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Chapter 1

Introduction

The first three sections of this chapter give an introduction into the topics this thesis is about.
Whereas the first section introduces into computational complexity theory (complexity theory
for short) in general, the next two sections introduce into the two parts this thesis consists of.
These three sections are followed by a brief outline. The last two sections are of rather formal
interest: The fifth section lists the publications this thesis is based on, whereas the sixth section
gives information about contributions of coauthors to results presented in this thesis.

1.1 Introducing Selected Parts of Complexity Theory

What Computational Complexity Theory Is about What are the principal limits of
computers (or of computations in general)? This is probably one of the most natural and fun-
damental questions that can be asked in the field of computer science and the question is much
older than modern computers®. Studying this question led to many precise models of computa-
tion (e.g., Turing machines, A-calculus, random-access machines, and counter machines), which
basically all were shown to have the same computational power. This suggests that all these
models precisely capture what computability means in an intuitive sense. Before these models
came up and allowed a precise definition of the term “computability”, mathematicians only had
an informal and intuitive understanding of this term, which of course made it impossible to find
answers to the question of principal limits of computations. In contrast, the precise definition
of computability soon led to an (until today) incomplete, but still profound understanding of
the limits of computations. An illustrative example for a problem that is undecidable (i.e.,
unsolvable by computers) is given below.

The nowadays probably most widely used computation model within complexity theory is
the Turing machine invented by Turing in 1936 (cf. [Tur37]). There were other equivalent models
available before, but the Turing machine was the first model to be accepted as a precise model
of computability. The Turing machine is a model for a human who sits in front of a strip
of tape divided into cells, has a pencil and an eraser, and according to a fixed and finite set
of precise rules manipulates the letters on the tape. The person always is in one of finitely
many possible states and follows a fixed set of rules, according to which in each computation
step he/she looks at the current cell, reads the letter on that cell, and then depending on the
current state and the current letter (i) replaces the letter with a new one (possibly the same),
(ii) moves to either the left or the right neighbor cell, and (iii) possibly changes the current
state. Despite its simplicity the model of Turing machines has the same computational power

Indeed, originally and until the time the field of computability theory was arising, the term “computer” did
not refer to machines, but to humans.
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as modern computers, which justifies that we will use the term Turing machine and algorithm
interchangeably in the following. Even more, there is a single Turing machine that can compute
everything a modern computer can compute: already in 1936 (cf. [Tur37]), Turing was aware of
the fact that there are universal Turing machines, i.e., a single Turing machine that —when given
the code of an arbitrary Turing machine M and some input x— simulates M on input x. This
observation was not only crucial for theoretical computer science, but also for the development
of modern (stored-program) computers. Minsky [Min67] states that the aforementioned paper
by Turing [Tur37] “contains, in essence, the invention of the modern computer and some of the
programming techniques that accompanied it”.

From a more practical point of view, it does not make any difference whether some problem
cannot be solved algorithmically at all or whether it can be solved, but each algorithm requires
billions of years even if we have all computational resources available that we can possibly have
in this universe. Therefore, from this perspective it is more relevant which computational tasks
can be accomplished efficiently and can thus be considered feasible. Putting it more generally,
the question is: what are the computational resources (e.g., running time, memory space, and
randomness) of computational tasks?

Computational complexity theory investigates this topic in a structural way. It summarizes
problems in classes that are defined via upper bounds on the amount of a computational resource
and investigates relations between such classes.

Some Examples Let us consider some classical computational tasks:
1. Given a natural number, is the number prime?
2. Given a natural number, what is its largest prime divisor?

3. Given a graph and a natural number k, does the graph contain a clique of size k7
(Put more vividly, given a number of persons, all pairs of those persons that know each
other, and a number k, are there k persons who pairwise know each other.)

4. Given a graph, which size has its largest clique (or one of its largest cliques in case there
are more than one)?

5. Given a graph, which set of nodes forms the graph’s largest clique (or one of the largest
cliques in case there are more than one)?

6. Given the program of a Turing machine and a natural number x, does the machine’s
computation on input x stop?

The tasks are ordered in ascending difficulty. In accordance with the above remarks, when we
call a task difficult, we do not mean that it is difficult to find an algorithm for it, which is sub-
jective, but that each algorithm for solving the task requires a certain amount of computational
resources, which is objective.

There is a consensus in complexity theory that tasks that can be solved in polynomial running
time are considered feasible, where a computational task can be solved in polynomial time if
there exists a natural number k and an algorithm that solves the task such that when given an
input z of size n (denoted as |x| = n), then it does not require more than n* 4 k computation
steps.



1.1. Introducing Selected Parts of Complexity Theory 11

Decision and Function Problems There are different types of tasks. The tasks 1, 3, and 6
above are decision problems. Here instead of an algorithm computing some object, an algorithm
that on every input answers “yes” or “no” is required (we will alternatively say in the following
that the algorithm accepts or rejects). Mathematically, we denote such a decision problem as
the set of all “yes”-instances and the computational task is to determine whether an input
belongs to the set or not. Moreover, we say that some algorithm accepts a set A if it accepts on
inputs € A and rejects otherwise. The remaining of the aforementioned problems are function
problems, i.e., an algorithm is required that on some input x computes some output object .
Generally, complexity theory rather focuses on decision problems than on function problems
and so does this thesis. Although function problems often seem to be more difficult than their
corresponding decision problems, in many cases they are not.

For instance, consider the problems 3, 4, and 5. Algorithms for task 5 (resp., 4) can be
modified in a simple way such that they solve the task 4 (resp., 3) and only need polynomially
many additional computation steps. More interestingly, the converse implications hold as well:
if we are given an algorithm for task 3, then using binary search, polynomially many calls of the
algorithm for task 3 suffice to determine the size of the largest clique (resp., one of the largest
cliques in case there are more than one). Moreover, if we are given an algorithm for task 4,
iteratively removing edges whose deletion does not decrease the size of the largest clique until
no such edge remains allows us to determine a clique of largest size. In both cases, we only need
polynomially many calls of the algorithms for the respective allegedly more simple tasks. Hence
the best algorithms for the three tasks all have “equivalent” running time, where equivalent
means that the running time of each algorithm is polynomially bounded in the running time of
each of the other two algorithms.

P and NP The two most prominent classes in complexity theory are P, the class of all
feasible decision problems, and NP, the class of all decision problems whose solutions are of at
most polynomial length and can be verified efficiently. The name NP stands for nondeterministic
polynomial time and is derived from a different, but equivalent definition of the class, that we
will discuss later. The question of whether P equals NP is the most prominent and most popular
open problem in theoretical computer science and also one of the most famous open problems in
mathematics at all. It is widely conjectured that P does not equal NP and almost all attempts
to solve the P vs NP problem aim at proving P # NP.

NP-Completeness Some researchers [Sip19] claim that since the time in which the question
came up there has only been little progress towards proving one of the assertions P # NP and
P = NP, namely only the development of the notion of NP-completeness by Cook [CooTl],
who proved that SAT, the satisfiability problem for propositional formulas, is NP-complete.
This means that SAT € NP and each problem A in NP is reducible to SAT, i.e., there is an
efficiently computable translation function, called reduction, that —generally without finding
answers itself— translates instances of A to instances of SAT that have the same answer. Hence
the fastest algorithm for A has a running time that is polynomially bounded in the running time
of the fastest algorithm for SAT. As moreover, the non-existence of efficient algorithms for SAT
implies P # NP, it holds P = NP if and only if there are polynomial-time algorithms for SAT.
This is clear progress: no matter whether P = NP or P # NP is to be proven, it suffices to
study (the existence of efficient algorithms for) some NP-complete problem. Put more vividly,
we cannot fail because we considered a wrong problem.

Reconsidering the Examples Let us reconsider the above computational tasks in the light
of the classes and results we have discussed afterwards. Task 6 is the most famous undecidable
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problem (and thus neither in P nor in NP), i.e., there exists no algorithm that solves this task
[Tur37]. The aforementioned notion of universal Turing machines is central for the proof as it
allows a simple diagonal argument which yields the result. All other problems or their respective
corresponding decision problems are in NP, since the solutions are short and can be efficiently
verified. The question of whether problem 1 is in P was a long-standing open question and finally
was positively answered by Agrawal, Kayal, and Saxena [AKS04] in a breakthrough result. The
decision version of task 2 is neither known to be in P nor to be NP-complete. Thus, if it is in
P, then both P = NP and P # NP is still possible. Either all or none of the tasks 3, 4, and 5
have polynomial-time algorithms. Problem 3 is one of Karp’s famous 21 NP-complete problems
[Kar72], which were the first problems to be proven NP-complete. Hence problem 3 is in P if
and only if P = NP.

Promise Problems Generally, in computational complexity theory we refer to the worst-case
complexity when considering the complexity of an algorithm. In practice, however, one is seldom
given random (or even worst) instances of a problem. For example, in many cases it can be
guaranteed that only a proper subset of the domain of all instances occurs.

Let us give a cryptological example. There is not known any efficient algorithm that —when
given an odd prime p and some element x of the multiplicative group F) of the field of order p—
determines whether = generates ;. However, when being promised that for all inputs (p, x) the
prime p is a safe prime, i.e., (p—1)/2 is also prime, then we can efficiently test whether = generates
]F;Q. This fact is for instance exploited in the Diffie-Hellman—Merkle key exchange.

This motivates the study of so-called promise problems. These are problems where we are
given some predicate, called promise, depending on the input instance and where algorithms are
only required to answer correctly on those inputs that satisfy the promise. In other words and
put more intuitively, the algorithm has been promised that it is only given instances that satisfy
some predicate. In general and in contrast to the above example, this predicate does not need
to be easy to check, which makes the promise problem fundamentally different from deciding
the subset of the original problem that consists of all elements satisfying the promise.

Promise Classes Promise classes are a central object of study in this thesis and should not
be confused with promise problems. The term promise class is an informal term and refers to a
class of computational problems characterized by machines that satisfy some property, usually
expressing a certain way of computation. In general, it is undecidable whether a given machine
has this property. Therefore, it is called promise.

A popular example is the class UP, which was defined by Valiant [Val76]. A set belongs
to UP if and only if it is accepted by a nondeterministic polynomial-time Turing machine that
satisfies the promise “for each input, the computation has at most one accepting path”.

Promise Classes play an important role in computational complexity theory. The classes of
proof systems for certain sets and of disjoint NP- or coNP-pairs, both of which we will discuss
later, are also promise classes.

Canonical Complete Problems The most simple way to see that classes like P or NP
contain complete problems is over canonical complete problems. For example, consider NP.
We first need to explain an alternative way to define this class. Consider some Turing
machine. If we allow this machine in each computation step to split up into two paths which
continue the computation in different states, then we obtain a nondeterministic Turing machine,

2If there are only finitely many Sophie Germain primes (resp., safe primes), then this holds trivially. But it
also holds if —as is widely conjectured— there exist infinitely many Sophie Germain primes (resp., safe primes).
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which is defined to accept if it has at least one accepting path. Now we can characterize NP as the
class of all those problems L for which there exists a nondeterministic algorithm that accepts L
in polynomial time, where a nondeterministic algorithm works in polynomial time if all its paths
have at most polynomial length. The two mentioned variants of defining NP are equivalent for
the following reasons: A nondeterministic polynomial-time algorithm can nondeterministically
generate all possible potential solutions, which are of at most polynomial length, and then verify
or falsify them; conversely, an accepting path of a nondeterministic polynomial-time algorithm
on some input can be seen as a solution for this input: it is of at most polynomial length and
efficiently verifiable.

