decisions on thresholds). We introduce extension variables [t} (avB)]
for each list p of propositional variables, integer k, and formulas A, B that may contain
extension variables e which will be ‘smaller” w.r.t. a partial order defined shortly in in
Remark [5.3.21

We extend T to include all extension axioms of the following form, with p, k, A, B
ranging as just described:

[at§avB)] <> Av B
[atfavB)| <> A kE#0 (5.11)
[at7P avB)| <> [athavB)|p([Ath avB)] v [ath_ avB)])

Note that, the notation for [t} (avB)] is chosen to be suggestive but, formally speak-
ing, it is a single extension variable, not a decision on the extension variable ¢} which
is not permitted in our setting. The square brackets are used to distinguish it from
other formulas, though we shall justify this notation by providing appropriate ‘truth
conditions’ shortly.

One should view the extension variables above and the notion of an eLNDT™ formula
as being mutually defined, to avoid foundational issues. For instance, we allow an
extension variable [ct} cvp)], where C' or D may themselves contain extension variables
of the form [at!avB)]. By building up formulas and extension variables by mutual
induction we ensure that such constructions are well-founded. This is made formal in
the following remark:

Remark 5.3.2 (Well-foundedness of 7). We may define the extension variables [4t} (AvB)]
and eLNDT™ formulas ‘in stages’ as follows:

o Write F, for the set of all eLNDT™ formulas over some base set of extension
variables Ey = {eqo, €01, - - - }-

e Write T, for the set of all extension variables ¢} and of the form [at}avp)] with
A,BeF,.

e Write F),,; for the set of all formulas built from propositional variables, disjunc-
tions, positive decisions and extension variables from 7,,, F, and a fresh set of
new extension variables E, 1 = {€(n+1)0; €(n+1)1s - - - }-

Within each T,, we (partially well-)order extension variables by the length of the super-
script p, and within each E,, we (well-)order the extension variables e,; by the subscript
i. Weset E, < T, < E,,; (ie. ifee E,, te T, and ¢ € E,,; thene <t < ¢€).
In this way 7 = |J,, 75, and the extension axioms from (and indeed satisfy
the required well-foundedness criterion. We may also admit further extension axioms
allowing elements of E,, to abbreviate formulas in F,, (satisfying the indexing condition
internal to E,,), preserving well-foundedness. We shall indeed do this later.
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Note, however, that the required order type on indices of these extension variables,
a priori, exceeds the ordinal w. This causes no issue for us since, in any finite proof,
we will only use finitely many extension variables, and so may construe each index as a
(relatively small) natural number while preserving the aforementioned order. We shall
gloss over this issue in what follows.

As previously mentioned, our notation [4t} avB)] is designed to be suggestive and it
is justified by the following counterpart of the truth conditions from Proposition [2.2.18;

Proposition 5.3.3 (Truth conditions for threshold decisions). There are polynomial
size eLNDT™ proofs over T of:

1. [atf@avs)] — At}
2. [atRavp] — A, B
3. A —> [at?(avB)]

4. ty, B —> [at}AvB)).

Proof. We proceed by induction on the length of p and make use of previous results
including extension axioms from Equation (3.2)). For the base case when p = ¢, we
have the following proofs:

1

— 1 T
T cut [Atg(A\/B)] — Av B
—> t(g] id,v,cut
w-l,w-r [Atg (AvB)] — A B
[at§avB)] — A t§
id ——— id ———
A— A B— B
w-r, V- ———————————— w-l,w-7,v-r
A— Av B t;,B—>Av DB
T ,cut . T ,cut 5 .
A — [at§avB)| t5, B — [at{(avB)]

For the inductive step for [1] we derive the following sequents:

[athavp)] — A, th by IH
[ath v — At} by IH
[ty (avB)|p([ath avB)] v [ath_avB)]) — A, thp(th vty ) by Corollary 2.2.21
[at7P avB)] — A, 1P by T and 2cut

For the inductive step for [2| we derive the following sequents:

[ath ] — A,B by IH
p, [atE_ (aB)] — A B by IH and w-

[t} avB)|p([Ath (avB)] v [aty_jvB)]) — A, B by p*-I
[at}PavB)] — A, B by T and cut
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For the inductive step for |3| we derive the following sequents:

A — [atR@avB),p by IH and w-r
A — [atR @), [ath_ (avB)] by IH and w-r
A — [atPavb)p([atf @avs)] v [aty_j@avB)]) by pt-r
A — [ati?avB)] by T and cut
For the inductive step for |4 we derive the following sequents:
th, B — [at} B by IH
th 1, B — [at}_javB)| by IH
thp(ty v 17 ), B —> [athawp]p([athavp)] v [ath_ vB)]) by Corollary 2.2.21
P, B — [att®vB)] by 7 and 2cut O

5.4 ‘Substituting’ thresholds for negative literals

For the rest of this chapter, let us work with a fixed poly-size eLNDT' proof P, over

extension axioms & = {e; <> F;(eq,...,€;1)}i<n, of a positive sequent I' — A con-
taining propositional variables among p = py, ..., pm—1 and extension variables among
€ =¢€p,...,6p_1.

Recall that we have already obtained polynomial simulation of eLNDT by eLNDT*
in Corollary[5.2.4 Hence, since we are aiming to give a polynomial simulation of eLNDT
by eLNDT™" over positive sequents, our consideration of eLNDT here suffices. We shall
also work with the extension axioms 7 from Definition and will soon explain its
interaction with £ from P.

Throughout this section, we shall write p[x/p;] for po, ..., i1, %, Pis1,- -\ Pm_1, 1.€.
for the list p but with p; substituted by x € {0, 1}. We also write p; for po, ..., pi_1, i1,

.oy Pm—1, i.e. for the list p with the variable p; removed. We will define an intermediary
family of systems eLNDT} (P), one for each k > 0 and prove simulation results between
eLNDT™ and each such eLNDT, (P). Before that, we need to introduce the following
translation of formulas.

Definition 5.4.1 (‘Substituting’ thresholds). We define a (polynomial-time) transla-
tion from an eNDT' formula A (over p, p and e) to an eNDT™" formula A* (over p,
some extension variables e” and extension variables from 7T) as follows:

0k :=0 ek is a fresh extension variable

1k :=1 (Av B)k .= Ak v B*

Pi = pi (Api(A v B))F := AFp,(A* v BF)
Py =t (Ap,(A v B))* = [t (arut ]

We also define £F := {ef <> EF(ek ... eF |)}icn, and for a multiset ' = By,..., B,
we write ['* for BY, ... BF.

Remark 5.4.2. The idea here is replacing the ‘unwanted’ negated literals with specific
eNDT™ formulas, similarly to [8]. The reason replacing a literal p;, by a threshold
formula 7" for £ > 0 works is given later in Proposition . There, we prove the
necessary ‘truth conditions’ that show that in the context of exactly k of the literals in
p; being true (i.e. having ¢}’ on one side and ¢}, or ¢} accordingly on the other side
of a sequent), we are able to simulate p;.
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Both this translation and the threshold decisions themselves may seem notationally
heavy. However, the underlying idea is quite simple at the level of branching programs:
to obtain the NBP represented by A*, substitute each node labelled by P, in the NBP
represented by A, by the NBP represented by ¢7¢. This is better visualised in Section .

Figure 5.1: Visualising the _*-translation: the NBP represented by A* is obtained by
substituting 7 for p; in the NBP represented by A.

Since in what follows, we shall work with the set of extension axioms 7 u &F, we
must justify its well-foundedness:

Remark 5.4.3 (Well-foundedness of 7 U £*). Following on from Remark [5.3.2] well-
foundedness of T U &* follows from a suitable indexing of the extension variables the
union contains. For this, we assign ‘stages’ to each formula A* by &-induction on A,
using the notation of Remark

o pF 0k 1% € Iy,

o DFeTy.

o cke B, cF,if EF(e},... el ) € F,,, with index i (i.e., e} is e;).
e (AvBfeEF,if A* Bke F,,.

o (Ap;(Av B))F e F, if A* B¥e F,,.

o (Ap,(Av B))eT,, < F,y if A* B¥ € F,,.

Note in particular that stages can grow even for formulas free of e} since we may have
nested decisions on negated variables p;.

Once again, in terms of proof complexity, we will gloss over this subtlety and sim-
ply count the number of propositional and extension variable occurrences in a proof,
assuming that each variable can be equipped with a ‘small’ index.

We are now ready to define our intermediary systems.
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Definition 5.4.4. For k > 0, the system eLNDT} (P) is defined just like eLNDT™, but
includes additional initial sequents,

-l t-r (5.12)

and may only use the extension axioms 7 U &EF.

Lemma 5.4.5. There is an eLNDT,; (P) proof of T — A of size polynomial in |P].

Proof. We construct the required proof P* by replacing every formula occurrence A in
the eLNDT? proof P by A*. Note that all structural steps, identities and cuts remain
correct. An extension axiom for e; from & is just translated to the corresponding
extension axiom for e} from £*, and the initial sequents —-I and —-r from eLNDT™ are
translated to the two new initial sequents ¢-I and ¢-r, respectively, from [5.12] above. It
remains to simulate the logical steps.

The simulation of v steps is immediate, since the _F-translation commutes with v.
Similarly for positive decisions on p;. A left positive decision step on p;,

I A—A I.5,B— A
T, Ap,(A v B) — A

pi -l

will be simulated by the following derivation:

Proposition [5.3.3
Proposition (Ap,(Av B))* — Ak B+ Tk pk BE — A
cut
(Ap;(A v B))F — A* py T%, (Api(A v B))*,pi —> Ak, AF
cut
I* (Ap;(A v B))F — Ak Ak Ik Ak — AF

cut

I%, (Ap,(A v B))F — AF
A right positive decision rule on p;,

I —AAp T —AAB
T — A, Ap,(A v B)

+
p; T

will be simulated by the following derivation:

Proposition
T* — Ak AF BE F BF —> (Ap,(Av B))F
Ik — AF Ak Bk o Ik gk — Ak Ak (Ap,(A v B))k Proposition
IF — AR AR, (47, (4 v B AF = (ap,(A v B)}

ut
) Tk — AF (Ap,(A v B))t
]
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5.5 Putting it all together

We are now ready to assemble the proof for our main simulation result, Theorem [5.1.1]
Recall that we are still working with the fixed eLNDT? proof P of a positive sequent
I' — A from Section , over extension axioms & = {e; <> E;},,, and propositional
variables p = po, ..., pm_1. We continue to write p; for pg,...,0i—1,Pit1,--->Pm—1, i.€.
p with p; removed.

Proposition 5.5.1. For k > 0, there are polynomial size eLNDT™ proofs of,

pis by > tp (5.13)
ty — pi, tp’ (5.14)
over extension axioms T .
Proof. We derive [5.13| as follows:

tlfi, tgil — tifl‘ by Lemma [4.3.2

pity. —> P by 2 and cut
— 1y, by Lemma[3.1.9 and cut

We derive [5.14] as follows:

ty — " by Lemma [3.1.9

— ¢ t?" by Lemma [£.3.2]2 and cut
— pi,tyt by[@2and cut O

Lemma 5.5.2. For k = 0, there are polynomial size eLNDT™ proofs of,
7 N VANS

over extension axioms T U EF.

Proof. By Lemma we already have a polynomial-size proof eLNDT, (P) proof P*
of ' = A. Recalling the definition of eLNDT} (P) (Definition [5.4.4)), we may construe
P* as an eLNDT™ derivation of I' — A over extension axioms 7 U & from hypotheses:

— pi, t}! (5.16)

We obtain the required proof by adding ¢} to the LHS of each sequent and ¢, to
the RHS of each sequent in P*. Each local inference step remains correct, except that
applying some weakening steps may be required to ‘repair’ identity stepsH Finally we
replace occurrences of the hypotheses [5.15 and above by the proofs of and
[5.14] respectively from Proposition [5.5.1] ]

'An id step p — p in P* will become p,t} —> p,t},; which requires a w-l and a w-r to reach
(upwards) the desired id step p — p in the new eLNDT* proof.
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We are now ready to prove our main result, that eLNDT* polynomially simulates
eLNDT over positive sequents:

Proof of Theorem[5.1.1]. By Corollary [5.2.4] without loss of generality let P be an
eLNDT? proof of a positive sequent I' —> A over extension axioms £. By Lemma
we construct, for each k < m+1, polynomial-size proofs of t;, I' — A, ¢, over T UE",
and we simply ‘cut’ them all together as follows:

Proposition [3.1.6]] Lemma [5.5.2) Lemma[5.5.21  Proposition [3.1.6][3]
— P PT—>A®L . T AP L —
(m+2)cut
r—A

The resulting proof is an eLNDT™ proof of the required sequent, over extension axioms
TUE UELU---UE™TL Note that this set of extension axioms is indeed well-founded,
since each £ is only used in distinct subproofs. ]



Chapter 6

Prover-Adversary games for NBPs

Our goal in this chapter is to present Prover-Adversary games for the systems eLDT,
eLNDT similarly to how the Boolean formula game of Pudlak and Buss corresponds to
Frege [52]. While we work within the grammar for 0/1-eLNDT from Section [2.1.3]
we will mostly write eL(N)DT for simplicity, as stated in Remark [2.1.27]

The chapter starts with a preliminary section where the original games from [52]
are discussed and a more ‘general’ framework is introduced. In Sections and [6.3]
we set up the required technical tools for defining the respective sets of queries and
simple contradictions. Then, in Sections[6.4] [6.5) we define the games DB and NB for the
systems eLDT and eLNDT respectively and show that comparably to [52], proofs in these
systems can be translated to logarithmic depth strategies in the corresponding games
(see Theorem [6.5.1]). Section contains the main technical work of this chapter, our
non-uniform (partial) formalisation of the Immerman-Szelepcsényi theorem, coNL =
NL [37, 58]. Lastly, in Section we use intermediate translations to obtain the
converse of Theorem i.e. that from a strategy in DB, NB we can respectively
obtain an eLDT,eLNDT proof with exponential increase in the number of symbols as a
function of the depth of the strategy.

In what follows, we may write eL(N)DT, (N)BP etc. to mean we are ranging over
both deterministic and non-deterministic setting and whatever differences in the treat-
ment of each shall be properly discussed when necessary.

6.1 Preliminaries

6.1.1 Prover-Adversary Games

Prover-Adversary games are a well known class of games inspired by lower bound
techniques in complexity theory (adversary arguments) and certain game-theoretical
characterizations of circuit complexity measures [51],[64]. The typical version was first
formally presented in work by Pudldk and Buss [52]. One of the main reasons they
introduce these games is to try prove lower bounds for Frege systems and their restricted
versions by investigating the relation of the number of rounds in the game to the number
of steps in Frege proofs. They showed that the minimal number of rounds in a ‘winning
Prover-strategy’ is proportional to the logarithm of the minimal number of steps in a
Frege proof.