Without going into detail, we mention that it is not difficult to construct an enumeration
My, Ms, ... of some nondeterministic Turing machines such that M; has running time at most
n' 4 i, for each set A in NP there exist infinitely many i € N such that M, accepts A, and
there is some Turing machine M that on input ¢ and x efficiently simulates M; on input z
(this is basically obtained by using clocked machines, i.e., we let the machines count their own
computation steps and let them terminate as soon as they have executed a certain number of
steps). Thus the sets accepted by My, My, ... form the class NP. Now consider the problem C =
{(i,2,0") | M; accepts on input x after at most ¢ steps}. By the properties of the enumeration
My, M>, ..., this set is in NP. As, moreover, for each set A € NP there exists ¢ such that
M; accepts A and thus x — (i,x,O'xVH) shows that A is reducible to C, the problem C is
NP-complete.

Promise Classes and Complete Problems It suggests itself to follow a similar strategy
for promise classes. However, in general this does not work as in many cases we do not know
suitable enumerations of machines that represent the respective classes.

For example, consider the class UP. In order to define canonical complete problems for UP
in the same way as above, we need an enumeration of UP-machines with analogous properties.
In particular, the machines in such an enumeration need to have at most one accepting path on
every input, they need to cover the whole class UP, and there needs to exist a UP-machine that
can efficiently simulate each machine in the enumeration when given its number as part of the
input. It is not known whether all these properties can be realized at the same time.

So for many promise classes it is an interesting area of research to investigate whether they
have complete problems. Such questions will be the central object of study in the first part of
this thesis. In a recent article [Pud17] Pudlak surveys several major conjectures relevant to proof
complexity most of which can —roughly speaking— be stated in the way “the promise class C
does not have complete problems”. Pudldk’s motivation rather comes from proof complexity
and logic and the conjectures can also be formulated in a logical way. We will discuss this
later on a relatively high level. Nevertheless, it is also possible to consider them from a purely
complexity-theoretical point of view, which we will do in most parts of this thesis. The larger
part of this thesis is dedicated to constructing oracles that separate relativized versions of the
aforementioned conjectures and thus finding answers to questions asked by Pudlak [Pud17].

Before we start presenting and discussing the conjectures, we give a brief introduction into
oracles and relativizable proofs.

Oracles and Relativizable Proofs What makes the P vs NP problem so hard to solve?
As for the vast majority of open problems in mathematics, it is of course possible that there is
a short and easily understandable proof for P = NP or P # NP such that future generations
of computer scientists will consider P = NP or P % NP as a rather simple result. But still,
astonishingly, we can give precise reasons why it has been difficult for us up to now to solve the
problem.
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Roughly speaking, the reason is that our proof techniques provably fail for the P vs NP
problem. Let us argue more precisely. An oracle is an arbitrary (possibly undecidable) set
that is given to a Turing machine as a black box which the machine can ask arbitrary (many)
questions to and receives the correct answers in one computation step. So when all algorithms are
given an oracle, we may live in a profoundly different world. It can be shown by straightforward
constructions that there are worlds in which P = NP and also worlds in which P # NP.

However, except for very less results?, all results in computational complexity theory have
proofs that are based on machine simulations which can be executed the same way when all
machines are given access to some oracle: the simulating machines simply ask the oracles when-
ever the simulated machine does this. Thus most proofs have the property that they can be
easily adapted so that they also work in the presence of an arbitrary oracle. However, as there
are both oracles relative to which P = NP and oracles relative to which P # NP, all proofs
for P = NP and all proofs for P # NP do not have this property. Hence solving the P vs NP
problem requires fundamentally different proof techniques.

For such reasons it has become common to construct oracles showing that certain results
require techniques radically different from the usual ones. Oracle constructions are often tech-
nical and complicated elaborations, but in turn they give objective and precise reasons for the
difficulty of problems. Even more, they expose the crucial point where our proof techniques fail.

1.2 The Conjectures

In this section we introduce the conjectures central for the first part of this thesis and give an
overview of the results we will obtain.

The conjectures all occur in [Pudl7] and their connections are investigated in that same
article. Let us introduce them and the notions which they arise in. We will present these from
a purely complexity-theoretical point of view and afterwards briefly discuss the perspective that
Pudlak has on them. We refer to [Pud13] for many more details and much more background on
the two main conjectures CON and TFNP.

Proof Systems®? The notion of proof systems was introduced by Cook and Reckhow [CR79],

who define a proof system f for a set A to be a total, polynomial-time computable function with
range A. If A equals TAUT, the set of propositional tautologies, then f is a propositional proof
system (pps for short). If f(z) =y, then we call x an f-proof for y.

A proof system f is simulated by a proof system g if there is a polynomial p such that for each
y and each f-proof = for y there exists a g-proof for y of length at most p(|z|). If additionally
there exists a polynomial-time computable function that translates f-proofs into corresponding
g-proofs, then f is P-simulated by g. We call a proof system g (length-)optimal (resp., P-optimal)
if it simulates (resp., P-simulates) each proof system with the same range.

Moreover, a proof system f is said to be polynomially bounded if there is some polynomial
f such that all z have f-proofs of length at most p(|x|). It follows from the definitions that
polynomially bounded proof systems are optimal.

There is a broad range of research on proof systems. In this thesis, however, we mainly
focus on one aspect, namely the question of whether there are optimal (resp., P-optimal) proof

3¢.g., PSPACE C IP and the PCP theorem

4Both this paragraph and the next paragraph on disjoint pairs are in parts closely oriented towards correspond-
ing parts in the paper [DG20], which was written in cooperation with Christian Glafler. For better readability,
we do without citing this paper explicitly in the two mentioned paragraphs.
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systems for SAT and TAUT (or more general, for NP- and coNP-complete® problems). This is
reflected by the following conjectures that are crucial for this thesis.

CONN = Optimal pps proof systems for TAUT do not exist.
CON = P-optimal pps proof systems for TAUT do not exist.
SAT = P-optimal proof systems for SAT do not exist.

CONV SAT = CON holds or SAT holds.

A relativizably proven result by Koébler, Messner, and Toran shows that we obtain equivalent
statements if we replace TAUT (resp., SAT) by an arbitrary other coNP-complete (resp., NP-
complete) set. This observation allows us to formulate these conjectures relative to some oracle.

There is a fundamental difference between proof systems for TAUT (or any other coNP-
complete set) and proof systems for SAT (or any other NP-complete sets). By definition, NP-
sets always have short proofs and thus also have polynomially bounded proof systems, which are
optimal as was mentioned above. For that reason, we have not formulated a conjecture SATN.

In the case of SAT, the standard proof system maps (¢, a) to ¢ if ¢ is a propositional formula
and a a satisfying assignment of ¢ and otherwise, it maps to an arbitrary fixed satisfiable formula.
Clearly it is polynomially bounded and thus optimal. A concise and comprehensible example
by Pudldk [Pudl7] illustrates that if the standard proof system for SAT is even P-optimal, then
factoring (i.e., task 2 in the previous section) is possible in polynomial time: consider the proof
system g for SAT that basically works like the standard proof system for SAT, but maps an
input proposition v, to itself if 7, expresses “in a natural way” that n is composite or n is prime
(trivially, for each n, the proposition 7, is satisfiable and thus in SAT). For composite n, a proof
of v, in the standard proof system encodes a non-trivial factor of n and thus, if g is P-simulated
by the standard proof system, factoring is possible in polynomial time.

The question of whether optimal or P-optimal pps exist (i.e., whether CON or CONN holds),
was raised by Krajicek and Pudldk [KP89] in the context of the finite consistency problem that
we discuss later and that explains the notations CONN and CON.

Krajicek and Pudldk [KP89] also prove sufficient conditions for the existence of optimal
and P-optimal propositional proof systems: NE = coNE implies —CONN and E = NE implies
—CON, where E (resp., NE) is the class of all problems that are accepted by deterministic (resp.,
nondeterministic) Turing machines in running 29", There exists an oracle [Ver91] relative to
which the converses of these implications do not hold. Ké&bler, Messner, and Tordn [KMT03|
reveal a number of connections to promise classes that we will refer to several times below and
moreover, they prove implications that are similar to and stronger than the above implications
by Krajiéek and Pudlik: for EE £ DTIME(2°?") and NEE £ NTIME(2°(?")) they show that
(i) NEENTALLY C coNEE implies ~CONN and (ii) NEENTALLY C EE implies =CON. Both
these implications are wrong relative to an oracle [DG19, DG20], relative to which additionally
unions of disjoint NP-complete sets are NP-complete.

Sadowski [Sad02] proves that ~CONN holds if and only if the class of all easy subsets of
TAUT is uniformly enumerable. Pudldk [Pud96, Pud17] surveys the finite consistency problem,
its connection to propositional proof systems, which will be explained below, and further, related
open questions including the conjectures we list and discuss in the present section. Moreover,
he also draws new connections between these conjectures.

Disjoint Pairs A disjoint NP-pair (resp., coNP-pair) is a pair (A, B) of two disjoint sets
A,B € NP (resp., A,B € coNP). The standard computational task for disjoint pairs is to

5Unless stated differently, when speaking of reducibilities or completeness in this section, then we refer to the
standard polynomial-time many-one reducibility.
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separate pairs, i.e., to determine which of the sets A and B an input belongs to, where in case
the input is neither in A nor in B an arbitrary answer can be given. If there is a polynomial-
time algorithm for this task, then the pair is called P-separable. Thus in other words, a pair
(A, B) is P-separable if and only if there exists some set S € P with A C S and B C S. In
correspondence with the standard computational task for disjoint pairs, the standard reducibility
for disjoint pairs is defined as follows [Raz94]: (A, B) is <hP-reducible to (C, D) if there is a
total polynomial-time computable function f with f(A) C C and f(B) C D.

The notion of disjoint pairs has its origin in public-key cryptography and characterizes
promise problems [EY80, ESY84, GS88]: Given some promise problem, choose A (resp., B)
to be the set of all “yes”-instances (resp., “no”-instances) of the promise problem that satisfy
the promise. Then (A, B) is a disjoint pair and an algorithm separating the pair simultaneously
solves the promise problem. Conversely, given a disjoint pair (A, B), consider the promise prob-
lem that consists of the elements in A and the promise is that the input is in AU B. Then again,
each algorithm separating the pair also solves the promise problem.

A beautiful example for a disjoint NP-pair that non-trivially is P-separable is the Clique—
Coloring pair, which is due to Pudlak [Pud03]:

Co = {(G,k)| G is a graph that has a clique of size k}
Cy = {(G,k) | G is a graph that can be colored with k£ — 1 colors}.

As a clique of size k cannot be colored with k — 1 colors, (Cy, C1) is a disjoint NP-pair. The pair
is P-separable [Pud03], which can be shown using combinatorial arguments by Lovasz [LovT79]
and Tardos [Tar88].

The following questions are two of the most popular open problems regarding disjoint NP-
pairs:

1. Are there P-inseparable disjoint NP-pairs?
2. Does DisjNP, the set of all disjoint NP-pairs, contain <}y-complete problems?

The answer to the first question is “yes” if secure public-key cryptosystems exist [GS88]. Even,
Selman, and Yacobi [EY80, ESY84] conjecture that every disjoint NP-pair has a separator that
is not <%-hard for NP, which would imply that public-key cryptosystems that are NP-hard to
crack do not exist.

The statement that the answer to the second question is “no” is one of the already announced
conjectures in Pudlék’s article [Pud17]:

DisjNP = DisjNP does not contain <PP-complete pairs.
Analogously, it is conjectured that
DisjCoNP = The set of all disjoint coNP-pairs does not contain <PP-complete elements.

The question of whether DisjNP holds was first asked by Razborov [Raz94] in the context of
propositional proof systems: Razborov defined for every pps a canonical disjoint NP-pair and
showed that the pair is complete if the pps is optimal, i.e., DisjNP = CONN = CON.

Further investigations on the connection between pps and disjoint pairs can be found in
[Pud03]. In that article, it is in particular shown that the canonical pair of the resolution proof
system is symmetric, i.e., (4, B)<IW (B, A).

Beyersdorff [Bey04, Bey06, Bey07, Bey10] investigates connections between disjoint NP-pairs
and pps, and in particular studies the conjectures DisjNP and CONN. To single out only one
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result, he shows that under reasonable assumptions on some proof system f, the canonical pair
of f is complete for the class DNPP(f) of all disjoint NP-pairs for which the disjointness is
efficiently provable in the proof system f, i.e., there exist meaningful subclasses of DisjNP that
do contain complete pairs [GSZ09].

Several characterizations of DisjNP are given by Glafler, Selman, and Sengupta [GSS05].
Among these are the uniform enumerability of disjoint NP-pairs and the existence of <h-
complete functions in NPSV. Glafler, Selman, and Zhang [GSZ07] prove that the degree struc-
ture of the class of all disjoint NP-pairs and of all canonical disjoint pairs of propositional proof
systems is identical. More precisely, they show that for each disjoint NP-pair there exists some
pps whose canonical pair is equivalent to the former pair. An analogous statement for canonical
pairs of pps and pps does not hold as is illustrated by examples due to Pudldk [Pud03] and
Beyersdorff [Bey06], which show that there are non-equivalent pps with equivalent canonical
disjoint pairs.

GlaBer, Selman, and Zhang [GSZ09] draw a connection between pps, disjoint pairs, and the
neither proven nor disproven hypothesis that unions of two disjoint NP-complete sets are NP-
complete (Hypion for short). According to [DG19, DG20], for each two of the three statements
CONN, DisjNP, and Hypjon and each combination of their truth values there exists an appropriate
oracle, except for “CONN A DisjNP, which is impossible since DisjNP = CONN [Raz94] can be
proven in a relativizable way (e.g., see [GSSZ04] for a straightforward and relativizable proof).

Total Polynomial Search Problems A total polynomial search problem (TFNP problem for
short), more commonly known under the name total NP search problem, (i) is represented by a
polynomial p and a binary relation R € P satisfying V,3, (|y| < p(|z[)A(z,y) € R) and (ii) is the
following computational task: on input x compute some y with |y| < p(|z|)A(x,y) € R. In other
words, a total polynomial search problem is the computational task to determine some value of
a nondeterministic multivalued function with values of polynomial length that are polynomially
verifiable and guaranteed to exist [MP91]

A TFNP problem is polynomially many-one reducible to another TFNP problem if the
former can be solved in polynomial time being allowed to ask one query to an oracle that gives
solutions to the latter [JPY88]. TFNP is the class of all total polynomial search problems.

Both the notion of total polynomial search problems and the conjecture

TFENP = TFNP does not contain polynomially many-one complete elements

were raised by Megiddo and Papadimitriou [MP91]. Besides CON, the conjecture TFNP is the
main conjecture in [Pud17].

TFENP can be alternatively defined as the class of all search problems represented by NP-
machines that accept every input where the computational task is —when given an input z—
to find an accepting path of the machine on input =x.

We obtain a similar class, denoted as NPMVy, when we collect all multivalued functions that
are computed by NP-machines that accept each input and output some word on each accepting
path. Whereas the TENP problems have solutions that can be efficiently verified, values of
NPMV; functions might not be verifiable in polynomial time.

Although there is an essential difference in how reductions for NPMV; functions and TFNP
problems are defined, the existence of complete NPMV,; functions implies the existence of com-
plete TFNP problems [Pud17]. Hence a result by Beyersdorff, Kobler, and Messner [BKMO09]
stating that the existence of P-optimal proof systems for SAT implies the existence of complete
functions in NPMV; can be exploited and —together with the former result— proves

TENP =- SAT.
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Moreover, both the existence of complete NPMV, functions and the existence of complete TEFNP
problems imply the existence of <hP-complete disjoint coNP-pairs [BKMO09, Pud17]. The latter
implication can be also expressed as

DisjCoNP = TFNP.

No Complete Sets in UP and NP N coNP Let us define the last two conjectures we will
consider.

UP = UP does not contain complete problems

NP NcoNP = NP NcoNP does not contain complete problems

In their aforementioned article [KMTO03], entitled “Optimal proof systems imply complete sets for
promise classes”, Kobler, Messner, and Tordn prove UP = CON and NP N coNP = CON Vv SAT.
Thus besides the conjecture DisjNP, the conjecture UP is another way of strengthening the
conjecture CON. Interestingly and in contrast to the situation for DisjNP, it is not known
whether one of the two possible implications between UP and CONN holds. Corollary 3.2.4
shows that at least one of the two possible implications, namely CONN = UP, cannot be proven
using solely relativizable proof techniques.

Known Implications Parallel to introducing the conjectures, we have already mentioned the
implications between them that are known to hold. Figure 1.1 gives an overview of these.

DisjNP DisjCoNP
CONN UP TFNP

N |

CON NP N coNP SAT

~ |

CON Vv SAT

|

P £ NP

Figure 1.1: The arrows mean implications that are known to hold relative to all oracles.

For reasons of clarity, we recall the references where relativizable proofs of the non-trivial impli-
cations can be found.

e DisjNP = CONN: e.g., see [GSSZ04] for a straightforward, relativizable proof
e UP = CON: [KMTO03]

e NP N coNP = CON V SAT: [KMTO03]
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e TENP = SAT: [BKMO09, Pud17]; in detail: see  BKMO09] for a relativizable proof that ~SAT
implies the existence of complete NPMV, functions and see [Pud17] for a relativizable proof
that the existence of complete NPMV, functions implies = TFNP.

e DisjCoNP = TFNP: [Pud17]

As all proofs are relativizable, we can also interpret the conjectures in Figure 1.1 as the corre-
sponding relativized statements relative to some oracle®.

Finally, let us explain why we focus on the above selection of conjectures. The general
motivation for Pudlak to investigate such conjectures is described in the next paragraph. But
it has already been indicated that there are further conjectures in [Pud17] that have not been
mentioned by us. The reason why we only pick the above conjectures is that Pudlak names them
the “most important uniform conjectures considered in this article”. To be more precise, the
selection of conjectures he names that way has two slight differences from our selection above,
namely:

1. As a further reference point, we also choose the popular (but of course non-uniform)
conjecture CONN, which, however, is never directly addressed in the oracles we construct.

2. We omit the conjecture RFN;7. In a similar figure as Figure 1.1, Pudlék lists this conjecture
between CON V SAT and P # NP, i.e., CON VvV SAT = RFN; = P # NP. Meanwhile,
however, Khaniki [Khal9] has shown CON V SAT < RFN;, which removes the need of
considering the conjecture separately.

An Alternative View As mentioned before, there are different views of and motivations for
the conjectures we have introduced and their relations. As the first part of this thesis is part
of a working program initiated by Pudldk’s aforementioned article [Pud17], it inherits (part of)
its motivation from Pudldk’s article, which makes it inevitable to discuss Pudldk’s motivation
in this and also other articles.

Pudlék’s article is “motivated by the problem of finding finite versions of classical incomplete-
ness theorems” [Pud17]. Let us explain that through the example of the conjectures CONN and
CON. Both can be characterized as finite versions of incompleteness statements, more precisely
as statements about some sort of finite consistency. Goédel’s second incompleteness theorem,
which implies his first incompleteness theorem, roughly says that each sufficiently strong theory
cannot prove its own consistency. Now we can make the same step as from computability theory
to complexity theory. Instead of absolute provability we can also consider efficient provability
and ask the following questions: which sentences have short proofs, i.e., proofs of lengths at
most polynomial in the length of the sentence? And which sentences have short proofs that can
be efficiently found?

In the words of Pudldk [Pudl7]: Let CONp(n) for a finitely axiomatized theory T be a
natural formalization of the statement “there is no derivation of contradiction of length n from
the axioms of T”. Krajicek and Pudldk [KP89] prove that the conjecture CONN is equivalent to
the statement that for every finitely axiomatized theory S there exists some finitely axiomatized
theory 7' such that there exists no S-proof for CONz(n) of polynomial length in n. So ~CONN
expresses that a very weak version of Hilbert’s program (to prove the consistency of all mathe-
matical theories) can be realized [Pud96]. Correspondingly, =CON is equivalent to the existence

SFor the sake of simplicity, we will occasionally refer to these relativized statements as “relativized conjectures”
although this is misunderstandable as these statements have only been conjectured in the unrelativized case.
"For a definition we refer to [Pud17].
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of a theory S such that for each fixed finitely axiomatized theory T, proofs of CONp(n) in S
can be constructed in polynomial time in n [KP89].

Let us sketch the reason why Pudldk lays emphasis on the above conjectures (and some
more that he additionally investigates in his article). All these conjectures have in common that
they all say something about unprovability: The complexity-theoretical conjectures we have
introduced can be equivalently formulated as statements about unprovability of certain first
order sentences. So they establish a formal connection between computational complexity theory
and the difficulty of proving certain sentences: high computational complexity of a problem
associated with some sentence implies that the sentence is not provable in a weak theory, or
requires a long proof [Pudl7]. Gaining a better understanding of such connections and more
fundamentally, of the general connection between logical strength of theories and computational
complexity is what Pudlak is motivated by and “what the field of proof complexity basically is
about” [Pud17].

Proving or disproving any of the aforementioned conjectures seems to be currently out of
reach. Nevertheless, progress in finding further answers to the question of the relationships be-
tween the various conjectures may be possible by the currently available means [Pud17] and this
is a large part of what Pudlédk does in his article [Pud17]. He proves further implications men-
tioned above and is particularly interested in finding a general conjecture about incompleteness
and computational complexity that contains all the above conjectures as special cases. This is
his main open problem. An oracle by Khaniki [Khal9] and the oracle constructed in the proof
of Theorem 3.3.1 suggest that none of the above conjectures can be such a conjecture, since
proving it to be one would require non-relativizable proof techniques. We will explain this in
more detail in the next paragraph.

Oracle Separations Pudldk [Pudl7] does not only ask for further proofs of implications
between the conjectures, but also suggests to study relativizations of the conjectures. More
explicitly, he asks to “construct oracles that show that relativized conjectures are different or
show they are equivalent for pairs of conjectures presented in this article” [Pudl17]. For each
of the oracles we construct in this thesis, there are two of the above conjectures such that
the respective oracle is the first published oracle that separates the two relativized conjectures.
Nevertheless, we understand Pudlak’s working program in the broader sense that for each pair
{A,B} of conjectures both an oracle for A # B and an oracle for B # A is supposed to be
constructed (independently of whether one of the two oracles has already been constructed).

Figure 1.2 gives an overview of all separations® that —to our knowledge— are published up
to now. We will discuss them in the following.

Pudldk mentions that the only known separation is a separation of CON and DisjNP in
[GSSZ04]. Indeed, the corresponding oracle even separates CONN and DisjNP. It is not clear
whether Pudldk’s working program also considers P # NP as one of the conjectures whose
relativized version is to be separated from others. On the one hand, Pudlak lists it in the figure
of “the most important uniform conjectures considered in this article” [Pudl7] and at least he
implicitly conjectures P # NP, since this is implied by each of the other conjectures (relative to
all oracles). On the other hand, he does not explicitly introduce the conjecture P # NP, and
also does not mention an oracle by Ogiwara and Hemachandra [OH93] that separates P # NP

8For the remainder of the section, when speaking of separations we always mean separations of correspond-
ing relativized conjectures, i.e., the construction of oracles relative to which the respective conjectures are not
equivalent.
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Figure 1.2: Solid arrows mean implications. A dashed arrow from one conjecture A to another
conjecture B means that there is an oracle X against the implication A = B, which means that
A A =B holds relative to X.

from both NPNcoNP and CONN. In a rather straightforward oracle construction we separate the
conjecture P # NP from CONV SAT (see Corollary 3.5.11) and by that, this conjecture has been
considered exhaustively in terms of the requested oracle separations from other conjectures.