66
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The game from [52] admits Boolean formulas over the basis B = {A,v,—} as
queries and involves two players, the Prover and the Adversary. Prover’s goal is to
prove a formula ® and the aim of Adversary is to pretend (for as long as possible) there
exists an assignment of variables so that ® is false. The game starts with Prover asking
a formula ® and Adversary answering 0. They then alternate turns, Prover asking other
formulas and the Adversary assigning values to them, 1 as true and 0 as false. A simple
contradiction bespoke to B, means that the Adversary gave answers contradicting the
truth table for some connective ¢ € B. For example, in case the Adversary answered
both ¢ and ¢ by 1 (true) but ¢; A ¢ by 0 (false). For ¢ a query we write ¢ — 0 if
the Adversary has answered 0 to ¢ and ¢ — 1 if 1.

A binary tree is called almost full if all non-leaf nodes have two outgoing edges
besides the root which has only one. A Prover-strategy for ® can be visualized as
an ordered, almost full binary tree rooted at ®. Its nodes are the queries of the Prover
and edges are possible answers of the Adversary. The only edge coming out of the root
® is labeled by 0. All other non-leaf nodes have two outgoing edges, one labeled by 0
and the other by 1, corresponding to the possible answers the Adversary can give. A
possible play in a Prover-strategy is a branch of the tree starting at the root. The size
of a particular (finite) play is the number of rounds in it i.e. number of nodes in that
branch. The depth of a strategy is naturally the depth of its corresponding binary tree
(which may be infinite).

The game is won by the Prover if there is a simple contradiction in the statements
of the Adversary. Else, because of the determinacy of the game, Adversary wins. A
winning Prover-strategy is a finite strategy whose plays lead to leaves that are simple
contradictions.

Remark 6.1.1. There is a winning Prover-strategy for @ if and only if ® is a tautology.

In general, if the queries of the game are over a functionally complete basis of con-
nectives, the above remark allows viewing the Prover-Adversary game as a propositional
proof system and strategies as proofs. With that in mind the authors continue to show:

Proposition 6.1.2 ([52]). The Prover-Adversary game is a complete (and sound) proof
system.

Proof sketch. Completeness: Assume ® is a tautology over B. Starting from the
immediate subformulas of @, all the Prover has to do is to ask progressively less complex
subformulas of ® until eventually for some connective ¢ € B, the values assigned to A¢B,
A, B contradict the truth table of ©. We know ®’s truth table has its rightmost column
populated only by 1’s and Adversary has answered ® with 0. Hence, by the time all
the data to complete the truth table of ® has been gathered, there must have been a
simple contradiction in the statements of Adversary.

Soundness: We will use contrapositive reasoning. If ® is not a tautology it means
there is a falsifying assignment « for ®. All the Adversary has to do is answer all queries

according to o and a simple contradiction cannot be reached.
O

Example 6.1.3. A winning strategy for the formula ——(Q v —Q):
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S.C.—™ S.C.V

N/
\/1
N

S.C b v P
—(® v —P)
‘O
—(® v —P)

Figure 6.1: Leaves are simple contradictions (s.c.) w.r.t. the noted connective.

The authors of [52] proceed to establish a correspondence between Prover-Adversary
games and well known proof systems. For example, winning Prover-strategies in the
typical game, correspond to LK proofs with cut as the only rule besides the leaves which
will be proofs of simple contradictions with a constant number of steps.

Under this correspondence between winning strategies and proofs, a careful survey
on the relation between the minimal size of a possible play in a winning strategy and
the respective proofs results in:

Proposition 6.1.4 ([52]). The minimal number of rounds in the game needed to prove
a formula ® is proportional to the logarithm of the minimal number of steps in a Frege

proof of ®.

In other words, given a Frege proof ¢4, ..., ¢r, a winning Prover-strategy for ¢, such
that any possible play is of at most O(log k) rounds can be constructed and vice versa.
Given a winning Prover-strategy for ®, the proof constructed from it will be tree like.
By Proposition one can then obtain:

Corollary 6.1.5 ([41]). A Frege proof can be transformed into a tree-like Frege proof
with at most polynomial increase in size.

It was observed that restrictions on the form of the queries can impose restrictions
on the formulas in the respective proof. For example, in the typical game, allowing only
queries of bounded depth corresponds to bounded depth LK proofs.

Another restriction they think interesting is queries to be monotone formulas i.e.
only using A, v connectives. Monotone formulas were considered due to results in
circuit complexity. In [53, [64], Razborov restricted circuits computing clique functions
to be monotone and proved Superpolynomialﬂ lower bounds on their size while circuits
using negation had only linear lower bounds on size. As a parallel to that, in [52]

'Multiple papers have since improved these to exponential lower bounds, [6] 5, [35]
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they question if restricting queries in the typical game to be monotone, corresponds
to MLK proofs (monotone fragment of LK) and whether they could be used to show
polynomial simulation of LK by MLK. We note that the relationship of negation-free
games and MLK was unclear at the time and the result: MLK polynomially simulates
LK on monotone sequents, was yet to be proven, for more see Section [1.1}

6.1.2 Abstract Pudlak-Buss games

This section formalises a more general version of Pudldk and Buss’ games with arbitrary
queries and simple contradiction sets. In this manner both Pudldk and Buss’ original
presentation for Boolean formulas and the games of this work may be admitted in the
same abstract framework.

Definition 6.1.6. A game G is a pair (Q,C) where Q is a set of queries and C is
a set of (simple) contradictions. A simple contradiction C' € C is a (finite) set of
assignments to queries: expressions of the form ) — 0 or Q — 1 for Q) € Q. The size
of a query is the number of connectives in it (bespoke to the grammar used to define
the query). The depth of query is the maximum number of nested connectives in it.

Gameplay: The game involves two players, Prover and Adversary. A state or spec-
ification S is a (finite) set of assignments to queries ) € Q and the game initializes at
a state I. A play from I proceeds with a sequence of rounds. In each round Prover
first asks a query () and then Adversary answers with an assignment () — 0 or ) — 1.

Winning (for Prover). Over the course of a play from / we construct the set S 2 I
extending I by all the assignments made by Adversary. If at some point of the game
there is a simple contradiction C' in C and C' < S, the game ends and Prover wins?

Remark 6.1.7 (Winning for Adversary). An interesting consideration is whether and
how it makes sense for the Adversary to win. While out of the scope of this work, we
include a definition for completeness sake: Adversary wins if and only if Prover does
not, i.e. the play does not end but rather continues forever with the set of responses
never containing a simple contradiction.

Definition 6.1.8. Strategies (for Prover). A Prover-strategy from S is a rooted
almost full binary tree T such that:

e Each internal node of T is labelled by a query;

e The root node has one outgoing edge labelled by 0. Each internal node of T" has
exactly two outgoing edges, labelled respectively by 0 and 1;

e The leaves of T" are labelled by simple contradictions each of whose elements are

assignments to queries matching the labels of nodes and edges in the path to the
leaf.

2Hence, starting at a state I that contains a contradiction C € C means the game finishes immedi-
ately with Prover winning.
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If every maximal path of T is finite, i.e. ends at a leaf, then T" is a winning Prover-
strategy.

Remark 6.1.9 (Winning every play). Observe that the notion of ‘winning strategy’ for
Prover above is consistent with how we defined ‘winning play’ for Prover and Adversary:
Prover wins if (after finitely many rounds) some simple contradiction C' is found in the
set of assignments to queries given by the Adversary. In contrast, Adversary wins
just if the play never ends. That winning Prover-strategies are required to be finite
is essentially justified by contraposition on (weak) Konig’s Lemma: if Prover wins on
every play of a strategy 7', then every play is finite, which means 7T is itself finite since
it is a binary tree.

Over the course of this work we shall (almost always) only concern ourselves with
finite (thus winning) Prover-strategies. On the same note, while strategies for Adversary
may be defined as (countably branching) trees in a standard way, we shall not concern
ourselves with them. Hence, when we say ”winning strategy” we leave it implicit that
it is a finite Prover strategy.

Games as proof systems

Our games can be seen as proof systems by construing winning strategies as proofs.
Formally, given a game G, a winning strategy from S is a G-proof of the sequent
' = A where:

e I'={Q:Q—1€eS5}
e A={Q:Q—0¢S)
A G-proof of a query @ is just a G-winning strategy from the state {Q — 0}.

It is implicit here, in light of the Cook-Reckhow definition of propositional proof
system, that the sets @ and C we consider throughout this work will be polynomial-
time decidable.

Example 6.1.10 (Boolean formula game). We can now view the original game pre-
sented by Pudlak and Buss’ in[52] in light of our more general definition. They presented
a game B = (Q,C) with Q the set of Boolean formulas, and C the set of assignments
inconsistent with a row of the truth table of some connective, i.e. all sets of the form:

o {Q— b,—Q — b} for be {0,1}.

¢ (P b Rc,PvQed forbede {0,1} with d # max(b, ).

e {P—bR—c,PAQw—d} forbcde{0,1} with d # min(b, c).

What Pudldk and Buss showed in Proposition [52] can be slightly rephrased

to fit the abstract framework: for a Boolean formula (), there is a winning strategy
from initial state I = {@ — 0} of height O(log N) if and only if @ has a Frege proof of
O(N)-many steps. This immediately reduces the completeness of the game B, as a proof
system, to that of Frege and also establishes a strong form of polynomial equivalence
between the two systems. In this way we say that B corresponds to the Frege system.
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6.2 ‘Similar’ representations of branching programs

It is our intention to define Prover-Adversary games that reason about (N)BPs in the
same way the original game from [52] reasons about Boolean formulas. We repre-
sent (N)BPs by e(N)DT formulas which use extension to express the underlying dag
structure of (N)BPs. Hence, it is important that we address the matter of equivalent
representations of (N)BPs by syntactically different e(N)DT formulas. For example one
could use different ‘names’ for the extension variables but define isomorphic sets of ex-
tension axioms so that they represent the same (N)BP. This problem is particular to our
setting and it did not occur in the original work by Pudlédk and Buss, [52] where queries
are Boolean formulas. This can be seen by representing Boolean formulas graphically:
they are binary trees and exhibit no dag-like behavior thus requiring no extension.

The games we will define are bootstrapped with native ‘winning conditions’ that is a
notion of equivalence, namely simulation of transition systems (refer to [10]) specialised
to our syntax| It is in this way that we can see our games as operating directly on
(N)BPs rather than their representations, equating branching programs simulating each
other.

A straightforward way to decide whether two (N)BPs are bisimilar is equality of their
unfolding as decision trees. While deterministic and non-deterministic BPs require
different treatments (which we will examine soon) the following definition applies to
general eNDT formulas.

Definition 6.2.1 (Unfolding). For an eNDT formula A over a set of extension axioms
& = {ei <> Ei(e;)j<i}icn we define the eNDT formula Unfg¢(A) by :

e Unfe(0) =0, Unfg(l) = 1.

e Unfe(A v B) =Unfg(A) v Unfe(B).
e Unfe(ApB) = Unfe(A)pUnfe(B).

e Unfe(e;) = Unfe(E;) for all i < n.

Remark 6.2.2. Restricting the above to be v-free i.e. only on eDT formulas, makes
the notion of unfolding canonical: there is only one way for a deterministic BP to be
unfolded into a deterministic decision tree. On the contrary, the presence of disjunction
allows unfolding an NBP into a non-deterministic decision tree using different brack-
etings of v under associativity and commutativity. We demonstrate this in Figure [6.2
where an NBP can be represented by either of the eNDT formulas: 1p(1v 0), 1p(0v 1).
There are further important distinctions between the deterministic and non-deterministic
setting: for BPs , equality of the unfolding of their respective eDT formulas implies
bisimilation and vice versa. On the contrary, two eNDT formulas representing NBPs
could ‘unfold’ into different trees while they are still accepting and rejecting on the same
assignments. That is because of the existential nature of non-determinism we consider.
Hence, a more general definition is necessary to capture the idea of equivalence we want
to include in our sets of simple contradictions:

3Intuitively, (N)BP G will simulate (N)BP F if every child-node of the root node of F is simulated
by a child-node of the root node of G and so on. A sink node labelled by a Boolean b simulates a sink
node labelled by &' if and only if b = b’
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p p p
1 0 1 0 0 1

Ip(1 v 0) 1p(0 v 1)

1 1

Figure 6.2: Under associativity and commutativity of v an NBP may be unfolded into
a non-deterministic decision tree in multiple ways.

Definition 6.2.3 (Simulation). Let £ = {e; <> E;};~, be a set of extension axioms.
We define the judgement A Z¢ B, ‘A £-simulates B’, by:

AzeCy AzeC1 Az E; Ajze B Eize B Az¢C BzeD
AZgA AZgCovCl Adei Ao\/AlZgB €iZgB ApBZngD

where j is either 0 or 1 and A 2¢ B means that the (N)BP represented by A (wrt &)
simulates the (N)BP represented by B (wrt &), as transition systems. With the above
in mind, we plan to include simple contradictions of the form: [B — 1, A — 0] for
A = B in our games.

In the following, we establish the connection between our notions of simulation for
formulas A, B with the proof theoretic notion A <> B and elaborate further on the
differences between the deterministic vs non-deterministic setting.

Deterministic branching programs

In the deterministic setting simulation between BPs is fairly simple. It reduces to
equivalence between BPs with the same unfolding as decision trees.

Proposition 6.2.4. Let A, B be eDT formulas over a v-free set of extension axioms
E. Aze B ifand only if B 2¢ A if and only if Unfe(A) = Unfe(B).

Proof. Tt is enough to show A 2¢ B if and only if Unf¢(A) = Unfg(B). Both directions
follow by £ induction on A and B as needed. We only present the = direction according
to Definition [6.2.3, ignoring disjunction cases.

e if A, B e {0,1} the result is obvious since it must be A = B.

o for A 2 e; we use Unfe(e;) = Unfe(F;) and Unfe(E;) = Unfg(A) by inductive
hypothesis.

e fore; ¢ CqD we use Unfe(e;) = Unfe(FE;) = Unfe(CqD) by inductive hypothesis.

e for ApB Z¢ CpD, by inductive hypothesis we have: Unfg(A) = Unfg(C) and
Unfg(B) = Unfg(D). Then, Unfe(ApB) = Unfe(A)pUnte(B) = Unfe(C)pUnte(D)
= Unf¢(CpD). O

Note that for general eNDT formulas A, B over £, only one direction from Proposi-
tion holds, namely: if Unfg(A) = Unfg(B) then A 2¢ B and B 2¢ A.
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Proposition 6.2.5 (Cost of Unfolding). If A, B are two e(N)DT formulas over a set
of extension axioms € = {e; <> E;(e;)j<i}i<n and Unfg(A) = Unfe(B) then there are
polynomial size (on |A|,|B|,|E]) eL(N)DT proofs of the sequents A—> B and B —> A
with hypotheses from &.