Khaniki [Khal9] is the first to address the tasks by Pudlak. He shows two of the conjectures,
namely CON V SAT and RFNy, to be equivalent and constructs two oracles V and W: relative
to V, there exist P-optimal propositional proof systems (i.e., “CON holds) but no many-one
complete disjoint coNP-pairs (i.e., DisjCoNP holds), where —as mentioned above— the latter
implies TEFNP and SAT [Pud17, BKMO09]. Relative to W, there exist no optimal propositional
proof systems (i.e., CONN holds), but each total polynomial search problem has a polynomial-
time solution, where the latter implies -SAT relative to all oracles [KMO00].Thus in particular, the
relativized versions of the two main conjectures CON and TFNP are independent in the sense that
neither CON = TFNP nor TFNP = CON holds relative to all oracles. This is not only progress
in the working program introduced above, but also answers a separate question by Pudlak, who
explicitly asks for such oracles that show the two main conjectures to be independent.

In this thesis we construct four oracles one of which we have already mentioned. Let us
discuss the three remaining oracles and their properties.

e In Section 3.2 we construct an oracle relative to which DisjNP A NP N coNP A —=UP. We
later construct an oracle relative to which NP coNP A —=CON, which is a stronger property
than NP N coNP A =UP. By DisjNP A =UP, the oracle separates each of the conjectures
DisjNP, CONN, and CON from the conjecture UP.

e Regarding the above conjectures, one of the oracles we construct (cf. Section 3.3) extends
the oracle W by Khaniki: relative to it, it does not only hold CONN A =SAT, but even
DisjNP A UP A NP N coNP A =SAT (recall DisjNP = CONN relative to all oracles)?. Thus it

Tt should be mentioned that relative to W it does not only hold —SAT, but also that all TFNP problems
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proves the new separations of both (i) UP and each conjecture in {SAT, TFNP, DisjCoNP}
and (ii) of NP N coNP and {SAT, TENP, DisjCoNP} and additionally, it reveals (together
with Khaniki’s oracle V [Khal9]) that DisjNP is independent of each of the conjectures
SAT, TENP, and DisjCoNP in the following sense: none of the six possible implications
holds relative to all oracles.

Let us emphasize one more interesting aspect: recall that Pudlak’s main open problem is
to find a “general conjecture about incompleteness and computational complexity” from
which the current conjectures follow as special cases [Pud17]. The aforementioned oracle
V by Khaniki [Khal9] and our oracle show that proving one of the current conjectures to
be such a general conjecture requires an unrelativizable proof: the two oracles prove that
for each conjecture A there is one conjecture B that is not implied by A relative to all
oracles.

Figure 1.2 illustrates that the oracle we are discussing yields one of the stronger oracle
results that Pudlak [Pud17] asks for, since DisjNP, UP, and NP N coNP are the strongest
conjectures in their respective branches in Figure 1.2, whereas SAT is the weakest con-
jecture that is not implied by the three other conjectures relative to all oracles. In other
words, in Figure 1.2 all conjectures on the left are known to hold and all others are known
to be wrong relative to the oracle.

e In Section 3.4 we construct the already announced oracle relative to which NP N coNP A
—CON holds. This separates each of the conjectures DisjNP, CONN, and CON from NP N
coNP.

1.3 Integer Circuits

The History of Integer Circuits'® Stockmeyer and Meyer [SM73] define and study mem-
bership and equivalence problems for integer expressions, i.e., expressions built up from single
natural numbers —interpreted as singleton sets of natural numbers— by using set operations (U,
N, 7), pairwise addition (4), and pairwise multiplication (-)!!. For example, 1-1 N1 describes
the set of primes P.

The membership problem for integer expressions asks whether some given number is con-
tained in the set described by a given integer expression, whereas the equivalence problem for
integer expressions asks whether two given integer expressions describe the same set. Restricting
the set of allowed operations results in problems of different complexities.

Wagner [Wag84]| studies a more succinct way to represent such expressions, namely circuits
over sets of natural numbers, also called integer circuits. Each input gate of such a circuit is
labeled with a natural number, the inner gates compute set operations or arithmetic operations
(7, U, N, +, -). The subsequent circuit computes the set of primes.

O—C_O—0—®

have polynomial-time solutions, which implies relative to all oracles that every optimal proof system for a set in
NP is P-optimal [KMO00].The latter assertion implies =SAT, since all non-empty sets in NP for arbitrary O have
optimal proof systems (cf. the paragraph “Proof Systems” in the previous section).

0This paragraph is based on corresponding parts of the introduction of [BBD"17], which were mainly written
by the author.

"Tndeed, Stockmeyer and Meyer do not consider problems allowing pairwise multiplication in [SM73].
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Starting from this circuit, one can use integer circuits to express fundamental number theoretic
questions: thus a circuit describing the set of all twin primes or the set of all Sophie Germain
primes can be constructed (does these circuits compute finite sets?). McKenzie and Wagner
[MWO7] construct a circuit C' computing a set that contains 0 if and only if the Goldbach
conjecture holds. By storing intermediate results in nodes and reusing them several times,
we can express such questions or conjectures in a more succinct way than when using integer
circuits.

Wagner [Wag84|, Yang [Yan0l], as well as McKenzie and Wagner [MWO07] investigate the
complexity of membership problems for circuits over natural numbers: here, for a given circuit
C, one has to decide whether a given number n belongs to the set described by C. Travers
[Tra06] and Breunig [Bre07] consider membership problems for circuits over integers and positive
integers, respectively. GlaBer et al. [GHR™10] study equivalence problems for circuits over sets
of natural numbers, i.e., the problem of deciding whether two given circuits compute the same
set.

Satisfiability problems for circuits over sets of natural numbers, investigated by Glafler et
al. [GRTW10], are a generalization of the membership problems investigated by McKenzie and
Wagner [MWO07]: the circuits can have unassigned input gates and the question is: given a
circuit C and a natural number b, does there exist an assignment of the unassigned input gates
with natural numbers such that b is contained in the set described by the circuit?

Barth et al. [BBDT20] investigate emptiness problems for integer circuits. Here, for both
circuits with unassigned inputs and circuits without unassigned inputs, the question of whether
an integer circuit computes the empty set (for some/all assignment(s) if the circuits allow unas-
signed inputs) is raised and investigated.

Apart from the mentioned research on circuit problems there has been work on related vari-
ants like functions computed by circuits [PD09] and constraint satisfaction problems (csp) over
natural numbers [GJM17, Dos16]. The constraint satisfaction problems by GlaBer, Jonsson,
and Martin [GJM17] can be considered as conjunctions of equations of integer expressions with
variables standing for singleton sets of natural numbers. Here the question is whether there is
an assignment of the variables such that all equations are satisfied. These constraint satisfaction
problems have the peculiarity that expressions describe sets of integers, whereas variables can
only store singleton sets of natural numbers. The author [Dos16] addresses this and studies con-
straint satisfaction problems over finite subsets of N, consequently replaces the set complement
~ with the set difference —, and allows the variables to describe arbitrary finite subsets of N.

Our Model and Contributions The definition of the circuits investigated in this paper
follows the definition of previous papers such as [MW07, GHR*T10, GRTW10, BBD"20]. Yet
there are some differences:

Our circuit problems are about balanced sets where a finite and non-empty set S C N
is balanced if |S| = |{0,1,...,max(S)} — S|. Analogously, S is unbalanced if |S| #
{0,1,...,max(S)} — S|. That means, the maximum of a set marks the relevant area, and
then we ask whether there are as many elements inside the set as outside of it.

As the notion of balanced sets only makes sense for finite sets, our circuits should solely
compute finite sets. Due to that we replace the commonly used set complement — with the set
difference — or the symmetric difference A.

Now, as the circuits only work over the domain of finite subsets of N, it suggests itself to also
allow the input gates of a circuit to compute arbitrary finite subsets of N and not only singleton
sets (cf. [Dos16] where the analogous step was made for constraint satisfaction problems).

For such circuits we ask: is there an assignment of the unassigned inputs with arbitrary
finite subsets of N under which the circuit computes a balanced set? This problem is denoted
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by BC(O) where O C {U,N, —, +, -} is the set of allowed operations.

The notion of balance is important in computational complexity. It occurs when considering
counting classes [GNW90] like C_L or C_P for instance. There, the question is whether for
some problem A there is a nondeterministic logarithmic-space or polynomial-time machine M
accepting A, where M accepts some input x if and only if the number of accepting paths equals
the number of rejecting paths.

Balance problems for integer circuits are interesting for another reason. To our knowledge,
there exists neither a natural decision problem for integer circuits nor a related constraint sat-
isfaction problem over sets of natural numbers that allows only one arithmetic operation and is
known to be undecidable. In this paper, however, it is shown that BC(—,-)!? is undecidable.
Moreover, prior to this result, there were only known two problems related to integer circuits
that admit no more than two operations and are known to be undecidable [GIM17, Dos16].
Both of these allow addition and multiplication.

Starting from the undecidable problem BC(—,-), we also investigate BC(O) for arbitrary
subsets of {—,-} and precisely characterize the complexity of each such problem. It turns out
that all these problems are in NP. In detail, we show that BC(-) is NL-complete, BC(—) is
NP-complete, and BC(0) € L.

1.4 Outline

This thesis has a simple structure. Besides the introduction and a preliminary chapter, it consists
of the Chapters 3 and 4. The former deals with the construction of the four aforementioned
oracles, the latter is about balance problems for integer circuits.

Chapter 3 starts with an introductory section, then contains four sections in each of which
we construct one oracle, and finally ends with a brief summary. Each of the four middle sections
basically consists of one fairly extensive and technical proof.

Chapter 4 consists of four sections. Between an introductory and a summarizing section,
we obtain the central results in Sections 4.2 and 4.3. Section 4.2 basically consists of the proof
of this chapter’s main result, the undecidability of the balance problem allowing set difference
and multiplication. Based on this, Section 4.3 asks the question of whether even one of this
operations suffices in order to gain undecidability and answers it negatively.

1.5 Publications

This thesis contains both published results as well as unpublished results (i.e., results only
published in technical reports). The former have appeared in the following refereed conference
proceedings or journals.

[Dos18§] T. Dose. Balance problems for integer circuits. In Proceedings of the 43rd Inter-
national Symposium on Mathematical Foundations of Computer Science (MFCS
2018), volume 117 of Leibniz International Proceedings in Informatics (LIPIcs),
pages 5:1-5:16. Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik, 2018.

[Dos19a] T. Dose. Balance problems for integer circuits. Theor. Comput. Sci., 799:124—
139, 2019.

12Consequently, BC(A, N, -) and BC(A, U, -) are undecidable as well. Both problems also allow only one arith-
metic operation.
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[Dos19b] T. Dose. P-optimal proof systems for each non-empty NP-set but no complete
disjoint NP-pairs relative to an oracle. In Proceedings of the 44th International
Symposium on Mathematical Foundations of Computer Science (MFCS 2019),
volume 138 of LIPIcs, pages 47:1-47:14. Schloss Dagstuhl — Leibniz-Zentrum fiir
Informatik, 2019.

[Dos20a] T. Dose. An oracle separating conjectures about incompleteness in the finite
domain. Theor. Comput. Sci., 809:466—481, 2020.

[DG20] T. Dose and C. Glafler. NP-completeness, proof systems, and disjoint NP-pairs.
In Proceedings of the 37th International Symposium on Theoretical Aspects of
Computer Science (STACS 2020), volume 154 of LIPIcs, pages 9:1-9:18. Schloss
Dagstuhl — Leibniz-Zentrum fiir Informatik, 2020.

[Dos20b] T. Dose. Further oracles separating conjectures about incompleteness in the
finite domain. Theor. Comput. Sci., 847:76-94, 2020.

[Dos18] and [Dos19b] are the conference versions of the journal articles [Dos19a] and [Dos20a].
We recommend to ignore the conference papers and consider the journal articles instead. The
technical report [DG19] is the full version of [DG20].

Let us register which parts of this thesis correspond to which of the above publications.

Section 3.2 ‘ Section 3.3 ‘ Section 3.4 ‘ Section 3.5 ‘ Chapter 4
[DG19, DG20] | [Dos19b, Dos20a] | [Dos20b] | [Dos20b] | [Dos18, Dos19a]

1.6 Contributions by Coauthors

As the list of publications and the assignment of publications to certain passages suggest, except
for Section 3.2, all results within this thesis are solely due to the author of this thesis. The
results in Section 3.2 were developed by Christian Glafler in cooperation with the author and
are published in [DG19, DG20]. As has been mentioned, parts of the paragraphs on proof systems
and disjoint pairs in Section 1.2 are closely oriented towards these paper’s introductions, which
were mainly written by Christian Glafer.

As for the sections of Chapter 3 which no coauthor has contributed to, it must be noted that
these were significantly inspired by the author’s collaboration with Christian Glafler resulting in
the articles [DG19, DG20]: both notations and outer structure of the proofs as well as several
common proof techniques were introduced to the author by Christian Glafler when working on
the aforementioned articles.

In a further way, Christian Glafler has contributed to this thesis by proofreading several
parts and making helpful suggestions.
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Chapter 2

Preliminaries

This chapter is a whole divided into three parts, one of which basic mathematical notations
inhabit, elementary graph theoretic notions another one, and foundations of computational
complexity theory the third.!

2.1 Basic Mathematical Notations

We denote the set of natural numbers and the set of integers with N = {0,1,2,...} and Z =
{...,=2,-1,0,1,2,...}, respectively. Moreover, we write Q and R for the set of rational and
real numbers, respectively. Note N C Z C Q C R. Z" and Nt denote the set of positive
integers, QT is the set of positive rational numbers, and RT is the set of positive real numbers.
7=, Q7 , and R~ denote the set of negative integers, rationals, and reals, respectively. P is the
set of primes {2,3,5,7,11,...} and P>, :=PN{z € N |z > n} for n € N. For a,b € Z we
define [a, b] (resp., [a,b), (a,b], and (a, b)) to be the finite interval {x € Z | a < x < b} (resp.,
{reZ|la<z<bl,{reZ|a<z<b},and {x € Z|a <z < b}). For two integers a and b
we write a | b if a divides b, i.e., if there exists an integer ¢ such that b =a - c.

The Cartesian product of two sets A and B is denoted by A x B = {(a,b) | a € A,b € B}
and the ¢-times Cartesian product
AXAx---xA

i times

by A'. Furthermore, we denote by U, N, and — the set operations union, intersection, and set
difference, respectively, i.e., AUB={x |z € Aorz € B}, ANB ={z|x € Aandz € B},
and A— B = {x € A | x ¢ B}. The symmetric difference is denoted by A, i.e., AAB =
(A— B)U (B — A). For the complement of a set A relative to some base set U O A we write
A =U — A. The base set U will always be apparent from the context. P(A4) := {S | S C A}
denotes the power set of a set A and Pgn(A) = {S € P(A) | S finite}. For a finite and non-empty
set A of integers let max(A) (resp., min(A)) denote the maximal (resp., minimal) element of A.
For a finite set A we denote the cardinality of A with |A].

We extend the arithmetical operations + and - to sets of integers: for A, B C Z define
A+B:={a+blacAbeB}tand A-B:={a-b|a€ A,be B}. Forsets Ay,..., A, CZ we
use the notation [[}" ; A; (resp., > | A;) for the set A;-Ag----- A, (resp., A1+ As+---+ Ay).
Note that for i > 2 and A C Z the term A’ does not denote the set H§:1 A but the i-times

n the style of Gaius Iulius Caesar, Commentarii de bello Gallico, beginning of Liber I: “Gallia est omnis
divisa in partes tres, quarum unam incolunt Belgae, aliam Aquitani, tertiam qui ipsorum lingua Celtae, nostra
Galli appellantur.”

27
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Cartesian product of A. As the set {1} is the unique neutral element regarding the multiplication
of sets of integers, we let terms like [[;c4 A denote the set {1}.

In this thesis, when speaking of functions we mean partial functions, i.e., a function f can
be formally defined as a triple (A, B, G) where A, B, and G are sets and G C A x B such that
for all x € A it holds |G N ({z} x B)| < 1. Then f is a function from A to B and denoted as
f: A— B. If Aand B are apparent from the context, we may omit them. If for x € A there
exists some y € B with (z,y) € G, then we say that f(z) is defined and let f(z) denote the
unique such y € B. Instead of f(z) = y we may also write x — y if it is apparent from the
context which function we refer to. If for z € A it does not hold that f(x) is defined, then we
say that f(x) is undefined.

The set {x € A | f(z) is defined} is called the domain of f and denoted with dom(f). If
dom(f) = A, then the partial function f is called total. The range ran(f) of a function f is the
set {f(z) | x € A} C B. Let X C A and Y C B. The image of X under f, denoted as f(X), is
defined to be the set {f(z) | z € X} C B. Moreover, we denote the preimage of Y under f by
YY), de, fFUY)={z € A| f(z) €Y}

The function f is injective if f(x) # f(y) for all distinct z,y € dom(f), f is onto if ran(f) =
B, and f is bijective if it is total, injective and onto. The support supp(f) of a function f: A — B
with B C R is the set {z € dom(f) | f(x) # 0}. We say that a partial function f is injective
on its support if f(x) # f(y) for all distinct z,y € supp(f). If a partial function f is not
defined at point z, then f U {z — y} denotes the extension f’ of f that at x has value y and
satisfies dom(f’) = dom(f)U{x}. For an injective function f: A — B the inverse function of f,
denoted as f~!: B — A, is the unique function from B to A with domain ran(f) that satisfies
f~Y(f(z)) = x for all x € dom(f).

The greatest common divisor of positive naturals x and v, i.e., the greatest positive natural
number that divides both z and y, is denoted by ged(z,y). The logarithm function log denotes
the function N* — N defined by x — max({k € N | 2 < z}). /- denotes the standard square
root function (RTU{0}) — R, i.e., for y € RT U{0}, \/y is the unique non-negative real number
z with 2% = y. For positive natural numbers n > k we define (}) = Hle %1_’

We fix the alphabet ¥ = {0,1} and denote the length of a word w € ¥* with |w|. Let
Y= {w e ¥ | |w| < n} for <€ {<,<,=,>,>}. We use X" as an abbreviation for X=".
Moreover, ™" = {w € ¥* | |w| € [m,n]} for m,n € N. The empty word is denoted by ¢ and
the i-th letter of a word w for 0 < i < |w| is denoted by w(i), i.e., w = w(0)w(1) - - w(|w| — 1).
For k < |w| let prj(w) = w(0)---w(k —1). A word v is a prefix of a word w if there exists some
k < |w| such that v = pry(w). If v is a prefix of w, then we write v C w or w Jv. If v C w and
|v| < |w]|, then we write v T w or w _J v.

For each finite set Y C X%, let £(Y') = >, oy |w|.

The quasi-lexicographical order of ¥* is the total order <C X* x ¥* defined by

u<v e (\u| < o] v (|uy — 0] A Focicp (u(i) = 0 A (i) = 1 A Vo <iu(j) = U(j))) Vu= v).

An w-word w is a total function N — X.

If A is a set, then A(x) denotes the characteristic function at point z, i.e., A(z) is 1if z € A,
and 0 otherwise. The semi-characteristic function of A is a function with domain A and range
{1}. Let wg,ws,... be the elements of ¥* in quasi-lexicographical order, i.e., wyp = &, w; = 0,
wy = 1, and so on. In case A is a set of words, the characteristic sequence of A is defined to be
the w-word A(wp)A(wy) ..., i.e., the function N — {0, 1} mapping i € N to A(w;).
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2.2 Graphs

In this thesis we are mainly interested in rather specific graphs, namely finite directed acyclic
multigraphs satisfying the property that the indegree of every node is at most 2. Therefore,
some of the following notions are defined less general than usual. For example, we define graphs
to be always finite and we do not differentiate between walks, trails, and paths.

A directed multigraph is a pair (V, E') where V is a finite and non-empty set and F is a finite
subset of V' x V x N. For the sake of simplicity, we require that for all directed multigraphs
(V,E) and all (u,v,i) € E with ¢ > 0 it holds (u,v,i — 1) € E. The elements of V are called
nodes, the elements of E are called edges. If E C V x V x {0}, then the directed multigraph
(V, E) is called a directed graph.

Consider an edge (u,v,7). The node u (resp., v) is the source node (resp., target node) of
the edge (u,v,4) and the edge (u,v,%) is an outgoing (resp., incoming) edge of u (resp., v). For
nodes u,v € V the node u (resp., v) is called a direct predecessor of v (resp., direct successor of
u) if (u,v,0) € E. Moreover, u (resp., v) is called a predecessor of v (resp., successor of u) if u
is a direct predecessor of v or u is a predecessor of some direct predecessor of v.

Let us define the notion of paths. Let (V, E) be a directed multigraph. A path of length n

for n € N is an element ((u1,v1,1),..., (tn,Vn,in)) of E™ such that for all j =1,...,n—11it
holds v; = u;y1. This path is called a path from u; to vy,. Note that in particular, () is a path
of length 0 from u to u for all w € V. A path ((u1,v1,41),- -, (tUn, Vn,in)) for n € NT is called a

cycle if u; = v,. A directed multigraph (V| E) is acyclic if there is no cycle in it.
Let (V, E) be a directed multigraph and v € V. The indegree of the node u is defined to be
|[EN(V x {u} x N)|. The outdegree of u is |E N ({u} x V x N)]|.

2.3 Computational Complexity

2.3.1 Turing Machines and Transducers
Throughout this thesis we use the standard model of Turing machines: a Turing machine has
e a read-only input tape,

e a constant number of working tapes that are infinite to both sides,

possibly one write-only output tape with infinite space only to the right side,

for each tape a head that points at the current cell of the respective tape,

a finite set of states among which there are an initial state, an accepting state, and a
rejecting state, as well as

a finite set of rules that in every situation specify the next computation steps (there is not
necessarily only one next computation step).

In the following we briefly sketch the operating principles of Turing machines. For formal
definitions we refer to standard textbooks such as [Pap94] and [AB09].

Computations, Configurations, and Acceptance Behavior Let M be a Turing machine
and xz € ¥* be some input of M. We denote the computation of M on input x with M (z). The
current situation of M is specified in a configuration of M, i.e., a configuration consists of the
following information: (i) the current state, (ii) the contents of all tapes, and (iii) the current
positions of all heads. The machine M on input = starts in the initial state with xz written on
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the input tape, the head of the input tape points at the first symbol of z, all other tapes are
empty, and the head of the output tape (if existent) points at the first cell of the tape. We call
this configuration the initial configuration of M on input z. If the state of a configuration is the
accepting (resp., rejecting) state, then we call the configuration accepting (resp., rejecting). A
configuration is called a stop configuration if it is accepting or rejecting.