Proof. We start by observing that for two eL(N)DT formulas A, B if Unf¢(A) = Unf¢(B)
then either at least one of them is an extension variable or otherwise, they share their
outermost connective. For example, if A = CpD then B would be of the form GpF
which would in turn require Unf(C) = Unf(G) and Unf(D) = Unf(F). To prove the
result, it is enough to construct (dag-like) proofs for the sequent A — B by E-induction
on A and B simultaneously.

e Regarding constants, the only cases are when A, B are both 0 or 1:

o If A= B =0 then we have:

o If A= B =1 then we have:

1

_)1

w-l
1—1

o If A = ¢; for some ¢ < n, then we extend the proof obtained by the inductive

hypothesis as follows,
IH

£

cut
e, —> B

o If B = ¢; for some ¢ < n, the proof is extended in a similar manner to the above,

e If A=Cv D, B=GvF and Unf(C) = Unf(G),Unf(D) = Unf(F) then we
extend the proof obtained by the inductive hypothesis as follows,

IH IH

C—G D—F
“"c—=GaF " D—>aGF
v CvD—G F

V_TC'vD—>GvF

o If A=CpD, B = GpF and Unf(C) = Unf(G),Unf (D) = Unf(F') then we extend
the proof obtained by the inductive hypothesis as follows:

IH . . IH
C—>G Idp—>p Idp—>p D—F
oGy ey —prF " D—>Gp “pD—F
- C — GpF,p - p, D — GpF

p-l
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Where subderivations /H are obtained by the inductive hypothesis, and premises marked
by & are extension axioms from &. ]

Remark 6.2.6. It is important to note that in the case where a sequent appears
multiple times in the proof, we could end up with an exponential explosion in size.
Like previously, we treat this by considering only the number of symbols appearing in
distinct sequents in the proof, making our proofs dag-like.

Corollary 6.2.7 (Simulation in eLDT). Let A, B be eDT formulas over a v-free set
of extension axioms &£. If A Z¢ B, then there are polynomial size eLDT proofs of the
sequents A <> B.

Proof. Since A, B are eDT formulas over £ which is v-free, the result follows by Propo-
sition [6.2.5] and Proposition [6.2.4] O

Non-deterministic branching programs

NBPs can simulate each other in the sense of Definition but without having the
same unfolding as decision trees i.e. we may have A Z¢ B but Unfg(A) # Unfe(B).
Furthermore it may be that A =¢ B but not B ZgAEI For example, consider the graphs

in Figures [6.3] and [6.4]

B

A
NN N

Figure 6.3: In the above, A Z¢ B but not B=¢A

oo
NN \ x ( N

Figure 6.4: In the above, A 2¢ B and BZ¢A but Unfg(A) # Unfe(B)

A; 2 B

4In particular this happens due to the rule: ——————
Agv AL =2 B
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Thus, we need a non-deterministic analogue to Corollary for eNDT formulas:

Proposition 6.2.8 (Simulation in eLNDT). Let £ be a set of eNDT extension axioms
and suppose A Z¢ B. Then, we can construct polynomial-size eLNDT proofs of B —> A
over £.

Proof. We proceed by £-induction according to the definition of simulation. The proof
is similar to that of Proposition hence we omit most details.

e if be {0,1}, for b 2¢ b the corresponding proofs have constant size.

o for A 2 C'v D we just use a v-left step from derivations of C' — A and D — A
obtained by inductive hypothesis.

o for A ¢ e; we cut the extension axiom e; — E; against a derivation of E; — A
obtained by the inductive hypothesis.

o for Ag v A; 2¢ CqD we apply a weakening and v-right step to the derivation of
CqD z¢ A; obtained by the inductive hypothesis.

o for ¢; =¢ CqD we cut the extension axiom FE; — e; against the derivation of
CqD — E; obtained by the inductive hypothesis.

o for ApB Z¢ CpD we construct a derivation just like the one from Proposi-
tion [0.2.5¢

IH IH
- id -
C—A p—>p p—>p D—B

-y ————— W-rw-l ——mm8M—  w-l,w-r w-[
C—Ap C,p—p,B p,D— A p p,D—>B
pr p-r

C — ApB,p p, D — ApB
-l
CpD — ApB

Wi

p

where the subderivations IH are obtained by the inductive hypothesis. ]

6.3 Boolean combinations and negating NBPs

The next matter we must address is to some extent a design choice. To prove equivalence
of our games and eL(N)DT, first recall from Section that games are essentially tree-
like versions of the inference system they correspond to, so we shall need to prove
some sort of closure under Boolean combinations, as in [41]. There, they work with
a specifically formulated grammar for LK for technical reasons. The main feature of
this grammar is admitting ‘big’ disjunctions \/ and conjunctions /\ of unbounded arity
and boolean combinations of thereoffl The reason we will need a similar convention
(adjusted for our connectives) comes from a technique used in showing polynomial
equivalence between LK and tree-LK (generally, polynomially simulating a dag-structure
by a tree-structure)

5Regardless of these differences this formulation of LK is polynomially equivalent to the usual LK
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Briefly explained, for an eL(N)DT proof P with conclusion I' — A, we construe
each line of P as a single query in the corresponding game. For a sequent I'; — A,
this involves defining the conjunction of all formulas in T';, AT}, the disjunction of
all formulas in A;, \/ A; and then considering the implication AT; o \/ A;. Under
De Morgan duality, this can be rewritten as — A T; v \/ A;. We then find a strategy
for = AT v \/ A by applying a divide-and-conquer method on conjunctions of lines
in P. This way, from a proof of N steps, we can construct a corresponding winning
Prover-strategy of at most O(log V) rounds whose queries are boolean combinations of
e(N)DT formulas.

Doing the converse i.e. translating strategies in Prover-Adversary games to eL(N)DT
proofs crucially requires defining negation of (N)BPs. This is not hard for the system
eLDT, mostly because the negation of a deterministic BP G is trivial: it is the same BP
but with all its leaves flipped (0 to 1 and 1 to 0). For eLNDT, due to non-determinism,
finding the negation of a formula A is much more involved, in particular requiring the
formalisation of a (nonuniform) version of the Immerman-Szelepcsényi Theorem: NL =
coNL. This could be carried out either within a game system or within an inference
system. However, doing so within games requires us to again be resource conscious of
the number of rounds, which must be logarithmic. It is not clear (to us) that this can
be duly carried out without further bootstrapping. Coupled with our intention that an
appropriate game system should serve as a feature-rich way of reasoning about eL(N)DT,
we choose to expand the queries of our game to be as expressive as possible, closing
them under Boolean combinations. This has the effect of simplifying the translation
from eL(N)DT-proofs to strategies, but rendering the converse more cumbersome.

Definition 6.3.1 (Boolean combinations). We write P, @, R for Boolean combina-
tions of ¢(N)DT formulas (Bool(e(N)DT)-formulas), generated by:

PQR,... == A| Q| (QvR)| (QrR)

where A is an eNDT formula. We use other Boolean connectives to denote their usual
abbreviations, for example P > Q) := —P v Q.

The intended semantics of this extended class of formulas is again parametrised by
a set of extension axioms in order to interpret the extension variables in an e(N)DT-
subformula. Note that the syntax here is ‘two-tiered’: Boolean connectives may not
alternate with decisions and extensions (except v in the case of Bool(eNDT)-formulas).
For example our grammar does not admit decisions of the form (Py v P;)q(Ry v Ry) for
P;, R; Bool(e(N)DT)-formulas. This is reflected by the use of different metavariables
(P,Q, R etc.) for Boolean combinations of branching programs. Later we consider
intermediate systems that extend eL(N)DT by (positive) Boolean combinations, inter-
polating the translation from strategies to eL(N)DT.

6.4 Games for (non-deterministic) branching pro-
grams

We briefly recall some of the material presented in Section [6.1.2 A game is given by
a set Q of queries and a set C of (simple) contradictions which are sets of Boolean
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assignments to queries. A state is a finite set of assignments to queries which we usually
denote by S and a strategy is binary tree whose inner nodes are labelled by queries and
leaves are simple contradictions. We usually denote a strategy by 7. The mechanics
of the Prover-Adversary game are defined as follows: the game initialises at a state I,
then Prover asks queries, and Adversary assigns them a value, 0 or 1. During the game
additional assignments (Adversary’s answers) are added to I extending it to a state S.
If during a play the set S of accumulated assignments contains a simple contradiction
then Prover winsff] A strategy (for Prover) from S is represented as an almost full
binary tree in the natural way. Furthermore, by viewing games as proof systems, we
call a winning strategy from state {A; — 1,..., A, — 1,B; — 0,..., B, — 0} a proof
of the sequent Ay,..., A, — Bi,...,B,.
Let us now present our games corresponding to the system eL(N)DT:

Definition 6.4.1. [(N)BP games] The game NB (wrt £ = {e; <> E;};-,) is defined in
the following way:

e Queries are Bool(eNDT)-formulas.
e Simple contradictions consist of just:

— Decisions: {Ag — by, A1 — by, p — i, AgpA; — ¢ : ¢ # b;} for by, by,i,c €
{0,1}.

— Boolean connectives: all sets contradicting the row of a truth table for
=, V, AL

— Contradictions for extension: {e; — b, E; — 1 — b}, for b e {0, 1}.

— Contradictions for similarity: {A — 0,B — 1: A 2¢ B}

The game DB (wrt &) is defined the same way, only wrt Bool(eDT) instead of Bool(eNDT).

6.5 From proofs to strategies

This section focuses on proving the following result:

Theorem 6.5.1. IfeL(N)DT has a proof of N-many steps for a sequent I' —> A, there
is a O(log N)-round winning strategy for I' — A in NB (or DB, resp.).

Thanks to the Boolean combinations we just defined, this direction of the corre-
spondence between NB and eLNDT , follows by essentially the same proof structure as
Pudldk and Buss in [52]. The idea, as explained before, is similar to the translation
of dag-like Frege proofs into tree-form [41]: each line is construed as a single query
by Boolean combinations, and the winning strategy searches for the first false sequent
by a divide-and-conquer search on conjunctions of lines. This process will eventually
contradict the soundness of some rule, which is again won in logarithmically many
rounds.

For the rest of this subsection we fix a set of extension axioms & over which all
proofs and strategies are formulated. We also may state definitions and results without
specifying the system eLDT or eLNDT since the exposition works for both.

6Tn this work, we do not concern ourselves with situations where Adversary wins.
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Long combinations: forcing and finding

For a list of formulas I' we write /\ T for the conjunction of its formulas bracketed as a
(nearly) balanced binary tree. Formally, if I' = Ay, ..., A (and k > 2) then:

[k/2] k
/\F = /\ Ai AN /\ Ai
i=1 i=|k/2]+1

Similarly for long disjunctions, \/ I'. For the sake of legibility, we shall almost always
assume that such lists have length a power of 2, e.g. by repeating elements, at the cost
of at most doubling the length.

When describing strategies, we shall use some suggestive terminology:

e “force () — b (or win) from S in r rounds” is a (partial) strategy initialised at
state S of depth < r where each leaf is either a simple contradiction or it has
incoming edge labelled ) — b;

e “find o € T (or win) from S in r rounds” is a (partial) strategy initialised at state
S of depth < r where each leaf is either a simple contradiction or it has incoming
edge labelled according to some assignment « in 7'.

We almost always omit ‘or win’ when using these phrases. We shall often expand out
‘ac € T" according to the context, e.g. saying ‘find ) € I' with Q) — b’.
For instance, from {Qy v @1 — 1} we can find Q); — 1 in constantly many rounds

by:
e ask (o; if Qg — 1 we are done; else,
e ask (Q1; if 1 — 1 we are done; else,
e we have a simple contradiction {Qy v Q1 — 1,Q — 0,Q7 — 0}.
Also from {@ > R — 0} we can force @) — 1 and R — 0 in constantly many rounds:
e ask () and R; if both @ — 1 and R — 0 we are done; else,

e recalling that ) o R := —Q v R, if R — 1 we have a simple contradiction against
Q o R — 0; else,

e we have Q — 0, so ask —Q;

— if =@} — 1 we have a simple contradiction against () > R — 0; else,

— if =@} — 0 we have a simple contradiction against @) — 0.

The above two examples have corresponding strategies given in Figure [6.5}
A more interesting and useful example is:

Proposition 6.5.2. Let T be a list of queries of length n. From {\T — b} we can:
e (b=0) find AeT such that A— 0 in O(logn) rounds.
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S.C. — S.C. V

S.C. V : &ﬂQ/l S.C. v : S.C. V
N DN
V£ N
+ +

{Qov Q1 —1} {-Q v R~ 0}

7

Figure 6.5: Simple strategies. Leaves labelled by “ . ” indicate we successfully forced
a desirable answer by the Adversary on the respective branch.

e (b=1) force A— 1 for any A€l in O(logn) rounds.
Dually from {\/T' — b}, we can:

o (b=1) find A€l such that A— 1 in O(logn) rounds.

e (b=0) force A— 0 for any AeT in O(logn) rounds.

Proof. We will only prove the first two bullet points. The proof proceeds by divide-and-
conquer induction on n. Note that when n = 0,1 we are done in a constant number of
steps. Otherwise let 'y and I'; be the first and second halves of I', respectively.

For the case b = 0:

e ask A\ Toand ATy;

o if ANT'g+— 0 find A ey with A+ 0, by inductive hypothesis; else,
e if ATy — 0 find AeT'; with A — 0, by inductive hypothesis; else,
e we have a simple contradiction { ATy — 1, AT1 — 1, AT — 0}.
For the case b = 1 and w.l.o.g. let A e I'y:

e ask A [g;

e if ATy+— 1 force A+ 1 by inductive hypothesis; else,

e ask AT'; any response b; yields a simple contradiction including { ATy —
0,/\P1 — bl/\F > 1}
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The respective strategies are the following where IH indicates ‘Induction Hypothe-

sis’:
s.c. A s.c. A s.c. A

NN

AT AT1 IH

IH
o o
ATo ATo
| |

{AT — 0} AT =1}

Querying inferences

Before polynomially simulating eLNDT, let us first state a relatively simple consequence
of the earlier forcing and finding strategies, similar to what appears in [52]:

Lemma 6.5.3 (Local soundness). Fiz an inference step:

I A T'e— A,
r r— A

where all I', A, T';, A; have length < n. Consider the following notation:
o L:= AT and L; := \T};
e R:=\/A and R, :=\/ A;;
e Q:=L>Rand Q; :=L; o R;;

forv=1,2.
From {Q — 0,Q1 — 1,Qy — 1} there is a strategy winning in O(logn) rounds.

Proof sketch. The proof is relatively simple and proceeds by case analysis on r. We
present some representative cases, the rest follow accordingly.

From @ — 0 force L — 1 and R — 0 in (three) constant number of steps just like
in Figure|6.5

Suppose r is an initial rule i.e. a 0-step a 1-step or an identity step. The premises
of this rule are empty and either a simple contradiction is immediate or we obtain one
by similarity from Definition [6.4.1} In the case it is an extension step, it will have only
one premise: a hypothesis from £. Then, we will again obtain a simple contradiction
by similarity from Definition [6.4.1]

Otherwise, if r has two premises, for ¢ = 1,2 find either A; € I'; for which we can
force A; — 0 or find B; € A; with B; — 1 in O(logn) rounds. If any such A; occurs in
I or B; occurs in A, then we can obtain a simple contradiction by forcing A; — 1 or
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B; — 0 respectively since we have forced L — 1, R — 0. Else, we either found A; — 0
and A; ¢ I' or B; — 1 and B; ¢ A. Let us check the case for decision left:

rA—Ap I''pB— A
I' ApB — A

p-l

The scenarios to consider are for Ay = A or By = p and Ay € {p, B}. If we forced
By — 1 and Ay — 0 for Ay = p, we obtain a simple contradiction by similarity. Else,
for the three following cases: By — 1 and Ay — 0 for Ay = B, or A; — 0 and Ay — 0
for Ay = B, or A; — 0 and Ay — 0 for Ay, = p we obtain a simple contradiction for
decision since we can force ApB — 1.