A computation path of a computation M (z) is a sequence of configurations with the following
properties:

e The first configuration is the initial configuration of M on input z.

e Each configuration C' of the sequence either (i) is a stop configuration not followed by
another configuration or (ii) it is followed by a configuration C” such that M can reach C’
from C' in one step.

A computation path is called accepting (resp., rejecting) if it contains an accepting (resp., re-
jecting) configuration. It then follows that the path is finite and the last configuration is
the unique stop configuration of the path. The computation M (z) accepts if there exists at
least one accepting computation path of M on input x. Otherwise, M (z) rejects. We denote
L(M) = {x | M(x) accepts}. We say that a computation terminates if all its computation paths
are finite.

If for each x there is only one computation path of M on input x, then M is called a
deterministic Turing machine. Otherwise, M is called a nondeterministic Turing machine.

A set L C ¥* is called recursively enumerable or computably enumerable if L(M) = L for
some Turing machine M. If there exists a deterministic Turing machine M with L(M) = L such
that for each input = the computation M (x) terminates, then L is called decidable. In that case
we say that that M decides the language L.

Transducers A deterministic Turing machine is called a (Turing) transducer if it additionally
has a write-only output tape (the head of the output tape always points at the first empty
cell and in each step there may be added one symbol to the word currently on the output
tape). Hence a transducer F' computes a function and more precisely, it computes a function
f: X" = X*if for all inputs z the following holds.

e If f(x) is defined, then the computation of F' on input x is accepting and in the (unique)
accepting configuration, the content of the output tape is f(x).

e If f(z)is not defined, then the computation of F' on input z is not accepting (i.e., the unique
computation path of F' on input z is either infinite or ends with a rejecting configuration).

In particular, L(F') = dom(f).
We identify a transducer F' with the function that it computes. Therefore, depending on the
context, F'(x) either denotes the computation of F' on input x or the output of this computation.
A function f is called computable if there exists a Turing transducer that computes f. Note
that a set L C X* is decidable if and only if its characteristic function is computable.

Time and Space Bounds Let s,t: N — N be total functions and M be an arbitrary k-tape
Turing machine.

e We say that M works in space s if for all z € ¥* and all configurations of computation
paths of M on input z, each working tape of M contains at most s(|z|) symbols. Note
that we neither count the symbols on the input tape nor the symbols on the output tape
(if existent).
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e We say that M works in time ¢ if for all z € ¥* each computation path of M on input x
consists of at most ¢(|x|) configurations.

We say that M is a polynomial-time Turing machine if there exists some i € NT such that
M works in time n +— n’ + i. Analogously, we call M a logarithmic-space Turing machine
(resp., polynomial-space Turing machine) if there exists some ¢ € NT such that M works in
space n + i -logn + i (resp., n — n’ +1). A function f is called polynomial-time computable
if there exists a polynomial-time Turing transducer that computes f. Analogously, a function
f is called logarithmic-space computable (resp., polynomial-space computable) if there exists a
logarithmic-space Turing transducer (resp., polynomial-space Turing transducer) that computes
f. An injective function f is called polynomial-time invertible (resp., logarithmic-space invertible)
if its inverse function is polynomial-time computable (resp., logarithmic-space computable).

Identification of ¥* and N Throughout this thesis we identify ¥* with N via the bijection
E* — Ngiven by w = 37, (14w(i))2"I=1=% which is a variant of the dyadic encoding. Hence
notations, relations, and operations for ¥* are transferred to N and vice versa. In particular, |n|
denotes the length of n € N. Note x < y for z,y € N if and only if u < v for the words u and
v that correspond to z and y, respectively. Let A C ¥*. Since we identify ¥* and N, we may
consider the characteristic function of A as a function N — {0, 1}, which is the characteristic
sequence of A. Thus A(x) denotes both the value of the characteristic function of A at point x
and the z-th letter of the characteristic sequence of A, which are the same.

The identification of ¥* and N gives rise to a few ambiguities, which, however, will always
be eliminated by the context. We only give one general rule: always interpret the expressions
0% and 1° for i > 2 over X*.

Oracle Turing Machines An oracle Turing machine is a Turing machine with an additional
write-only tape, the so-called oracle tape, and additional states g7, gy, and g,. The oracle tape
has similar properties as the output tape: it is infinite to the right side and only to this side and
in one computation step one symbol can be appended to the current word on the tape.

Let us explain the operating principles of oracle queries. The oracle Turing machine M is
assigned some O C ¥*. In this context we call O an oracle. Whenever the machine enters the
state ¢-, then until the beginning of the next step the following modifications and only these
have been made:

e If the word currently on the oracle tape is in O, then M switches to the state g.
e [f the word currently on the oracle tape is not in O, then M switches to the state ¢y.
e The oracle tape is erased and the head points at the leftmost cell of the tape.

Thus roughly speaking, an oracle Turing machine may use some problem as a black box, ask
arbitrary questions to it, and receives correct answers in one step. Let us emphasize that we use
the unrestricted oracle model.?

2Two reasonable and widely used restrictions are:
e Only oracle queries of at most polynomial length are allowed.
e Nondeterministic branches are not allowed unless the oracle tape is empty.

We do without these restrictions, because there is no setting in this thesis in which the restrictions make a
difference. In Chapter 3 only polynomial-time Turing machines have access to oracles. These clearly ask only
queries of at most polynomial length. Forbidding them to branch while writing on the oracle tape makes no
difference, because the machines —in case they are nondeterministic— can instead first nondeterministically
guess the query and then write it on the oracle tape in a deterministic procedure. In Chapter 4 there is only
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If M is an oracle Turing machine and O C ¥*, then we denote by M (x) the computation of
M on input z with oracle O. All notions introduced for Turing machines without oracle access
are analogously defined for oracle Turing machines. In particular, M O(:I:) accepts if and only
if it has at least one accepting computation path and L(M©) = {z | M©(x) accepts}. Again,
we identify F© for an oracle transducer F with the function the machine computes when given
access to the oracle O and thus the notation F©(z) is ambiguous. Depending on the context,
it refers to the computation of F on input z with access to the oracle O or it denotes this
computation’s output.

Enumerations of Turing Machines Note that there exists a universal Turing machine, i.e.,
a Turing machine that when given an encoding of some Turing machine M and some word =z
as input simulates M on input z and needs only polynomial time for each computation step
of M. By this fact and by using clocked Turing machines, we obtain that there exist standard
enumerations of Turing machines having the following properties.

Definition 2.3.1 Let A C N* be infinite. A sequence (M;);ca is called a standard enumeration
of nondeterministic, polynomial-time oracle Turing machines if it has the following properties:

1. All M; are nondeterministic, polynomial-time oracle Turing machines.
2. For all oracles O and all inputs = the computation M (x) stops within |x|' + i steps.

3. For every nondeterministic, polynomial-time oracle Turing machine M there exist in-
finitely many i € N such that for all oracles O it holds L(M©) = L(Mio).

4. There exists a nondeterministic, polynomial-time oracle Turing machine M such that for
all oracles O and all inputs x it holds that M ((i,01%I'+? )} nondeterministically simulates
the computation M2 (x).

Analogously we define standard enumerations of polynomial-time oracle Turing transducers.
Throughout this thesis, we use the following standard enumerations:

o Let My, Ms,... be a standard enumeration of nondeterministic polynomial-time oracle
Turing machines.

o Let I, Fy, ... be a standard enumeration of polynomial time oracle Turing transducers.

2.3.2 Complexity Classes and Function Classes

Since in this thesis we get along with only quite a few complexity classes, we do not define
generic complexity classes first, but instead directly define the relevant classes.

Recall that we identify >* with N. In the present section we define the classes as sets of
languages, i.e., as subsets of X*, or as classes of functions ¥* — >*. Nevertheless, we may
elsewhere consider them as subsets of N or functions N — N. The existence of the pairing
function defined in the next paragraph shows that our definitions also cover problems C (¥*)™
(resp., N™) and functions (X*)™ — (X*)" (resp., N™ — N") for m,n € N*.

one situation in which an oracle is used and in this case it is used by a deterministic logarithmic-space Turing
machine, which can only ask queries of at most polynomial length (if it has a super-polynomial computation path,
then this path is infinite and it may generate more than polynomially many symbols on the oracle tape, but it
cannot ask the query) and clearly does bot branch at all.
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Pairing Function and Encodings of Objects Let (-): J;5oN' — N be an injective,
logarithmic-space computable, logarithmic-space invertible function such that |(u1,...,u,)| =
2(Jur|+- - + |un| +n). Recall that (-) can also be considered as a function |J;q(X*)" — £* and
that (-) is polynomial-time computable and polynomial-time invertible as FL, C FP and L C P.

Most objects occurring in this thesis are of the following type 7T, which we define inductively:

e All elements of N and >* are objects of type T.
e Finite tuples and finite sets of objects of type T are also objects of type 7.

Note that 7T is an ad hoc notation designed only for this paragraph.

As finite sets can always be encoded as tuples (i.e., finite lists), the pairing function defines
an encoding and in particular the length of all objects of type 7. Note that thus not each object
has a unique encoding (e.g., for a finite set of cardinality n € N there are 2" ways to encode the
set as a list), but all encodings of a certain object have the same length, which we will denote
by [ -].

Without loss of generality, we may assume that all graphs are objects of type T. Moreover,
all functions mapping from a finite set of objects of type 7 to another finite set of objects of
type T are of type T themselves. Hence in particular, encodings and lengths of integer circuits
and all other relevant objects occurring in Section 4 are now defined.

Note that we do not define appropriate encodings for all kinds of objects. Due to that and
often just for the sake of simplicity, we may also consider sets of tuples, graphs, or other objects
as members of the below classes.

Logarithmic-Space Classes Define

FL = {f:X* — X" | f is total and logarithmic-space computable}
L = {L CX*|thereis a deterministic logarithmic-space Turing machine that decides L}
NL = {L C X" | thereis a nondeterministic logarithmic-space Turing machine accepting L}

Note that it is commonly known that FL is closed under function composition, i.e., for all
f, /" € FL the function f o f’ defined by x — f(f’(x)) is in FL as well.

Polynomial-Time Classes We define

FP = {f: X" — X" | f is total and polynomial-time computable}
P

UP = {L C X" | there is a nondeterministic polynomial-time Turing machine M accepting L
such that for each x € ¥*, M(x) has at most one accepting path}

{L C ¥* | there is a deterministic polynomial-time Turing machine that decides L}

NP

{L C ¥* | there is a nondeterministic polynomial-time Turing machine accepting L}

Further Classes Let us define

FPSPACE = {f: X" — X" | f is total and polynomial-space computable}
PSPACE = {L C X* | there exists a deterministic polynomial-space Turing machine that
decides L}

REC = {L CX*| L is decidable}
RE = {L C¥*|L is computably enumerable}
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There are known a couple of characterizations for RE. We only mention two: (i) RE is the set
of those languages whose semi-characteristic function is computable and (ii) RE is the set of
those languages L for which there exists L’ € REC with L = {z | 3yex+ (z,y) € L'} (ie., L is
the projection of a decidable set).

It holds L € NL C P C UP C NP C PSPACE C REC C RE and FL C FP C FPSPACE.
For proofs of the non-trivial inclusions we refer to textbooks such as [Pap94, AB09].

Complement Classes For an arbitrary complexity class C C P(¥X*) we define coC = {L C
¥* | L € C}. All the deterministic time and space classes above are closed under complement, i.e.,
for such a class C it holds C = coC. For nondeterministic time and space classes this is not known
in general and for many classes even widely believed not to be true. Nevertheless, a result due to
Immerman [Imm88] and Szelepcsényi [Sze88| yields that a wide range of nondeterministic space
classes is indeed closed under complement. One of these classes is NL, i.e., it holds NL = coNL.

Relativized Complexity Classes Now let us define some of the classes above relative to
an oracle O C ¥*. We start again with logarithmic-space classes, which are —apart from this
chapter— only relevant to Chapter 4.
FLO = {f:¥* = ¥*| f total, f = FO for a logarithmic-space oracle Turing transducer F}
LY = {L CX*|there exists a deterministic logarithmic-space oracle Turing machine M
with L(M©) = L}

Next we define relativized polynomial-time classes.

FPY = {f:%* = X*| f total, f = FO for a polynomial-time oracle Turing transducer F}
PO = {L C ¥* | there is a deterministic polynomial-time oracle Turing machine M with
L(M®) = L}
UpP? = {L C ¥* | there is a nondeterministic polynomial-time oracle Turing machine M such
that (i) L(M?) = L and (ii) Vzex+ M (z) has at most one accepting path}
NPO = {L C ¥* | there exists a nondeterministic polynomial-time oracle Turing machine M

with L(M©) = L}
The following inclusions hold relative to all oracles O.
L° c P9 CUPY CNP? and FLO C FPY.

For proofs of the non-trivial of these inclusions we refer to the proofs for the corresponding
unrelativized classes mentioned above. These can all be relativized.

For classes C and €’ we define (coC)® = co(C®) and (C N C')° = c° N ¢'C. Moreover, let
c¢ = Uoecr CO. The following proposition basically follows from NL = coNL.

Proposition 2.3.2 LNV = NL.

Finally, note that for every oracle O, the sequence (M;);en+ represents an enumeration of
the languages in NP9, i.e., NPY = {L(MP) | i € N*}. Analogously, FP? = {FC | i € N*}.
2.3.3 Reducibilities and Complete Problems
Reducibilities We define several reducibilities. Let A, B,O C ¥*.

e A is polynomially many-one reducible to B, denoted by A<h, B, if there exists f € FP such
that for all z € ¥* it holds x € A < f(z) € B.
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e A is polynomially many-one reducible to B relative to O, denoted by AS%OB, if there
exists f € FPY such that for all 2 € * it holds = € A & f(z) € B.

e A is logarithmic-space many-one reducible to B, denoted by AgiﬁgB, if there exists f € FL
such that for all x € ¥* it holds x € A & f(x) € B.

e A is many-one reducible to B, denoted by A <., B, if there exists a total and computable
f:¥* — ¥* such that for all z € ¥* it holds z € A < f(z) € B.

For A, B C ¥* and < denoting one of the reducibilities above we say that A and B are
<-equivalent if A < B and B < A.

Note that in Section 2.3.5 we define separate reducibilities for disjoint pairs. These can be
seen as generalizations of corresponding reducibilities for problems C 3*. Moreover, Section 2.3.6
contains the definition of a further reducibility, namely one for total polynomial search problems.

Hardness and Completeness Let < denote one of the reducibilities above and C be some
complexity class. A is called <-hard for C if C' < A for all C' € C. Moreover, A is called
<-complete for C if A € C and A is <-hard for C.

Some Prominent Problems We first define some variations of the standard graph accessi-
bility problem. For k € NT define

GAP>, = {(V,E,s,t)| (V,E) is a directed multigraph, s,t € V, there exist at least k
paths from s to ¢ in (V, E)}

GAP_, = GAPkaGAPZk—i-l-

GAP>; is the standard graph accessibility problem for directed multigraphs. It is §£g—complete
for NL. For a proof we refer to [AB09].? In this thesis, we only need the membership of GAP>4
in NL. A similar argument as in the mentioned proof in [AB09] shows that also GAP>; for
arbitrary k € N* is in NL. By the closure properties of NL, it holds GAP—; € NL for all k € N*
as well.

Let SAT (resp., TAUT) be the set of all satisfiable (resp., tautological) propositional formulas
(encoded in some standard way). SAT (resp., TAUT) is known to be <125-complete for NP (resp.,
coNP).% The circuit version of SAT is also S]lrgg—complete for NP and is precisely defined in the
beginning of Section 4.3.2.

Canonical Complete Problems Let O C X* and define
CANC = {(0%,0%, %) | i,t,z € N,i > 0, and Mio(:v) accepts within ¢ steps}.

By the properties of standard enumerations, the problem is in NPO. A simple reduction shows
that CAN© is §§;O—complete for NP?. Then clearly CAN© is S%O—complete for coNPY.

3Indeed, only the graph accessibility problem for directed graphs is proven to be NL-complete there. However,
the proof also shows that GAP>1, the accessibility problem for directed multigraphs, is NL-complete.

4For a proof we refer to [Coo71]. Indeed, a simple adaption of Cook’s proof is needed to obtain the <log_
completeness of SAT for NP.



36 Chapter 2. Preliminaries

2.3.4 Proof Systems

Definition 2.3.3 ([CR79]) A function f € FP is called a proof system for the set ran(f). If
f(x) =y, then we say that x is an f-proof for y. Moreover, f € FP is a propositional proof
system (pps) if ran(f) = TAUT.

Let f and g be total functions. We say that f is simulated by g, denoted by f < g, if there
exists a total function m and a polynomial p such that |7(x)| < p(|z|) and g(7(x)) = f(z) for all
x. Moreover, f is P-simulated by g, denoted by f <P g, if there exists a function m € FP such
that g(m(x)) = f(z) for all x.

A function g € FP is called optimal or length-optimal if f < g for all f € FP with ran(f) =
ran(g). A function g € FP is P-optimal if f <P g for all f € FP with ran(f) = ran(g).

We define the corresponding relativized notions. For that purpose let O C »*.

Definition 2.3.4 A function f € FP? is called a proof system for the set ran(f) relative to O.
For f,g € FP? we say that f is PO-simulated by g, denoted by f <P© g, if there exists a
function = € FPO such that g(r(z)) = f(x) for all x.
A function g € FP? is called optimal relative to O or length-optimal relative to O if f < g
for all f € FPO with ran(f) = ran(g). A function g € FP? is PO-optimal if f <P© g for all
f € FPO with ran(f) = ran(g).

Assuming no confusions will arise, a function f € FP? will often just be called a proof system
for ran(f) instead of a proof system for ran(f) relative to O. Analogously, instead of speaking
of optimal proof systems relative to O, we will often simply speak of optimal proof systems.

The following proposition states the relativized version of a relativizably proven result by
Kobler, Messner, and Toran [KMTO03].

Proposition 2.3.5 ([KMTO03]) 1. For every oracle O, if A has an optimal proof system
relative to O and () # BS%OA, then B has an optimal proof system relative to O.

2. For every oracle O, if A has a PP-optimal proof system and () # BSE{OA, then B has a
PO -optimal proof system.

Corollary 2.3.6 1. For every oracle O, if there exists a Sgio—complete A e Np© (resp.,
Ae coNPO) that has optimal proof systems relative to O, then all non-empty sets in NP©
(resp., coNPo) have optimal proof systems relative to O.

2. For every oracle O, if there exists a §§;O-complete A e Np© (resp., A € coNPO) that
has PO -optimal proof systems, then all non-empty sets in NP© (resp., coNPO) have PO-
optimal proof systems.

Remark 2.3.7 ([DG19]) The notion of propositional proof systems does not have a canonical
relativization. Howewver, in the light of Corollary 2.5.6, it is reasonable to use the subsequent
convention. Let O C X*.

e There exist optimal propositional proof systems relative to O if and only if there is some
A which is Sﬁio—complete for coNP© and has optimal proof systems relative to O.

o There exist PO -optimal propositional proof systems if and only if there is some A which is
S?ﬁo-complete for coNP© and has PO -optimal proof systems.
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2.3.5 Disjoint Pairs

Unless stated differently, we only define relativized notions in this subsection. However, the
unrelativized notions are obtained if the oracle O is chosen to be say the empty set. In such
cases, for all notations we simply omit the oracle. Let O C ¥*.

Definition 2.3.8 If A, B € NP© (resp., A,B € coNPO) with AN B = 0, then we call (A, B)
a disjoint NPO-pair (resp., disjoint coNPP-pair). The set of all disjoint NP-pairs (resp., coNP-
pairs) is denoted by DisjNP© (resp., DisjCoNP© ).

There are several reducibilities for disjoint pairs. In this thesis we only make use of two
different reducibilities: polynomial many-one reducibility and the many-one reducibility allowing
unbounded complexity. We start with the standard polynomial-time many-one reducibility.

Definition 2.3.9 ([Raz94]) Let A,B,C,D C ¥* such that ANB = CnND = 0. (C,D)
is polynomially many-one reducible to (A, B) relative to O, denoted by (C, D)<EP? (A, B), if
there exists an f € FPO with f(C) C A and f(D) € B. If C = D, then we also write
c<RO(A, B) instead of (C, D)g&p’O(A, B). If A = B, then we also write (C, D)<EP9 A instead

of (C, D)<FPP(A, B).

We prefer the notation C<%°(A, B) to C<¥?(A, B) as in this case there is no promise involved.

Definition 2.3.10 We say that a disjoint pair (A, B) is §an’0—hard (§an’o—complete) for
DisjNP© if (C, D)<EP®(A, B) for all (C, D) € DisjiNP® (and (A, B) € DisjNP© ).

Analogously, a disjoint pair (A,B) is <FPP-hard (<PPC-complete) for DisjCoNPC if
(C, DY<EPO(A, B) for all (C, D) € DisjCoNP® (and (A, B) € DisjCoNP© ).

Moreover, a pair (A, B) is <20 hard for some complexity class C C P(E*) if C’SE{O(A, B)
for every C € C.

The second reducibility we consider is the standard many-one reducibility. Here we only
need the unrelativized notion.

Definition 2.3.11 Let A,B,C,D C ¥* such that ANB = CnND = (. (C,D) is many-one
reducible to (A, B), denoted by (C,D) <y, (A,ﬁB), if there exists a computable, total function

f with f(C) C A and f(D) C B. If C = D, then we also write C <y, (A, B) instead of
(C,D) <m (A, B). If A= B, then we also write (C, D) <y, A instead of (C,D) <, (A, B).

As this reducibility is a promise reducibility, it would be more consequent to write <b, instead
of <.. However, we do not do that in order to avoid confusions.

The following theorem establishes a connection between the notion of proof systems and the
notion of disjoint NP-pairs.

Theorem 2.3.12 ([Raz94]°) Let O C X*. If there exist optimal pps relative to O, then
DistPO has S%)’O—complete elements.

For a straightforward and relativizable proof of the unrelativized version of this theorem we refer
to [GSSZ04].

5Note that there are contradicting statements on the origin of the unrelativized result in the literature (cf.
[KMTO03, GSSZ04, Pud17] for example).
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2.3.6 Total Polynomial Search Problems

Total polynomial search problems (TFNP problems for short) are more commonly known under
the name total NP search problems. Nevertheless, we prefer the former name.

Again we only define the relativized notion and point out that the unrelativized notion is
obtained by choosing the oracle O to be the empty set for instance. Let O C ¥*.

Definition 2.3.13 ([MP91]) A total polynomial search problem relative to O is a pair (p, R)
where p is a polynomial and R € P° with (i) V.3, (Jy| < p(|z|) A(z,y) € R) and (ii) V.V (ly| >
p(|z]) = (z,y) ¢ R). The computational task is: on input x and having access to the oracle O,
compute some y with |y| < p(|z]) A (z,y) € R. Let TENPC be the set of all total polynomial
search problems relative to O.

If the oracle O is apparent from the context, we may speak of TEFNP problems instead of TFNP
problems relative to O. Let us sketch two equivalent ways of defining TFNP problems.

First, as mentioned in the introduction, a total polynomial search problem can be also seen as
the following computational task: for a fixed nondeterministic multivalued function with values
of polynomial length that are polynomially verifiable and guaranteed to exist [MP91], determine
on input x some element of the set of all values that the function has at point x.