]

Referring to Proposition [6.5.2] let us note that the proof of the first bullet point i.e.
the ‘finding’ strategy, actually establishes more than stated;

Proposition 6.5.4. From {/\ A — O} we can find the least A; with A; — 0 in
i<k

O(logk) rounds, i.e. such that, for any j < i, we can force A; — 1 after an extra

O(log k) rounds.

We are now ready to prove the main result of this subsection.

Proof of Theorem[6.5.1 Fix a (dag-like) eL(N)DT-proof 7 : (I = A,;)i<n. For i < n

we write:

o L,:= AT}
o I3 ::/\Ai;
e ;:=L;, DR,
° Q' izj/\qu

We first construct a winning strategy from {Q"! — 0} as follows:
e find least Q; such that Q; — 0 by Proposition [6.5.4}

e if I', — A, is the conclusion of an inference step with premisses (among) I'; — A;
and I'y — Ay, then we have j,k < i so we can force ); — 1 and @ — 1 by
leastness;

e we can now reach a simple contradiction in logarithmically many rounds by

Lemma [6.5.3]
Now, from {A—1:Ael, 1} u{B—0:Be A, 1} we have a winning strategy:
e ask Q"1 if {Q"! — 0} proceed as above; else,

e Q" ! — 1 so force Q,_; — 1 and find either some A € T',_; with A — 0 or
B € A,_1 with B — 1; either way we have a simple contradiction against the
initial state. [
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6.6 Non-uniform version of Immerman-Szelepcsényi

We aim to provide a translation from DB, NB strategies to eL(N)DT proofs for which we
require simulation of negation of (N)BPs. This, while simple for the deterministic case
(flipping values of leaves of BPs), it is much more involved for NBPs. In this section
we will define and develop the necessary tools for our setting i.e. the system eLNDT, to
present a non-uniform (partial) formalisation of the Immerman-Szelepcsényi theorem,
coNL = NL, that suffices for simulating non-deterministic negation of eNDT formulas.
There are two main differences in our result: first, the inductive counting within the
original proof [37, 58] is devolved to the level of eLNDT proofs simplifying the overall
argument. Second, our formalization of the Immerman-Szelepcsényi theorem is partial
in the sense that we present explicit constructions that (only) simulate the negation of
a non-deterministic branching program under the condition that exactly k formulas of
a given list are true. Hence, given an eNDT formula, we do not provide a single eNDT
formula computing its negation.

6.6.1 Working with positive decisions

It will be convenient in our construction to ‘stitch’ together branching programs using
positive decisions i.e. decisions of the form Ap(A v B), introduced in Section [2.2.3] We
recall that this imposed restriction on decisions induces what we called positive (non-
deterministic) branching programs (PBPs): NBPs where, for every 0-edge, there is a
parallel 1-edge.

In what follows, we shall ‘bootstrap’ our language with the capacity to make (cer-
tain) positive decisions on compler formulas (over a fixed set of extension variables),
and even recursively so. Until now however, the syntax of our systems only permits
decisions on literals and more specifically the grammars for m-eLNDT,0/1-eLNDT only
allow forming decisions on non-negated literals. In any case, let us informally assume
that for eNDT formulas A, B, C' we could express both ABC and AB(A v C) as eNDT
formulas over some appropriate set of extension axioms. A good way to visualise ABC'
is to consider the NBP consisted of A, B,C' such that all O-sinks of B are connected
to the root of A and all 1-sinks of B connect to the root of C'. Similarly, one could
visualise AB(A v C) as the NBP where all the 0-sinks of B connect to the root of A
and each 1-sink of B is copied with one copy connecting to the root of A and the other
to the root of C. Note that AB(A v C) it would compute exactly ‘if B then A v C else
A’. On the contrary, due to non-determinism general decisions are not as ‘well behaved’
i.e. if we could express ABC' as an eNDT formula, it would not correctly compute ‘if B
then C' else A’. As a counterexample consider the case where for some assignment of
variables a path in B evaluates to 1 but there is also a path to 0, C' evaluates to 0 and
A evaluates to 1. It follows that ABC' evaluates (wrongly) to 1. To avoid situations
like the above we will restrict ourselves to a semi-positive setting in this section: in
what follows we are in eLNDT but all decisions we define on complex formulas will be
positive.

More formally:

Definition 6.6.1 (Complex positive decisions). Let €& = {e; <> E;};-,, be a set of
extension axioms. For a finite list of formulas B over £ and any B € B, we inductively
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generate extension variables AB(A v C) for each formula A and C E] We define &5 to
extend &€ by all extension axioms of the form:

AO(Av C) <> A
AL(AV C) < AvC

Aei(Av C) <> AE;(Av O) A(BypB1)(A v C) <> (ABy(A v C)p(AB(A v ()

The notation we have used is intentionally suggestive under interpretation by &,
perhaps at the danger of ambiguity: we insist, for foundational reasons, that AB(Av C)
are not complex formulas, but rather bona fide extension variables.

A result for the appropriate ‘truth conditions’ may be established by £-induction:

Lemma 6.6.2 (Truth for complex positive decisions). Fiz a set of extension axioms
E and formula B over only those extension variables. There are polynomial size proofs
over Eg of:

AB(Av(C) — A B A — AB(Av ()

AB(Av(C) — AC B,C — AB(Av ()

Proof. The argument is standard &£-induction on B. We will only present proofs for
B,C — AB(A v C) as the other sequents follow in a similar fashion.

Base cases for B = 0, B = 1 are a 0-step and an identity step with weakening steps:
0— c—C
w-l,w-r ——— w-l,w

0,C — B "1,c—>AC

Induction step: The case where B = D v F with D, E eNDT formulas over £ is as
follows :

IH IH
D,C— AD(Av (C) E,C— AE(Av ()
D VE,C— AD(Av C),AE(Av C)
DvEC—ADvVE)AvC)
The case where B = DpE with D, E eNDT formulas over & is as follows:

E,v-r

IH p > p P > p IH

A(Bov B1)(Av C) <> (ABy(Av C)) v (ABi(Av ()

C,D > p,p, AD(A v C)

w  w-l,w-r w-1,w-

C,D = p, A(DpE)(A v C) ’ C,p,E —> A(DpE)(A v C)
DpE,C —> A(DpE)(A v O)

p-1

In the case that B is an extension variable e; such that e; <> E; is an extension
axiom, we call the inductive hypothesis for AE;(A v C). O

Remark 6.6.3. We may instantiate the above result to define connectives/formulas
we are interested in but are not natively available to our setting. Take conjunction A

"This is a closure property: we also have extension variables of the form AB(A v (CB'(C v D)))
and so on. Note that both B and B’ must be over the original set of extension axioms {e;};<, to
ensure well-foundedness.

, -1
C,D,p — p,AE(Av C) £+p7:C,p,E_)p,AD(A\/C) " Cp E —> AE(AV C)
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for instance, writing A A B := 0A(0 v B) and using Lemma [6.6.2] it is simple to obtain
polynomial-size proofs of the expected ‘truth conditions’ AA B — A, AAx B — B and
A, B— A A B.

Another interesting example that we shall use later is:

Definition 6.6.4 (Thresholds). Fix a list of eLNDT formulas B = By, ..., By_; over
a set of extension axioms B. After generating By as in Definition above, we may

introduce further new extension variables tf? for each segment B? = B, ..., B, of B
for s <n < N and k < N and write T2 for the extension of B, by all extension axioms

of the form: -
2 s

€ <>

k+1 OB B B

B 5 B s+1 s1

i testl Bs(ts7' vt ") (for s < N)

It is not hard to see, by induction on k that, over 7B, tfg is true just when at
least k£ of B? are true. In fact we showed in Section that this is the case when
B? is a list of variables in eLNDT : there are polynomial-size proofs of the basic truth
conditions of threshold functions, in particular: —> t?? and ths g

Remark 6.6.5 (Differences with previous definition.). Definition is slightly dif-
ferent to Definition [3.1.4t before k& was any integer while now 0 < & < N and the
extension axioms had slightly different form. These changes are mostly for convenience
and it is easy to show (via polynomial size eLNDT proofs) that the two choices are
equivalent. Hence, eLNDT proofs of basic properties will proceed in the same fashion
as before.

We restate some results of Section and Chapter [4] for our current setting:

Proposition 6.6.6 (th? is decreasing in k). There are polynomial-size eLNDT™ proofs
of the following sequents over extension azioms T B:

1. —tF
' 0
B? B?
2.t Tt
B"l n
3. t,,° — whenever k > |B?|

We want to be able to manipulate threshold arguments much like Lemmal4.3.2] Due
to our setting being slightly different we will consider ‘neighboring’ segments Bg, By of
the list of formulas B (i.e. the concatenation BoBj is a segment of B).

Lemma 6.6.7 (Merging and splitting). For a segment BoB1 of the list B there are
polynomial-size eLNDTY proofs, over extension azioms T2, of the following sequents:

160t — 202 (merging)
2. 0P — 120 12 (splitting)

Lemma 6.6.8. For any element B; of the list B, there are polynomial size eLNDT
proofs over extension axioms T2 of the following sequents:

B; <> t}"
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The proofs of the above results are very similar to the ones from Section and
Chapter {4 but always w.r.t. the new set of extension axioms 72. From now on we will
mostly work with suffixes B, = By, ..., By_1 of the list B for s < N.

6.6.2 Decider Construction

In what follows, we construct the ‘k-decider’, an NBP utilizing complex positive deci-
sions. Under the condition that k-many of the elements of B are true, it will compute a
complex general decision on eNDT formulas over an appropriate set of extension axioms.
For the rest of this section, we fix formulas B = By, ..., By_1 over a set of extension
axioms B. As before, for 1 < s < N — 1, we write B, for the list By, ..., By_1. In our
definitions and statements, we feature the parameter k& < N which intuitively serves as
a meta-level ‘counter’ of the number of formulas among B that are true. Recalling the
threshold programs from Definition over 7B, the main result of this section is:

Theorem 6.6.9 (Immerman-Szelepcsényi, formalised). For all k < N and formulas
A, C there are extension variables ABFC' and an appropriate set of extension azioms
extending T2 such that the following sequents have polynomial-size eLNDT proofs:

t2,ABFC — A, B, 12, t2,B;,C — ABFC, 12,
tB,ABFC. B, — C.t2, tB,A — B, ABFC, P,

The idea behind the sequents above is that, under the condition that exactly k of
the formulas in B are true, the ‘decider’ ABFC correctly computes a decision on B;,
returning the value of A if B; is false, and C' if true. The appropriate set of extension
axioms extending 72 will be explicitly constructed in the proof of Proposition
from which Theorem follows as a special case. It is worth noting that expressing
the condition ‘exactly k- many of the elements in B are true’ could theoretically be done
by having fresh extension variables computing the exact-k function w.r.t. the list B on
the LHS, akin to Definition . This however, was done by using general decisions
which is not available to us since we want our k-decider to simulate general decisions
on complex formulas instead of decision literals. Instead, we opt for using the extension
variables P, P, | computing threshold functions for k. Note that 2, ; on the RHS is
semantically equivalent to having its negation on the LHS, and of course tp A —tp ; is
true just when ezactly k of B are true.

Our choice of notation ABFC is again suggestive, and we still insist, for foundational
reasons, that these expressions are not complex formulas, but rather fresh extension
variables. We call ABFC' the k-decider of B; (for A, C). Tt is visualised (over its corre-
sponding extension axioms) in Figure as an NBP, in fact as a positive combination
of the programs B we started with and some leaves substituted by A, C accordingly.

Let us now define the k-decider formally and provide some results that will be
required later.

Definition 6.6.10 (Decision programs). We introduce extension variables d;flfl;k for
m = s,i>8N>m,l <m-—sand be {0,1} and then construct B* as in Defini-
tion and TP as in Definition From here we set DB to extend 72 by all

axioms:
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[BN 1 ( /BN 1(k,0) ... (BNl(kl,erNl(k,l)
. .

Figure 6.6: The k-decider ABFC, visualised as an NBP. 0-edges are dotted and 1-edges
are solid.
A2yt o <> 0Byl ) forle{0,....k—2k+1,...,N—3}
dZle’;1<—> By_1( ) forle{l,....k—2k+1,...,N—2}
A igo > ABvoi(A v )
‘lf k51k1(_) CBy-1(C' v )
dl BSlkk 10 <7 By-1(0 v A)
dl . 11(_) By_1(0v C)
dBk s Bk B (iBek o, giBek for m #

m,[,0 m+1,1,0 m+1l0 m+1,1+1,0

Z,Bs,k zBsk i,Bs,k ) sk .
dpii <> d) B (dm+1l1 dm+1l+11) for 1<i,m>i

i,Bs,k ©,Bs, 2 i,B k
di,l,O — dz+1lOB (d +1zo v dz+ll+1 1)

From here we set AB)C' := A and, for 0 < k < N, the k-decider w.r.t. the list B is
ABFC = dgoy.

Remark 6.6.11. Looking back to Figure[6.6] note that each ‘node’ is actually a copy of
an NBP B,, € B, indexed by a pair (,b). Each variable dfﬂB}Sb computes the subprogram

rooted at the node B,,(l,b). Intuitively, the indices of an extension variable dff’lf’,;k have
the following purpose: 7 indicates the B; we wish our construction to ‘decide’ upon, B,
is the list of the formulas involved in our construction, k£ denotes the exact number of
formulas B; € By true in the environment, m is the index of the formula labelling the
current node, [ keeps count of the number of ‘right’ edges we have traversed at the level
of the graph (number of true B;s along the path thusfar), while b is a Boolean flag that
flips from 0 to 1 if B; is true along the path. In paths where exactly k of the B are true,
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this program correctly ‘decides’ B;, calling A if it is false and C' if it is true. Otherwise
the program may return erroneously, indicated by the orange () leaves.

In order to prove Theorem we first need some intermediate results. The first
gives us relationships between nodes with differing values of k£ and [ while fixing all
other parameters.

Lemma 6.6.12 (Monotonicity). There are polynomial size eLNDT proofs over DB of

JBek s giBekel
m

T
Z? b Z7 Sy
dm,sz dm,lll,b Jor 1 #k

Proof. Here the first line is a consequence of our simulation result, Proposition [6.2.§]
since it is easy to check that d“2%F =pe d°B* 1 and d“B* ! 2pm d2BF
mce 1t 1 y mb ~DB Uy qp A Qpyqy DB gy -
i B,k iBok . . .
The sequent d,;7%" — d,,, ;7 , is proven by induction on N —1—m and examining the
case for [ = k — 1 separately.
Base case: m = N — 1.

By definition for [ ¢ {k — 1, k} the following is an extension axiom of DB:
déf—sﬁ,b <> 0Bn-1(0 v 0)

So for [ ¢ {k — 1, k} after a constant number of decision steps and cuts, one obtains a
polynomial size proof for
dé(/]isffcl,b - dé(flisl’fglﬂ,b
For [ = k — 1 by definition the following are extension axioms of DB:
déﬁfkﬂ,o > By_1(0 v A)
dé(f]?:gffgk,o < ABn-1(A V)
dé(f]?:gffgk—1,1 > By_1(0 v C)
d?(f]?:gffgk,l <> OBy1(C v D)
Applying constant many decision and cut steps we obtain polynomial size proofs for
dé(fB—Sffck—Lo - dé(f]?f{fck,o and d?’v]?f{,kkqg - di(fB—sffgm

Induction step: The following are axioms of DB:

i B,k i B,k i B,k i B,k .
doio <> dp i oBn(dn 0 v doyye) for mo#

i.B..k i.Bs,k i, B,k i.Bs.k .
dmlél’lk ” dmﬁrlé,le<?3mzl,l,l Yg%+1,l+1,1) for1<il,m>1
,Ds, <> 1,Ds, 1,Dg, 1,Ds,
di,l,O di+1,l,OBi(di+1,l,0 v di+1,l+1,1)

iBs,k iBs,k :
The sequent d, %" — dp ;7 , follows after a constant number of extension steps (for

each respective case from above), decision steps, disjunction steps and cuts before ending
the proof branch by invoking induction hypothesis or general identity. ]

The next result gives us relationships between nodes with different values of s in
terms of k and [ (in a way adding extra elements in the list), fixing all other parameters:

Lemma 6.6.13. Fori > s, there are polynomial size eLNDT proofs over DB of:
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,Bs—1,k s 1,Bs,k
dmﬁ,f,b . dm,l,b

i, Bs_1, 3 1,Bs,k—1
dm,l,b dm,l—l,b

Proof sketch. Here the first line again follows by appealing to our simulation result,

Proposition |6.2.8|since dfq’flfg vh > s df;l]?lfl;k and df;flfl;k >pB di;flfb’ ¥ The second follows
from the first line along with the first line of Lemma [6.6.12] above. [

Now we obtain the following ‘truth conditions’, by induction on the length of By
and subinduction on k:

Proposition 6.6.14. The following sequents have polynomial size eLNDT proofs over
an extension axiom set extending DB:

B 1,Bs,k 5 B B s 1,Bs,k ;B
tk S:’Bdi’O?O Bi,A, tk—‘,s-l tkS7BZ'7C ds7070 :,Btklj_l
Bs 7,Bs, N B B 5 1,Bs, B
tk ) ds,0,0 ) Bi Cv tk-s—l tk: ) A Bia ds,o,o 7tk+1

Proof. We will perform induction on the length of the list B, (i.e. N —1 — s) and
subinduction on k. We present a proof of the sequent tf’s, B, C — dgﬁg”“, thjl, the rest
follow similarly.

Base case for By_1 = {By_1}: For k& > 1 there are polynomial size proofs of
th ~' <> (0 by applying extension steps and positive decisions on the axioms given in

Definition|6.6.4, Hence, after a cut step, the sequent: thN‘l, By_1,C — d‘::(]if)v_l’k, thfl‘l
follows by a 0-step.
Else for £ = 0:

1. 1,By_1,C — ABy_1(A Vv 0),By_1 (id on By_; and w-steps)

2.tV By_y,C — dzﬁg’l’o,tf”l ( <> steps over DB on 1. and Lemma [6.6.8
Else for k = 1:

1. BNfl,C_)BNfl,O (Id on BNfl)

2. By_1,C —0,C (id on C)

3. By_1,By_1,C — 0By_1(0 v C),0 (posdec-r on 1.42.)

4. 7" Byoy, O —> d2oy "ty (<> steps over DB on 3., Lemmas 6.6.6] [6.6.8

Induction step: Assume by induction hypothesis we have short proofs of the sequents
tpe, Bi,C —> digs" t2;, for all k = 0. For By = {B,_1,B,,...,By_1} we let i first
range over {s,..., N — 1}, the case for i = s — 1 is later covered individually. Since
in the induction step for B,_1, k¥ we will employ induction hypothesis for both By, k
and By, k — 1, the case for £ = 0 is not covered and must be done explicitly. We
observe that by an application of Lemma [6.6.8, multiple applications of Lemma
and cuts, we can obtain polynomial size eLNDT proofs of B; — t]13s*1. The sequent
tOBS‘l, B;,C — di’?ﬂa’ldk, t]13s‘1 then follows by constant number of weakening steps. Now
suppose kK > 0 and s < N — 1. We present the reasoning below where lines 1. to 5.
conclude with and lines 6. to 15. conclude with
tf“"],Bi, C — di’ﬁg”’k,di’fg’“k*l,t?j?. Then, a last positive decision right step on
lines 5. and 15. obtains the conclusion: th5717 B, C — di’]—Bf,B,ldk7 thjil. Some structural
rules may be omitted for brevity.
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L. t2, B, C — digy", thjl (IH on By)

2. tp°, B;, C — dilg% vk e (by Lemma |6.6.13[on 1.)
3. tp,B;,C — d;]gf) vk tfjll, B,_ (by Lemma [6.6.7] on 2. and w-r)
4. By y1,tpe, —> Bo (id on B, 1)

5. (posdec-l on 3.+4. )

6. tp°,, B;, C — digy™ ' P (IH on B,)

7. tp0, B, C — di?a k-t e (by Lemma [6.6.13on 6.)
8. dyoy d;‘fa ket (by Lemma [6.6.12

9. thspBwC dz?ﬁ) oA RN el (cut on 7.,8. and w-r)
10. B4 — tkjl, B, (id on B, 1)
11. By, 22, B;,C —> di’fj{l’k*l,tfjil (posdec-r on 9.+10. )

12. tp*, B;, C —> d;lg‘a’ ,thjl (IH on By, same as 1.)
13. tp*, B;,C —> dg‘g'g vk tfjl (by Lemma [6.6.13/on 12.)
14, ths, BZ, c— d;‘gg e (by Lemma [6.6.7 on 13.)
15. t2°', B, C — d;}(?;) Lk d@’}‘ig*"’“*l,tfj;‘ (posdec-1 on 11.414.)

Bs_1 ,Bs—1,k  Bs_1
16 tk‘ 5 B’L7 O —> dS—l,0,0 ’tk)+1

Where we write JH when invoking induction hypothesis.

(conclusion, posdec-r on 5.+15. )

The case for 1 = s — 1 i.e. deciding upon B, ; is different. We recall what was
mentioned in Remark [6.6.3} while conjunction is not native in our systems, there are
ways to concisely express the conjunction of two formulas. By using Definition[6.6.1], the
conjunction B; A B; can be expressed as the complex positive decision 0B;(0 v B;) over
the set of extension axioms Bg. We want to make use of this here but first consider the
complex positive decision F' = (0t (0 v A))B,_1((0t5*(0 v A)) v 0t (0 v O)), defined
over the appropriate extension axiom set extending DB. Akin to what was done in
Definition &, we can consider the extension axiom set (DB), where C = B U {tP* }1<k
which is sufficient for defining the complex positive decisions we need. Now, we make
the following observation: the graph of F', is isomorphic to the graph of dijﬁg‘l’k. This
follows by careful inspection of the extension axioms/variables involved (essentially 1-1
correspondence of nodes and their immediate descendants between the graphs).

Then, by Proposition [6.2.8] it is enough to prove the result for the above complex
positive decision F'. In addition, whenever we refer to Lemma [6.6.2] we understand the
result (truth conditions) to be ranging over (DB) The proof proceeds as follows:

B,1 —> 0t2*(0 v A), By_ (id on By 1)

tfs, B, — thjf (Lemmas [6.6.7], [6.6.8
thSp s—1,C —> Otfjl(() v C) (LemmaM w-1)
tﬁé ' By 1,0 — 0tp* (0 v C),tgjil (posdec-1 on 2.+3.)
thS’l,BS_l,C —> 0tp, (0 v O), ', 0t (0 v A) (w-r on 4.)

t, " Bs_1,C — 0t.°(0 v A)Bs_1 (0t (0 v A) v Ot = (0v O)),t jll (posdec-r on 1.45.)




CHAPTER 6. PROVER-ADVERSARY GAMES FOR NBPS 90

From here, Theorem follows immediately as a special case of Proposition|6.6.14
above:

Proof. Simply consider Proposition [6.6.14] for for s = 0. O]

6.7 From strategies to proofs

The main result of this section is the converse of Theorem [6.5.1k
Theorem 6.7.1. eLNDT (eLDT) poylnomially simulates NB (DB, resp.).

We remind that in the following sections (unless explicitly stated) we work within
the grammar of 0/1-eLNDT but for simplicity write eLNDT.

Remark 6.7.2. We only deal with the case of eLNDT and NB since the deterministic
case (eLDT and DB) is simpler and does not require the results of the previous section
i.e. Theorem[6.6.9] We remind that this is because the negation of a deterministic BP A
is straightforward to define: —A is simply the BP for A but with each leaf flipped from
1 to 0 and vice versa. Hence, the result would follow by simply defining conjunctions
and disjunctions of BPs using decisions in eLDT. For example, for A, B eDT formulas
A A B could be defined as a fresh extension variable alongside the extension axiom:
A A B <> 0AB and so on. The natural ‘truth conditions’ of such constructions are easy
to verify, similarly to Lemma [6.6.2

In what follows we present a series of intermediate polynomial simulations which,
when composed, yield Theorem [6.7.1]

6.7.1 De Morgan normal form of strategies

Before translating strategies to proofs, it will be useful to work with strategies in ‘De
Morgan’ form: each query can only have negation (—) in front of eNDT formulas.
This means that there cannot be conjunction (A) in the scope of a negation. We will
write NBPM for the fragment of NB according to this syntactic restriction on queries.
Formally:

Definition 6.7.3 (NBP™). The fragment NBP™ of NB only admits queries given by
the following grammar:
Li=A|-A|QAR|QVR

where A is an eNDT formula.

Since it will be necessary to translate an NB strategy to an NBPM strategy, we need
to define a translation of queries by performing induction on the size of queries:

Definition 6.7.4 (DM-translation). For each NB-query Q we define an NB”-query
QP by:

ADM = A .
(—A)PM .= A (ﬁﬁQ)DM = Q . DM
(@ RPM = QM A g (T(Q@V ) = (@) A (R

(Q v R)PM .= QPM , RPM (—(Q A R))PM := (—Q)PM v (=R)PM
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Remark 6.7.5 (Structure of formulas preserved). Notice that the structure of the
binary trees of queries is preserved under the DM-translation. This can be made formal
by defining an isomorphism f between the nodes in the binary-tree Ty of () not labelled
by — and the nodes in its respective translation Tyom. The domain of f will be N(Tg)~,
the set of nodes of Tj not labelled by — and the codomain will be N (Tgom), the set of
nodes in Tgpwm.

We define:
f: N(TQ)ﬁ — N(TQDM)

UHUDM

where the subformula QPM of QPM rooted at node uPM is the translation of the subfor-
mula @), of @) rooted at node wu if there is an even number of nodes labelled by — in the
path of Ty from the root to u. If otherwise there is an odd number of nodes labelled
by — in that path, QPM is the translation of —@Q,. Similarly, a leaf B; of Ty is either
mapped to B; if there an even number of nodes labelled by — on the path leading to
B; or to —B; if the number is odd.

Furthermore, a DM-translated query QPM and its ‘dual’ —=QPM will have isomorphic
trees:

We construct an isomorphism:

N(TQDM) - N(T_,QDM>

u— u

such that the label of u’ is the dual of u, each leaf B; is mapped to —B; and the
subformula QPM of QPM rooted at u and the subformula —QPM of =QPM rooted at v’
have the same size |QPM] = |-QPM.

A well known result in Boolean-circuit complexity is Spira’s lemma. There have
been multiple results that either improve or generalize Spira’s lemma, for example in
[15] they provided sharper bounds and in [14] they presented a simplified version of
previous proofs. It will be useful to us and thus present and prove a version of it:

)

Lemma 6.7.6 (Spira’s lemma [57]). Let T be a binary tree. Then, there is a ‘mid-way
node 1 such that the subtree T, of T rooted at r has size |T|3z —1 < |T,| <[T|3.

Proof sketch. To find r we start at the root of T and traverse downwards towards the
leaves. At each node v with edges ey, e leading to nodes vy, vy, we go along the edge
leading to the v if the subtree T,, of T, rooted at vy, has size larger than the subtree
rooted at vy (and vice versa). Assuming we went towards vy, we observe that T,, will
have size (number of nodes) |T,,| < |T,|—1 and |T,,| = (- |T,|—1). We stop when we
have for the first time reached a node u such that the subtree T, has size |T,| < 1 -|T]|.
The node r we were looking for is the parent node of u. ]

The DM-translation will actually be lifted to strategies themselves but before achiev-
ing that, we need to prove some intermediate results. The first constructs a winning
strategy from a specification where the assignment is inconsistent with some substitu-
tion of queries:

Lemma 6.7.7 (Substitution). Let Q,Q’, S be NB or NBPM queries with Q' a subquery
of S and S a subquery of Q, and let | € {0,1}. From {Q — b,Q[Q'/]] — 1 —b,5 —
t,S[Q'/l] — t} there is a winning strategy with O(log(depth(Q))) rounds.
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Proof. In a divide and conquer fashion, we perform induction on the length of the path
m starting at the root of ) and reaching the root of @' in ) and the identical path 7 in
Q[Q'/1]. We write ‘S.C.” for simple contradictions, and ‘IH ’ for inductive hypotheses.

Base cases: The length of 71 is 0. That means Q = S = Q. From the specification
[Q—b,l—1-b,Q [l —1]ifb=1weobtainaS.C. from [[ — 1—1[]elseif b=1-1
we obtain a S.C. from [Q — 1 —1,Q — [].

The length of 7y is 1. For some formula G and o € {A, v}, we have that @ is o(Q’, G)
and Q[Q'/l] is o(l,G). S could either be @ or Q.

Assume S = @Q’. The specification [Q — b,Q[Q'/]] — 1 —b,Q" — [,] — ] obtains a
S.C for the truth table of o.

Assume S = Q). Given the specification [Q — b, Q[Q/l] — 1 —b,Q — 1,Q[Q’/l] — ]
if b = [ we obtain a S.C from [Q[Q'/l] — 1 —1,Q[Q’/l] — []. Else if b = 1 — [ we obtain
a S.C. from [Q — 1 —1,Q —[].

Induction step: ask the formulas Ry, Ri[Q'/l] respectively rooted at the nodes
serving as mid points of the paths my,me. If Ry — d, R1[Q'/l] — d we invoke IH for
[Q — b,Q[Q)l] — 1 —bR — d,RQ/l] — d]. Else, we invoke IH for [R; —
d, R [Q'/l] » 1—d,Q" — 1,1l —1].

O]

In the above, we bounded the rounds of the winning strategy by referring to the
depth of the query ) which, we construe as is the maximum length of a path from the
root of @ to a (maximal) eNDT formula. Next, we use the fact that each binary tree has
a subtree of roughly half the size from Lemma to construct a divide-and-conquer
strategy for De Morgan duality:

Lemma 6.7.8 (Duality). Given an NB-query Q there is a winning strategy in NBPM
from {QPM — b, (—=Q)PM — b} with O(log(|Q|) rounds.

Proof . We will perform (divide and conquer) induction on N, the size of QP™ and
_|QDM.

Base case: QPM, (=QPM) are B, —B for B an eNDT formula. From the specification
[B +— b, —~B +— b] we obtain a S.C..

Induction step: by Lemma on the trees of QPM and —(QPM we find the respec-
tive ‘mid-way’ nodes r and r’. To be suggestive we name the subtrees rooted at r,r’:
QI;M, ﬁQQDM and we know by Remark [6.7.5| that QZM, — 2DM

We start by asking QZM and ~2°

Case 1: If @ — [, = 2DM — [ we invoke IH for N’ the size of QZM and ﬁQQDM,
where % >N > %

Case 2: If = [, 7€ 1 — | we ask QPM[L2 /1] and —QPM[=22 /1 — ).

If the Adversary answers: QDM[@/Z] — d, ﬁQDM[%DM/l — ] — d, we invoke IH
for N — N’ the size of QPM[Z" /1] and ~QPM[=L™ /1 — ], where 2 > N — N’ > &,

If instead the Adversary answered: QDM[@/Z] —1—d, ﬁQDM[%DM/l — 1] —d
we know that depending on whether b = 1 — d or b = d, one of the specifications:

will be isomorphic.

N [QDM[g/Z] —1—d, QM leDM . b]

2

o [FQMEE/1-1]-d, 5

DM
2

—1—1,-Q"M — b]
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S.C.

S.C. S.C

SO {Qmb,—-Q b " 8.C. {QPM > b, (~Q)PM s ) S-C.

DM-translation
Einninlihiehisitatita

S

BDM ¢

Figure 6.7: Visualisation of an NB strategy (left) and its corresponding N pre-
strategy’ (right). ‘Leaves’ of the form {QPM — b, (=Q)PM + b} are not simple contra-
dictions of NBPM.

is inconsistent respectively. In either case we finish by applying Lemma[6.7.7 O

Finally, by replacing each query of an NB-strategy by its De Morgan translation, we
can simulate simple contradictions for — using the Lemma above, yielding:

Proposition 6.7.9. Given an NB strateqgy S over £ from an eNDT sequent winning
in < d rounds there is a NBPM strategy SPM over £ for the same sequent winning in
O(d +log(|R|)) rounds, for R the largest query in S.

Proof. From an NB strategy S for an eLNDT sequent, we can obtain an NBPM ‘pre-

strategy’ SP™M for the same sequent by replacing each query @ by QPM. SPM has
NBPM queries but not all leaves are simple contradictions yet in NBPM. This is done
by constructing a copy of the tree of S and replacing each query by its DM-translation.
Observe that there is only one schema of simple contradictions in the NB game not
present in NBP™: {Q — b, —Q — b} where b e {0,1} and Q is a (non-trivial) Boolean
combination of eNDT formulas (i.e. not an eNDT formula).

Finding O(log(depth(Q))) strategies in NBP™ for each leaf of SPM of the form:
[QPM — b, (—Q)PM — b] provides us with a strategy SPM in NBPM which will inherit
the tree structure of SPM. For these we appeal to Lemma , yielding the required
bounds.

The transformation is visualised in Figures [6.7] and [6.8]

6.7.2 From NBPM to Bool™ (eLNDT)

We now use our formalisation of Immerman-Szelepcsényi in order to translate De Mor-
gan strategies to proofs without negation. It will be useful to first translate to a version
of eLNDT with formulas closed under positive Boolean combinations.

Definition 6.7.10. Write Bool™ (eLNDT) for the extension of eLNDT allowing {v, A}-
combinations of eNDT formulas i.e. using the following grammar:

C,D,... == A | (CvD)| (CAC)
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!
S.C. .
s og(T\Q\) S.C.

Figure 6.8: Translated strategy SPM. The ‘leaf-strategies’ are instances of O(log(|Q|))-
depth strategies from [QPM — b, (=QPM) — b] by Lemma m

where A is an eNDT formula and admiting the following corresponding rules for the
connectives v, A:

[P —A r—AP I'™AQ

A-l
LPAQ—A ' APAQ
I —APQ LrP—A INQ—A

v-r v-l
r—APvQ LPvQ—A

(6.1)

By appealing to the k-deciders from Section [6.6] in particular using the truth con-
ditions in Theorem , we can simulate negations in eLNDT and Bool™ (eLNDT). As
a result we have:

Proposition 6.7.11. Let S be an NBP™ strateqy over B for some NDT formula B and

let B enumerate all the eNDT formulas occurring in S. For each k < |B| there are

Bool® (eLNDT) proofs of tp — B, 17 of size polynomial in |S|, over a set of extension
‘

azioms extending DB cf. Section

Proof. Idea: We proceed inductively on the structure of S. For each query Q write Q"
for the result of replacing each subquery — B; by the respective decider 1B¥0. The proof
will mostly contain cuts on the respective queries of the Prover: whenever S concludes
with a query @ we conduct a cut on Q¥, while always maintaining the property that
formulas answered 0 by the adversary appear on the RHS of a sequent, and formulas
answered 1 appear on the LHS. We always keep th on the LHS and th+1 on the RHS.

In this way, any simple contradictions of S for — correspond to sequents:

B B B B
2.1, B;, 1Bf0 — A tP, |, t2, I — B;, 1BF0, A tp,,

for {B; — 1,—B; — 1} or for {B; — 0,—B; — 0} respectively. Both of these sequents
have polynomial-size proofs by Theorem [6.6.9) Any other simple contradictions also
translate to polynomial-size proofs, in particular of decision truth conditions (using the
decision rules), positive truth conditions (using the positive Boolean rules of ), ex-
tension axioms or similarity (using Proposition . The transformation is visualised

in Figure [6.9]
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Formally: We perform induction on the number of queries n of S. As mentioned
before, for each query @ of S we construe Q¥ as the result of replacing each subquery
—B; (where B; is an eNDT formula) in @ by the respective decider 1B¥0 defined over
the list of formulas B.

Assume that for a subtree T of S of size d rooted at B we have constructed an
Bool™ (eLNDT) derivation P that has the sequent t;; —> B, th+1 as conclusion and the
sequents {th, ¥ —> Ay, tfﬂ}ie ; as assumptions where [ is a set of indices enumerating
the maximal paths in T and 3; = {Q€i: Q — 1}, A;, ={Q€i:Q — 0}.

Increasing the size of T by one, would w.l.o.g. mean adding a new non-leaf node
Qy, 0 € {0, 1}* with outwards edges labeled with 0 to the left and 1 to the right. If Qg
is added to the path i of T we add to P a cut step introducing Qf:

utt}g37 nga ZZ —> Aiu tk;B+1 t?? Z’L - Ai? ng7th+1

B B
b 2 > Aty

C

with conclusion the sequent th, i —> A, tfﬂ which was a hypothesis for P. Our new

derivation PkT l corresponding to the subtree T/ = TuQy has tp — B, th+1 as conclusion

and the same hypotheses as P, besides the ones at path . There, the difference is that
the sequent tf, i —> A, th+1 is proven by the following new sequents:

tk;Ba ng7 El - Aiat]];:;:l? tf’?ZZ - Ai?ngthB+1

which serve as new hypotheses. The derivation PkT "is one step larger than P,

By induction hypothesis, from an NBPM-strategy rooted at B, we can construct a

family of Bool™ (eLNDT) derivations each proving ¢t — B,tp,, for k bounded by I.
This construction goes bottom-up until reaching the leaves of S and we observe that
each derivation is tree-like up to that point.
The leaves of S are simple contradictions in NBPM which in the derivation P may cor-
respond to constant sized proofs of axioms, polynomial size dag-like proofs of sequents
Ay — B; where Ay, By have the same unfolding by Proposition [6.2.4] or polynomial
size proofs of the truth conditions in Proposition

Complexity: From S, a NB"M.-strategy for B of size n (number of queries) we
obtain a family of [ = length(B) many derivations, each with conclusion tf — B, th+1
for some k < [. Each derivation has up to n + O(1) steps and every step contains a
sequent with O(n) many formulas. Since the leaves of S also correspond to polynomial
size proofs, the size of each derivation is polynomial in n. ]

By simply cutting together |B| + 1 many proofs, and appealing to short proofs of
— t5 and tj,, = (cf. Definition [6.6.4), we have:

Corollary 6.7.12. Bool™ (eLNDT) polynomially simulates NB®™ over NDT formulas.

6.7.3 From Bool"(eLNDT) to eLNDT.

Recalling Section [6.6.1] note that we can already interpret positive Boolean combina-
tions (over a fixed set B of eNDT formulas and axioms) within eLNDT. In particular

note that A A B, over a set of extension axioms &, is equivalent to the extension variable
0A(0 v B), over &4, cf. Definition [6.6.1f Thus we immediately obtain:
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{Bi—1,-B; — 1} B & B
t8,B;,1BF0 —> (B, |

O\Q/l L —> @k k. > .
¢ < — .
—
B B
B ty = Bty

Figure 6.9: Visualisation of the translation from a NBPM strategy (left) to a
Bool ™ (eLNDT) proof (right). ‘Leaves’ of the form ¢, B;, LBE0 — ¢}, are not axioms,
but are rather justified by the formalisation of Immerman-Szelepcsényi, Theorem [6.6.9}
The dual situation, for simple contradictions {B; — 0, —=B; — 0} is handled similarly.

Proposition 6.7.13. eLNDT polynomially simulates Bool™ (eLNDT) over NDT formu-
las.

Now, our main result Theorem|[6.7.1] follows by Propositions[6.7.9/and[6.7.13]and Corol-
lary [6.7.12]




Chapter 7
Systems for OBDDs

Ordered binary decision diagrams (OBDDs) are deterministic branching programs in
which variables labeling nodes in a path occur w.r.t. some fixed order. The notion
was first introduced in works of Randal E. Bryant including [16] and later [I7]. They
enjoy many interesting properties, for example they contain no ‘inconsistent’ paths
(containing both a 0-edge and a 1-edge coming out of nodes labelled by the same vari-
able) since each variable may occur only once in each path, see for example Figure [3.1]
Furthermore for a fixed ordering r of propositional variables p1,ps ..., p, and for each
Boolean function f with inputs from py, ps ..., p, there is a unique (up to isomorphism)
r-OBDD (OBDD where occurrence of variables in each path is w.r.t. r) computing f
with minimal size. This canonical way of representing Boolean functions via minimal
r-OBDDs is achieved ([63] Section 3.3) by introducing two reduction rules, elimination
and merging that essentially omit ‘redundant’ nodes, they are illustrated in Figure [7.1]
This makes studying properties and relations between OBDDs efficient: checking for
satisfiability, tautological behavior (the OBDD has only 1-leaves) and the equivalence
between OBDDs is solvable in polynomial time [47]. Because of their many desirable
features, the study of OBDDs has seen widespread interest and applications in recent
years.

Studying OBDDs from a proof theoretic perspective was initiated in [9]. There,
one of the main goals of Atserias, Kolaitis, and Vardi was to present a natural way
of defining a proof system corresponding to each constraint satisfaction problem and
as a case study, they defined resolution-style proof systems based on OBDDs. More
specifically, for an unsatisfiable set of clauses C (alternatively an unsatisfiable Boolean
formula in CNF), they consider refutations as sequences of OBDDs that either compute
the Boolean function defined by a clause C' € C or are obtained from OBDDs by using
the join (A) or the weakening (w) rules (system OBDD(A,w)). The join rule conjugates
two previously obtained OBDDs while the weakening rule introduces an OBDD that
is implied by a previously obtained one. They continued to compare the strength of
their systems with resolution and the Gaussian calculus concluding that these systems
are exponentially weaker than OBDD(A,w) which can polynomially simulate cutting
planes. Buss, Itsykson, Knop, and Sokolov expanded on these results in [23], where
they showed that OBDD(A,w) can give exponentially shorter proofs than (dag-like)
cutting planes. Proving that involved fixing a specific order for variables and showing
that Clique-Coloring tautologies have polynomial size proofs in OBDD( A, w) under said
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elimination

mergin,
rule e

rule

Figure 7.1: The reduction rules shown schematically cf. [63]. The direction of the
arrow indicates locally replacing the structure on its left with the one on its
right in the graph while maintaining incoming and outgoing edges.

order. Since it was already known from [50] that cutting planes has only exponential
size proofs of Clique-Coloring, the separation follows. They further considered the
rule ‘reordering’ (ord) (introduced in [38]), which allows changing the variable order
for OBDDs and proved that the extension OBDD(A,w,ord) allowing for reordering, is
strictly stronger than OBDD(A,w). This was achieved by first showing that generally,
given a CNF A that has polynomial size OBDD(A,w) proofs under an order r and
superpolynomial size OBDD(A,w) proofs under a different order r’, they can define a
CNF T(A) which has polynomial size OBDD(A,w,ord) proofs but only exponential
size OBDD( A, w) proofs (that is, irrespective to the order used). More specifically, they
considered a family of CNF's that encoded specific instances of Clique-Coloring under
an order of variables which had poly-size OBDD( A, w, ord) proofs while only exponential

size OBDD(A,w) proofs.

Summary of our contribution

In this chapter we define a proof system for OBDDs (0-eLDT) as a fragment of eLDT.
We will use specifically tailored extension variables/axioms to account for our formulas
being ‘ordered’ so that they represent OBDDs. The system OBDD(A,w) is formally
given in Definition [7.2.1][] Intuitively, given a CNF C, a derivation from C will be a
sequence of OBDDs either representing a clause of C or obtained by the ‘join’ (A) of
two previous OBDDs or the ‘weakening’ of a previous OBDD. One big difference in
our work will be the focus on syntax: the rules ‘join’ and ‘weakening’ in the system
OBDD(A,w) from [9] and [23] are semantically defined while we, provide syntactic ways
of defining the corresponding rules in our system and later provide polynomial size
proofs of their natural ‘truth conditions’. More concretely, we introduce the judgement
‘=L’ parametrised by a ‘level’ i and a ‘leveled’ set of extension axioms & that, together
with the appropriate ‘truth conditions’, will function as the weakening rule in our

'Definition is adjusted to better fit our setting.
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setting. We will also define new sets of extension variables/axioms £ extending &
that will permit admitting the join of OBDDs in our system i.e. A A B for A, B 0-eDT
formulas. Finally, we compare the expressive strength of 0-eLDT to OBDD(A,w) from
[23] and [9], showing that 0-eLDT polynomially simulates OBDD(A,w).

7.1 The ordered fragment of eLDT

In this section we are going to define a proof system that canonically reasons about
ordered binary decision diagrams just like eLDT reasons (more generally) about de-
terministic branching programs and Hilbert-Frege/LK reason about Boolean formulas.
Naturally, we intend this system to be a fragment of eLDT and want it to be consistent
with our previous exposition: lines in this system will be sequents of OBDDs all of
which abide by a certain fixed ordering r of propositional variables. This additional
constraint, that paths of OBDDs must display variables according to r, requires we
restrict ourselves to eDT formulas that, together with their subformulas, represent r-
OBDDs. A further complication arises, when ‘combining’ two r-OBDDs A, B i.e. when
considering their join. While the naive approach works, that is considering all possible
joins u A v as nodes in A A B for u,v nodes in A, B respectively, we must be careful
about node-labelling. The issue is that A A B has to also be an r-OBDD and assigning
the ‘correct’ propositional label to u A v is not obvious; for that we must take into
account differences in the way the variables pq,ps,...,p, occur in paths in A, B. For
instance, even though both A, B are r-OBDDs, some paths in A or B may skip mul-
tiple variables (i.e. A, B may not be complete [63]). This issue could be taken care of
in multiple ways, for example defining the extension axiom sets to be ‘leveled’ a notion
which would make sure that extension variables adhere to the ordering r. One way to
do that would be to construct the extension axiom set £ so it only contains axioms of
the form: e; <> bp;d for b,d € {0,1} U {e;}; where p; < p; w.r.t. the order r and e; € £.
We could then consider the formulas of our language to be given by the grammar

AB:=1]0]e| bpd

for b,d € {0,1} U {e;}; where p; < p; wr.t. r and e € £. In this way, it is clear
that any formula defined over £ we might consider, expresses an OBDD w.r.t. r. This
however, would necessitate our proofs to conclude with sequents containing extension
variables contrary to our previous convention where conclusions of proofs were extension
free. Hence, our preferred way is to more generally define a notion of ‘level’ for eDT
formulas.

Without loss of generality, let us fix r, the inverse standard ordering of propositional
atoms: pi,p2,...,P, 1.e. p; < pj when @ > j. We choose our grammar to be the same
as for 0/1-eDT formulas that is,

AB:=1|0| ApB | e (7.1)

As before, due to Remark from now on we may only write eLDT, eDT etc.
without causing any confusion. As mentioned, ensuring that our soon to be defined
system will correctly correspond to the fragment of eLDT reasoning only about OBDDs
requires some extra bookkeeping. To start with, all extension variables e will come



CHAPTER 7. SYSTEMS FOR OBDDS 100

equipped with a notion of ‘level’ denoted by lev(e), a natural number i that we may
write as a superscript e’ that is meant to be an upper bound on the relative ‘depth’ (in
the graph) of the root of the OBDD e¢° represents. Then:

Definition 7.1.1. We define the level i of an eDT formula A (lev(A)) recursively:
e lev(0) =lev(l) =0
o if lev(A) =i, lev(B) = j and i,j < k then ApyB has level k

We call a formula A leveled if it has a level. A set of extension axioms & =
l <m = .
{e; <> Ei}i<pm is leveled if for all [ < m it holds lev(E;) = lev(e;)

Definition 7.1.2. The fragment of eLDT with only leveled eDT formulas over leveled
sets of extension axioms is denoted by 0-eLDT (ordered eLDT). The subset of eDT
formulas that are leveled is denoted by 0-eDT (ordered eDT formulas).

The system 0-eLDT adequately reasons about OBDDs in the following sense: for
each OBDD G there is an 0-eDT formula A over a leveled set of extension axioms &
that represents G and vice versa.

Remark 7.1.3. The choice of the grammar from was simply to avoid having
to define the level of individual propositional variables and simply reduce it to their
index i.e. Opi1 has level k. In addition note that this definition of level goes against
our previous convention: here OBDDs we represent have their root labeled by some
variable p, and the rest of the nodes labeled by variables p; for ¢ < n and so on. On
the contrary previously e.g. Figure Figure [2.6| and Figure [3.2] among others, we
started drawing our BPs from the variable with the least natural number as index,
usually py, and label the rest of the nodes with some p; for ¢ > 1. To some degree this
is stylistic, and our different choice in this chapter is meant to better accommodate the
intuition of ‘level” where the closer you traverse to the leaves in a graph, the lower your
‘level’ should be matched by the index of the variable labeling the current node. More
importantly, this convention allows us to concretely bound the size of OBDDs for a
given set of propositional variables ordered by r, avoiding the need to relativize by size,
allowing us to concisely define the notion of leveP], see for example Figure[7.2] In any
case, a simple change in the fixed order of variables we consider can make BPs in the
current setting look exactly like the ones from before e.g. graph G from Figure [2.6]

Remark 7.1.4. Like our previous systems, the proof complexity theoretic analysis of
0-eLDT is meaningful since the set of valid extension-free 0-eLDT sequents is coNP-
complete. This is easy to see, each DNF can be represented as an 0-eLDT sequent that
is free of extension variables. Equivalently (and more convenient for what will come
later) we consider proofs for sequents F' —> where F' is a set of extension free 0-eDT
formulas computing clauses (and joins/weakenings of clauses) of a CNF (essentially we
want to ‘refute’ CNFs). To canonically represent CNFs by 0-eDT sequents, we first set

2Think off considering a new propositional variable p,, ;1. If a decision Ap, B had level 1, we would
need to change all levels to make it so all decisions on p,1 have (instead) level 1. In our convention
though, adding p,+1 can be done seamlessly as a decision on it will have level n + 1.
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Figure 7.2: An OBDD computing the 2-out-of-4 Exact w.r.t. the inverse standard order
r. The corresponding extension axioms can be defined analogously to the ones for the
OBDD G from Figure [2.6

the clauses in a CNF C = A\ 4 C; to be ordered w.r.t. r, the inverse standard ordering
of propositional variables pi, ps,.... This way to each clause Cs = ¢5, vV ¢s, V ... V 5,
for s, < ... < sy < 51 € S and each g, a literal in {p,;,ps,} corresponds a unique
extension-free 0-eDT formula C¢, computing the respective Boolean function. C¢ will
be of the form (...(0gs,1...)gs,1)gs,1 which, since we can simulate a decision on a
negated literal ApB by the decision BpA on the corresponding atom, will be expressed
as a decision on the atoms p,, accordingly. In this way, CNF C can be represented by
a sequent of the form CY,...,C? — .

7.1.1 Entailment of OBDDs

The following definition is our syntactic approach to define a notion that corresponds
to the weakening rule from [9]. We first introduce the judgement ‘=%’ and, since we
want it to ‘behave’ as a logical entailment between OBDDs, provide polynomial size
proofs of the sequent A — B whenever A =& B.

Definition 7.1.5. Given a leveled set of extension axioms & = {e; <> E;};-,, define
the judgement A =% B read as ‘A i-entails B’ when lev(A),lev(B) < i as follows:

Ap;B L' CppD AESTCpeD BELS CppD

OFLA AEiL1l  ApB=.CpD 7 Ap;B =i CppD -

AL B Ere A ApiBry'C ApiBey'D  Ai'C Breg'D
AELe, ek A Ap;B = Cp;D S ApB L Cp:D

Thinking of the above as inference rules and given A =% B, one can obtain a polynomial
size dag-like derivation of A =% B. We may more generally, write A =, B if A =L B
for some i > lev(A),lev(B) and make the observation that A . B is essentially
satisfaction adjusted for leveled eDT formulas, similar to Definition [2.1.8| which justifies

using the same notation.
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Proposition 7.1.6. If A, B are leveled formulas over a leveled set of extension axioms
& and A =¢ B, there are polynomial size 0-eLDT proofs of A —> B over £.

Proof. 'The proof proceeds by induction on the judgement =%. E]
Base case: if either

or

0=; B ALl
the proof immediately follows by either
0 or 1
0— — 1

and a weakening right or left step respectively.

Induction step:

o if Ap;B =% Cpy.D for k < i the proof proceeds as follows:

IH IH
-r w-[
A—>p;,Cp.D pi, B— CppD
Ap;B — Cp,D

W

p-l

o if Ap;B E; Cp;D for j < i the proof proceeds as follows:

IH IH
w-r w-[
- Ap]B —> CplD

e if Ap;B L Cp;D the proof proceeds as follows:

IH 1H
id id
lA 7pi7pi7C p’LaB pzuC ; pr me pi7piuB D
p- p-

Ap;B — p;,C pi, Ap;B — D

p-r

The cases for A =L ¢ and ¢, =5 A immediately follow by the extension axioms
e; <> E; and induction hypothesis:

I I
A_)El El_)A
E—r— E———
A—>el 61_)14

3Similarly to how one may perform induction on the structure of a proof.
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7.1.2 Joins of OBDDs

Another important feature our systems must have present, is the ability to admit the
join i.e. the conjunction, of two OBDDs with the same order. Given two OBDDs G, F
with the same order r, their join G A F, must also have order r. While this is not
difficult to define, we need to take into account that we do not demand our OBDDs
go through all variables in each path and thus some variables in paths of G, F' may be
skipped. Hence, we have to be careful to adjust our definition for the OBDD that ‘lags’
behind. This is done via defining new extension variables/axioms that correspond to
the join and considering several cases according to the relation between the levels of
each pair of extension variables. We formalise it in the following definition:

Definition 7.1.7. Given a leveled set of extension axioms £ = {e; <> E};,, for all
0-eDT formulas A, B over £ of levels i, j respectively, we introduce fresh extension
variables A A B of level max{i, j} and the following extension axioms:

AA0D) <0 OAA<>0 for A#0
Arl <> A 1AAA for A #1
(ApiB) A (CpiD) <> (AAC)pi(B A D)
(ApiB) A (Cp;D) <> (A A (Cp;D)pi(B A (Cp;D))  fori > j
(Ap:B) ~ (Cp;D) <> ((ApiB) A C)p;((ApiB) A D) fori<j
enA > AA
Ane <> AANE for A not an extension variable

We denote by £” the set £ extended by all instances of the above axioms (always for
leveled A, B).

To show that our definition indeed computes the join of two OBDDs we shall prove
the following ‘truth conditions’:

Lemma 7.1.8. Given a leveled set of extension axioms £ and A, B 0-eDT formulas
over &, there are polynomial size 0-eLDT proofs over £" of the following sequents:

AAB — A
AAnB — B
A B — AAB

Proof. Assume A has level ¢ and B has level j. The proof will proceed by &£-induction
on A and B where at each step we must consider the different cases for i = 5, ¢ > j
and ¢ < j. For simplicity, we may omit some structural steps. The first two sequents
have similar proofs hence we only present the proof for A A B — A.

Base case: A or B is a Boolean.

0 1 id
0— 0— — 1 A— A
ENwW-p ——m8 8 EN w-r

_— w-| ————— EN ——
OAB—0 AAr0— A 1AB—1 AArl— A

0

Induction step: for ¢ = j the proof is as follows
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17

id
AANC = pi,pi, A AAC,p;

—>plaB

id
pi,BAD—p;, A
!

p-r
Di, Diy B

AND—B

p-r

AAC — p;, Ap;B

p-

pi, BAD— Ap;B

EN, p-l

(Ap;B) A

For ¢ > j the proof is as follows

IH

(CpiD) — Ap;B

IH

A A (Cp]D)

id
— pi,piA  AA(Cp;D),pi = p;, B

id
z pi, B A (CpjD) — p;, A

p-T
Pi,Pi,

B A (Cp;D) — B

A A (CpiD) — p;, Ap; B

p-

pi, B A (Cp;D

) — Ap;B

(ApiB) A

for ¢ < j the proof is as follows

I

(Cp; D

) — Ap;B

I

(Ap;B) A C — pj, Ap;B  p;, (Ap;B) n D — Ap;B

e pl

(Ap;B) A

The cases e; A A or A A e; for e; an extension variable follow by the extension axioms
from £” and invoking induction hypothesis:

IH

g/\

El/\A_)El

e AN A— ¢

IH
AAEZ_)A

Ane— A

The proofs for A, B— A A B are also routine and follow by £-induction on A, B.
Hence we only include the base case and one representative case of the induction step
(for i = j).
Base case:

0 0

00—

w-l,w-r

0,B—>0AB

w-l,w-r

00—

A0—AAOQ

id ————
B— B

w-1,EN
1. B—1AB

w-1,EN

id
A— A
Al1— ANl

Induction step: for ¢ = j the proof is as follows (presented linearly for space reasons):

—_ =

= O 000N O W

C,A—p, AnC
pi,D—>p;, AnC
Cp;D,A—p;, ArC
Cp;D,p;,B—>p;,ArC
Ap;B,Cp;D — p;, AnC
pi, A, Cp;D — p;, B A D
pi,pi, B,C —>p;, BA D
Pi; Pi, B,pi, D —> B A D
i, i, B,Cp;D — B A D
iy, Ap; B,Cp;D — B A D
ApiB,CpiD —> (Ap;B) A

(CpiD)

(

(
(
(
(
(
(
(
(
(
(pi

IH ,w-r)

id, w-1, w-1)

pi-l on 1.42.)

id, w-1, w-1)

pi-l on 3.4+4. )

id, w-1, w-r)

id, w-1, w-1)

IH ,w-1)

pi-l on 7.48. and w-r)

pi-l on 9.46.)
-r, € on 10.45.)
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for « > 7 and ¢ < j the proofs are simpler and they are similar in nature so we only
include the case for i > j:

A, Cp;D — pi,pi, A~ (Cp; D) (IH, w-r)
pi, B,Cp;D —> p;, A~ (Cp;D) (id, w-1, w-r)
ApiB,Cp;D —> p;, AA Cp;D (p~l on 1.42.)

A, Cp;D, p; = pi, B A (Cp;D) (id, w-1, w-r')

pi, B,Cp;D,p;, — B n (Cp;D) (IH,w-I)
Ap;B,Cp;D,p; — B A (Cp;D) (pi~l on 4.+5.)

7. Ap;B,Cp;D — (Ap;B) A (Cp;D) (p;-r,E" on 3.46.)

SN =

The cases e; A A or A A ¢ for e; an extension variable follow by using the extension
axioms from £” and invoking induction hypothesis:

IH IH
EZ,A_)EI/\A A,El_)A/\El
SA A
e, A—>e A A Aeg—>AANeg

]

Remark 7.1.9. We note that the construction given in Definition is general
enough to define a multitude of connectives. This is done by simply changing the axioms
that determine the interactions with leaves and letting connectives be distributive over
decisions as before. For example, for an arbitrary connective =, one could set:

Ax0) <A 0xA<>A forA#0
Ax1l <1 1xA<—1 for A#1
(ApiB) = (CpiD) <> (A= C)pi(B » D)
(Ap:B) » (Cp;D) <> (A= (Cp; D))pi(B = (Cp; D)) fori>j
(Ap:B) = (Cp; D) <> ((Ap:B) » C)p;((Ap:B) x D)~ fori <
€] x A < El * A
Axe <> AxE for A not an extension variable

Then, proving the appropriate ‘truth conditions’ for » would show it behaves as the
disjunction (v) of two OBDDs. In a similar manner, one could define extension axioms
for other connectives, for example * being ‘exclusive-Or’ ().

7.2 Comparison to OBDD(A,w)

One of the main goals of this chapter is to compare the strength of our system o-eLDT
to OBDD(A,w) from [9]. Since this is a simple refutation system, we will need to
accordingly translate refutations in OBDD(A,w) into proofs in 0-eLDT. Let us now
take a slightly informal look into bridging the syntactic differences between OBDD( A, w)
refutations and 0-eLDT proofs.

In [9] and [23] they rely on the unique representation of Boolean functions by minimal
size OBDDs computing them which, can be achieved by appealing to the reduction
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rules from Figure[7.1] Their semantic approach means that they can freely speak about
canonically representing clauses in a CNF C by OBDDs without any further syntactic
technicalities. We on the other hand, have to impose additional constraints on our
formulas to make sure they represent clauses canonically. If we aimed for minimality of
size of our 0-eDT formulas, we could require our leveled sets of extension axioms are
structured accordingly to the reduction rules. Consider for example the elimination rule,
then for a leveled set of extension axioms £ we could eliminate all extension axioms of the
form e} <> e}l,pie?, for j* < ¢ and then substitute €’ by e;.', everywhere in £. Restricting
& also w.r.t. the merging rule, would ensure we only express reduced OBDDs with
0-eDT formulas over £. This, while feasible, would unnecessarily introduce additional
complexity in our definitions and arguments. Instead, we opt for achieving uniqueness
of representation of Boolean functions via 0-eDT formulas without minimality of size.
This is done by the simple trick seen in Remark [7.1.4} we consider literals in a clause
of C to be ordered according to r and then construct the appropriate o-eDT formulas
representing the respective functions computed by said clause. In what comes next, we
show that our system 0-eLDT polynomially simulates OBDD (A, w).

Let us first provide a formal definition of the system OBDD(A,w), adapted into
our setting’] The difference is that, we represent OBDDs in the refutation by using
0-eDT formulas and the join of two OBDDs is given by the construction of A over £"

(Definition [7.1.7]).

Definition 7.2.1 (OBDD(A,w) [9]). An OBDD(A,w) derivation D from a CNF C =
A\, Cs is a sequence of 0-eDT formulas Ry, ..., R, such that: C?,...,C? (the 0-eDT
formulas corresponding to the clauses 1, . .., Cs) are defined over a leveled set £, each
R; is defined over the leveled set of extension axioms £” extending £ and each R; either
represents an OBDD computing some clause C; of C (i.e. R; is C¥) or is obtained by
the following rules:

e Join: R; is the extension variable Ry A R; (in £) for k,l < j i.e. Ry, R, appear
earlier in the refutation.

e Weakening: there exists some k < j such that Ry, =, R;.

The derivation concludes with Ry, the length of D is ¢ and the size |D| is the
number of the symbols in it, i.e. the sum: |R;| + ... + |R;|. Naturally, the set £*
is adequate to reason about joins since it contains all axioms of the form given in
Definition [7.1.7] appropriately extending the leveled set of extension axioms £. An
OBDD(A,w) refutation R from C is an OBDD(A,w) derivation where R, is 0.

Remark 7.2.2. In [23] they also consider an extension of OBDD(A,w), the system
OBDD(A,w,ord) where a further rule ‘reordering’ is permitted that exponentially in-
creases the expressive strength of the system.

e Reordering: R; is an r;-OBDD that is semantically equivalent to an r;-OBDD
Rj Wlthj < 1.

4Additionally, akin to [38], we do not consider the rule ‘projection’ i.e. elimination of a variable

but treat it as a special case of the join (C' v p) A (D v —p) applied before a ‘weakening’ rule deriving
CvD.
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We will however not concern ourselves with systems permitting reordering for the time
being and solely focus on simulating OBDD( A, w).

The main result of this section, polynomial simulation of OBDD(A,w) by 0-eLDT
then follows as a corollary of:

Theorem 7.2.3. Given an OBDD(A,w) derivation D over a leveled set of extension
azioms E" of some formula F from some CNF C = N q4Cs, there is an (dag-like)
0-eLDT proof Pp of size polynomial in |D| over £ for the sequent {C%}ses — F.

Proof. The proof follows by induction on the structure of D.
o If FF= F) A F;, and it is obtained by the join rule:

BB
AFl/\FQ

this will be simulated by two cut steps and an application of Lemma [7.1.8}
IH IH Lemma [Z.1.§
i {Colses ™ 1 {Clses > F Fi,Fha—>FAF
{Cotses — F1 A

2

e Ifinstead F'is implied by some previous formula, i.e. F’ =.. F then the weakening
rule:

F

':g/\
F

will be simulated by a cut step and an application of Proposition

IH Proposition
{C% s — F' F'— F
t
{Cg}ses — F

Ccu

e Lastly, if F'is in {C?%}s, we simply end the proof by a left weakening step and
an identity step:

id

F—F
wil—————
{OSO}SGS — F
O]
Corollary 7.2.4. Given an OBDD(A,w) refutation R = Ry,..., R; of size n over a

leveled set of extension axioms £” for some unsatisfiable CNF C = A _4 Cs, there is an
(dag-like) 0-eLDT proof Py of size polynomial in n over £ for the sequent {C?} — .

Proof. Follows by Theorem for F' =0 and a cut step. [



Chapter 8

Summary and Future Work

8.1 Summary

We will now summarize the results presented in this thesis. There are three contri-
butions: first, the introduction of eLNDT*, the positive fragment of eLNDT that rea-
sons about positive branching programs and the polynomial simulation of eLNDT by
eLNDT™" on positive sequents. Second, the construction of Prover-Adversary games in
the style of Pudlék and Buss [52] that, similarly to how the original game corresponds
to Hilbert-Frege/LK systems, correspond to systems of branching programs (and frag-
ments thereof). Lastly, the explicit definition of a fragment of eLDT that reasons about
OBDDs called 0-eLDT and the polynomial simulation of a previously introduced system
for OBDDs, OBDD(A,w) [9] by 0-eLDT.

8.1.1 Simulation of eLNDT by eLNDT".

The first part of this thesis (Chapters culminated in showing that eLNDT is polyno-
mially simulated by its positive fragment eLNDT™ on positive sequents. Based on work
of Buss, Das, Knop [22], Chapter [2[ (re)introduced the necessary preliminary material.
Starting with Section [2.1], we defined the systems eLDT,eLNDT reasoning about deter-
ministic and non-deterministic branching programs respectively. Next, Section fo-
cused on monotone computation and reasoning, first monotone functions and monotone
branching programs are defined and later the system eLNDT™, the positive fragment of
eLNDT is presented. eLNDT™ reasons about positive branching programs, NBPs which
at the level of the graph, for each 0-edge have a 1-edge parallel to it. This section fin-
ished with basic results for eLNDT™ like generalised identity and truth conditions for the
positive decision connective. Next is Chapter 3] where the Exact and Threshold Boolean
functions are introduced alongside deterministic branching programs and their positive
closures computing them respectively and later, we provided their representations as
eDT, eNDT formulas w.r.t. appropriate sets of extension axioms. Chapter [4] contains
the first main result of this work: a case study of the expressive power of eLNDT* by
finding polynomial size proofs of the propositional pigeonhole principle. The statement
is first adjusted to fit our setting i.e. it is expressed as a sequent where conjunctions
are substituted by specific (logically equivalent) positive decisions. We continued by
introducing important technical tools in the form of lemmas and propositions that allow
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us to manipulate eNDT formulas computing threshold functions. The ‘proof’ is split
into three separate parts which when ‘cut’ together result in the proof of the pigeonhole
principle. In Chapter |5 we provided the polynomial simulation of eLNDT by eLNDT*
on positive sequents. While the high-level structure of our argument is similar to [§],
we had to tackle specific issues arising due to the peculiarities (using extension) of our
setting and for that, we split our strategy into three parts. First, in Section we de-
fined eLNDT?, a system intermediating eLNDT and eLNDT™" where, while all decisions
must be in positive form, negative literals are permitted (also as decision literals). We
provided a polynomial-time translation from eNDT to eNDT* formulas and a polyno-
mial simulation of eLNDT by eLNDT?. Afterwards, in Sections and , we showed
how to substitute negated literals in an eLNDT" proof for our positive threshold for-
mulas. Since making decisions on complex formulas is not permitted in our setting, we
had to carefully craft new sets of extension variables and axioms for which we provided
the necessary ‘truth conditions’ that guarantee they behave appropriately. Then, we
defined {eLNDT} (P)}x=0 a family of proof systems, each of which extends eLNDT" by
two initial sequents and show polynomial equivalence of eLNDT" by eLNDT; (P) for
each k£ > 0. This chapter ends with Section where the proof of the polynomial sim-
ulation of eLNDT by eLNDT™ is put together by assembling results from the previous
sections.

8.1.2 Games for Non-deterministic Branching Programs

Inspired by the work of Pudldk and Buss [52], where they defined Prover-Adversary
games corresponding to Hilbert-Frege/LK, the second part of this thesis (Chapter @
introduced specifically tailored Prover-Adversary games for eLDT,eLNDT and frag-
ments thereof. In Section we presented preliminary material: definitions, basic
results and examples to familiarise the reader with Prover-Adversary games. Besides
the original games where queries are Boolean formulas from [52], we also provided a
more general version admitting arbitrary queries and simple contradiction sets. In this
way, the original game can be seen as an instance of the more abstract framework. In
Section we discussed and solved the issue of equivalent representation of (N)BPs
via formulas with extension. In the deterministic setting, two BPs are bisimilar if and
only if their respective eDT formulas have the same unfolding into binary decision trees.
This is not the same in the non-deterministic case though. There, we needed to define
a notion of simulation between eNDT formulas parametrised by the set of extension
axioms they are defined over. We proceeded to show that our notions of equivalence
between two e(N)DT formulas A, B translate to short proofs of the sequents A <> B.
We later used this fact to justify our sets of simple contradictions when we formally
presented our games. In Section we discussed a design choice we made. That is,
our games admit queries that are Boolean combinations of ¢(N)DT formulas making
them expressively powerful tools to reason about eL(N)DT. The only difficulty arose
in the non-deterministic setting because negations of NBPs are non-trivial to define.
Next, in Section we defined the games DB and NB that correspond to eLDT and
eLNDT in the same manner the original game from [52] corresponds to LK: for every
eLDT,eLNDT proof of a sequent I' — A of size N there is a O(log N)-round strategy
for ' — A in DB, NB respectively and vice versa. This is the main result of this chapter
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and the ‘forward’ direction is shown in Section [6.5] Besides some technicalities, this is
easier than the converse and it mostly follows the same idea from [41] where dag-like
Hilbert-Frege proofs are transformed into tree-form with only polynomial increase in
size. The other direction i.e. from a given strategy obtain the corresponding proof, is
more involved and requires a non-uniform formalisation of the Immerman-Szelepcsényi
theorem, that NL = coNNL, to be able to simulate negations of eNDT formulas. This
is detailed in Section [6.6] where we first defined a framework that allows us to work
with positive decisions on complex formulas. As mentioned before, this is not allowed
in our setting and thus we had to carefully craft appropriate sets of extension variables
and axioms (much like in Section . The idea is that positive decisions on complex
formulas can be used to construct the ‘decider’;, an NBP (parametrised by multiple
indices) that can simulate a general decision on complex formulas. After proving some
natural properties of the decider, we moved on to Section which started by defining
the game NBPM. This is a fragment of NB whose queries are in De Morgan normal
form (negations only in front of eNDT formulas) and after some more technical results
we showed that NBPM simulates NB with only a logarithmic increase in the number
of rounds in a strategy. Next, we showed that from a strategy of NBPM of size N we
can obtain a proof of Bool™ (eLNDT) (an extension of eLNDT allowing —-free Boolean
combinations of eNDT formulas) with polynomial increase in size. We ended with pro-
viding a polynomial simulation of Bool™ (eLNDT) by eLNDT which ends the ‘chain’ of
simulations and provides the converse direction of the main result, Theorem [6.7.1] of
this Chapter.

8.1.3 Systems for OBDDs

Ordered binary decision diagrams (OBDDs) are deterministic BPs whose paths contain
variables ordered w.r.t. some fixed order. Under the restriction of a fixed order, OBDDs
of minimal size can canonically represent Boolean functions, a desirable feature that
further makes for easy checking of some of properties and relations between OBDDs.
They were given a proof theoretic treatment in [J] as a case study of proof systems
corresponding to constraint satisfaction problems. Multiple papers expanded on their
results including [38] and [23] introducing new systems extending the ones described in
[9] and comparing their relative strengths w.r.t. proof complexity.

It was a natural direction for this project to define 0-eLDT, the fragment of eLDT
that canonically reasons about OBDDs similar to how Hilbert-Frege and LK reason
about Boolean formulas, and compare its expressive strength to the system OBDD( A, w)
from [9]. While not very hard, there were certain technicalities we needed to address to
restrict eLDT appropriately and obtain its OBDD fragment, o-eLDT. We started Sec-
tion by defining the notion of ‘level’ ensuring that our sets of extension axioms and
formulas defined over them only represent OBDDs under a fixed order r. We proceeded
to define the system 0-eLDT ensuring that for each OBDD there is an 0-eDT formula
over an appropriate set of extension axioms representing it. The system OBDD(A,w)
uses the following rules: the ‘join” A A B of two OBDDs and the ‘weakening’ where an
OBDD B can be obtained by a previous one A, if A logically implies B. We adapted
the definition of OBDD(A,w) to fit our setting and laid out the technical framework
needed to simulate the rules ‘join’ and ‘weakening’ in 0-eLDT. More specifically, in
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Section we introduced a judgement =, between o-eDT formulas that, together
with its ‘truth conditions’, is meant to simulate the weakening rule. Similarly, in Sec-
tion [7.1.2] we designed appropriate extension axiom sets which will be used to simulate
the join rule by essentially introducing a fresh extension variable A A B that behaves
like the conjunction of the 0-eDT formulas A, B. Finally, in Section we proved that
0-eLDT polynomially simulates OBDD(A,w): given a refutation R in OBDD(A,w) of
size n of some CNF C, we can find an 0-eLDT proof of C — of size polynomial in n,

Theorem [7.2.3

8.2 Future Work

There are multiple future directions one could follow with respect to this project. Lit-
erature pertaining to branching programs is rich and many of their variants (beside
OBDDs) have seen research interest and had their properties studied. For example,
we could investigate read-once branching programs (ROBPs) which were introduced by
Masek in [46], a decade before OBDDs . They are non-deterministic branching pro-
grams whose paths only contains uniquely labelled nodes that is, for each i, a variable p;
may label at most one node in each path. Defining the fragment of eLNDT that reasons
about ROBPs would require constructing appropriate sets of extension axioms that
only represent ROBPs, akin to what we do in Definitions|7.1.1} and [7.1.2| for OBDDs.

A direct expansion of current results from Chapter [7, would be to strengthen Theo-
rem by checking whether 0-eLDT is a strictly stronger system than OBDD(A,w).
On that end, it would be interesting to see if we can follow the approach of [23] and
study Clique-Coloring tautologies expressed via o-eDT formulas. Proving that there are
polynomial-size 0-eLDT proofs of Clique-Coloring tautologies but only superpolynomial-
size proofs of the same tautologies in OBDD(A,w) (the slightly altered version from
Definition would show that 0-eLDT is separated from OBDD(A,w).

An alternative and viable future-research direction would be to reason about branch-
ing programs by, instead of finding proofs in the calculus-like systems eLDT,eLNDT,
drawing winning strategies in the Prover-Adversary games defined in Chapter [6 The
purpose of working with games is to have an expressively rich way to talk about
eLDT,eLNDT and their fragments while avoiding the complexity of the syntax based
on extension. This thesis develops the necessary framework for games for NBPs, but
does not include a complete account of results being obtained through the game sys-
tems DB,NB. For example, all results in Chapters [3 [ and [5] could be rewritten in
the context of games and furthermore, systems reasoning about different fragments of
eLNDT could be fully expressed via games.
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