Second, a total polynomial search problem can be considered as the computational task to
determine on input x an accepting path of the computation M (x) where M is a fixed nondeter-
ministic polynomial-time Turing machine M that accepts >*.

Let us define the standard polynomial-time many-one reducibility for TFNP problems.

Definition 2.3.14 ([JPY88]) A TFNP problem (p, R) is polynomially many-one reducible to
a TENP problem (q,S) relative to O if there are f,g € FPC such that

VoV (S((f(2),2)) = R(z,9((z,2))))-

A TFENP problem is polynomially many-one complete relative to O if all problems in TENPC are
polynomially many-one reducible to it relative to O. As an abbreviation, we say that TENP has
(many-one) complete problems if and only if TFENPC contains an element that is polynomially
many-one complete relative to O.

Roughly speaking, (p, R) is polynomially many-one reducible to (g, S) relative to O if and
only if (p, R) can be solved by a deterministic polynomial-time algorithm with access to the
oracle O that may also ask one oracle query to the problem (g,S) and is given some correct
answer in one step. If we allow not only one but arbitrarily many queries to the problem (g, S),
we obtain a stronger reducibility notion: the polynomial reducibility (cf. e.g. [Pud17]).

As relative to all oracles there are complete TFNP problems with respect to the polynomial
reducibility if and only if there are many-one complete TFNP problems [Pud17, Proposition
4.10]%, we go without defining other reducibilities formally.

Let us finally formulate a connection between complete TENP problems and both P-optimal
proof systems and complete disjoint coNP-pairs.

Theorem 2.3.15 ([BKMO09, Pud17]) Let O C ¥*. The following statements hold.

1. If there exists an NPC-complete problem that has PC-optimal proof systems, then TENPC
contains polynomially many-one complete problems relative to O.

2. If TENP? contains problems that are polynomially many-one complete relative to O, then
DisjCoNP contains S%’O—complete paITS.

6Pudldk [Pud17] mentions that this result is due to Emil Jefdbek and presents a relativizable proof of it.



Chapter 3

Separating Relativized Conjectures

In this chapter we construct oracles. As was mentioned in the introduction of this thesis, these
oracles address several major conjectures listed by Pudldk [Pud17] and make progress in a
working program initiated by him.

In Section 3.1 we formulate these conjectures formally and introduce some notions and
notations useful for constructing oracles. Then in each of the Sections 3.2, 3.3, 3.4, and 3.5
we build one oracle. Finally, in Section 3.6 we present the current state of the art regarding
known oracle separations between the conjectures listed by Pudldk and list questions for further
research.

3.1 Basic Definitions and Outline

In this section we first define the conjectures that are this chapter’s central object of study.
Then some technical notations and results are presented that find use in most of the sections in
this chapter.

3.1.1 Conjectures

Let us define the main conjectures this chapter deals with. These have already been explained
in the introduction, but now all relevant notions have been formally defined, which enables us
to define the conjectures formally. We first define the unrelativized conjectures and then list the
corresponding relativized statements. Assuming the context will resolve any ambiguities, the
names of the unrelativized statements will be used for the corresponding relativized conjectures

as well.
CON := P-optimal propositional proof systems do not exist
SAT := SAT does not have P-optimal proof systems
CONN := Optimal propositional proof systems do not exist
TENP := TFNP does not contain polynomially many-one complete problems
DisjNP := DisjNP does not contain <FP-complete pairs
DisjCoNP := DisjCoNP does not contain <PP-complete pairs
NP NcoNP := NP NcoNP does not contain <P -complete problems
UP := UP does not contain <P -complete problems
CON V SAT := CON or SAT holds

39
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A further important conjecture, indeed the most famous conjecture in computational complexity
theory at all, is P £ NP, which is also relevant to this chapter, but for which we do not introduce
any other notation. Recall that by Corollary 2.3.6, it holds

CON <= coNP does not contain a <P -complete set that has P-optimal proof systems
CONN  «= oNP does not contain a <P -complete set that has optimal proof systems
SAT <= NP does not contain a <P -complete set that has P-optimal proof systems

Let us now list the relativized statements that correspond to the above conjectures. For the
sake of simplicity, we will call them relativized comnjectures although this might be misunder-
standable as the statements have only been conjectured in the unrelativized case (i.e., relative
to —for instance— the empty oracle) and for each of these statements there exist oracles relative
to which it does not hold.

Let O be some oracle. We formulate the conjectures relative to O. For most of the conjectures
it is straightforward to relativize them. For the conjectures associated with proof systems we
refer to Corollary 2.3.6 and Remark 2.3.7 for the reasons that lead to the statements below.

CON := P%optimal propositional proof systems do not exist
SAT := NP? does not contain a gg;o—complete set having P?-optimal proof systems
CONN := Optimal propositional proof systems relative to O do not exist
TENP := TFNP? does not contain polynomially many-one complete problems
DisiNP := DisjNP? does not contain Srpnp’o—complete pairs
DisjCoNP := DisjCoNP? does not contain anp’o—complete pairs
NP NcoNP := NP N coNP? does not contain S%O—complete problems
UP := UP? does not contain §§;O—complete problems
CON V SAT := CON or SAT holds (relative to O)

Furthermore, NP # P is relativized as NPY # PO. Let us again formulate some characteriza-
tions.

CON <= coNP? does not contain a gfﬁo—complete set having P-optimal proof systems

CONN = ¢oNP does not contain a Sfﬁo—complete set having optimal proof systems

3.1.2 Some Notions Designed for Building Oracles

Let us introduce some notions that have proven beneficial for construction oracles. These notions
originate from [DG19).

An oracle O C N is identified with its characteristic sequence O(0)O(1)---. A finite word w
describes an oracle that is partially defined and thus also called a partial oracle, i.e., it is only
defined for natural numbers < |w|. Occasionally, we use w instead of the set {i | w(i) = 1}
and write for example A = w U B where A and B are sets. In particular, for nondeterministic
oracle Turing machines M and deterministic oracle Turing transducers F', the notations M™(x)
and F¥(x) refer to MUIw@D=1}(z) and FIw®O=1}(z) (hence oracle queries that w is not defined
for are answered by “no”). Using w instead of {i | w(i) = 1} additionally allows us to define the
following notion: the computation M"(z) definitely accepts if it contains an accepting path and
all queries on this path are < |w|. The computation M™(x) definitely rejects if all paths reject
and all queries are < |w|. We say that the computation M"™(z) is definite if it definitely accepts
or definitely rejects. Similarly, the computation F*(x) is definite if all its queries are < |w].
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The following lemma is used multiple times in this chapter, which is the reason why it occurs
in this general section. Roughly speaking, it shows that if a partial oracle is defined for some
word, then extending the oracle does not change this word’s membership in the canonical NP-
complete problem. Of course, the analogous holds for the canonical coNP-complete problem,
which is the complement of the canonical NP-complete problem.

Lemma 3.1.1 ([DG19]) For all y < |w| and all v 3w it holds (y € CANY < y € CAN™).

Proof We may assume y = (0°,0%,z) for suitable i € NT and t,» € N, since otherwise,
y ¢ CANY and y ¢ CAN". For each ¢ that is queried within the first ¢ steps of M”(z) or
MY (z) it holds that |¢| < ¢ < |y| and thus ¢ < y. Hence these queries are answered the same
way relative to w and v, showing that M’ (z) accepts within ¢ steps if and only if M} (z) accepts
within ¢ steps. O

3.2 DisjNP, NP N coNP, and —UP Relative to an Oracle

In this section we construct an oracle O relative to which (i) P = UP and hence UP has <h,-
complete sets, (ii) there exist no <hY-complete disjoint NP-pairs, and (iii) NP N coNP does
not have <p,-complete sets. The properties (ii) and (iii) can be subsumed under the stronger
statement that relative to the oracle O, DisjNP does not contain pairs that are <h-hard for
NP N coNP.

This oracle makes some progress in the aforementioned working program initiated by Pudldk
[Pud17]. Its main achievement is that it illustrates that for none of the implications DisjNP =
UP, CONN = UP, and CON = UP there exists a relativizable proof. Note that the converse of
the last of the three implications is true relative to all oracles!. Thus in some sense, the conjecture
UP is strictly stronger than the conjecture CON: there does not exist an oracle relative to which
UP A —~CON, but there does exist an oracle relative to which we have CON A ~UP.

Additionally, the oracle shows that the implication NP coNP = UP cannot be proven using
solely relativizable techniques. This result will be extended in Section 3.4, where we show that
even the weaker implication NP N coNP = CON requires —in case it holds— non-relativizable
proof techniques.

The following lemma yields a common tool that was already used by Hartmanis and Hema-
spaandra [HH88]. We apply it multiple times in [DG19] and once within this thesis.

Lemma 3.2.1 For alli,j € NT there exists an ng € N such that for all n > ng and all D C ¥*
there exist an even x € X" and an odd y € X™ such that at least one of the following statements
holds.

1. MDU{x}

; (0™) rejects
2. MJDU{y}(O”) rejects
3 MZ-DU{x’y}(O") and MfU{$’y}(0”) accept

Proof Assume that the assertion is wrong, i.e., there are i,j € NT such that for all ng € N
there is an n > ng and an oracle D C ¥* such that for all even x € ¥" and all odd y € X" all
three statements are wrong. Fix machines M; and M; guaranteed by this assumption.

LA relativizable proof is given in [KMTO3].
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Let p be the polynomial o — o’/ + i + j. Note that p limits the running time of M; and
M;. Choose ng such that 22m0=2 > 210 . p(ng). Let n > ng and D C ¥* such that for all even
x € ¥" and all odd y € X" the three statements are wrong.

U{m}(on)

As the first statement is wrong, for all even x € X" the computation MiD accepts.

Since the second statement is wrong as well, for all odd y € ¥" the computation M JD U{3”}(0”)

accepts. Consider the set

E ={(z,y) € (£™)? | x even, y odd, the least accepting path of Mlpu{x}(()") queries y}U
z,y) € ()2 | z even, y odd, the least accepting path of MPYgn queries x
j

Since by the choice of p, the number of oracle queries of each of the machines M; and M; is
bounded by p, it holds |E| < 2" - p(n) < 2?72 = |{x € X" | z even} x {y € X" | y odd}|.
Hence there are x € 3" even and y € ¥" odd such that (z,y) ¢ E, i.e., the least accepting path

of MZ-DU{I}(O”) does not query y and the least accepting path of Mfu{y} (0™)

x. Thus szu{x,y} (0™) and M jD U{m’y}(O”) both accept, which contradicts the assumption that
statement 3 is wrong. O

does not query

Corollary 3.2.2 For all i,j,7 € Nt there exists an ng € N such that for all n > ng and all
D C X% there exist x € X" even and y € X" odd such that at least one of the following statements
holds.

1. EPYEory ¢ L PP

(2

3. FTDU{%y} (On) € L(MiDU{x’y}) N L(MjDU{x’y})

Proof The statement follows by applying Lemma 3.2.1 to the machines /V; and N; that work
as follows: N; (resp., N;) first computes F;.(0") and then simulates M; (resp., M;) on input
E.(0™). O

Now we formulate and prove this section’s main result. Let us remark that the proof adopts
ideas by Baker, Gill, and Solovay [BGS75] and Rackoff [Rac82]. In particular, the way we achieve
PO = UP? is based on ideas in these articles.

Theorem 3.2.3 There exists an oracle O with the following properties.
1. DisjNP? does not have pairs that are Sﬁio—hard for NPP N coNP?.
2. PO = UPC.
As an immediate consequence we obtain:
Corollary 3.2.4 The following holds for the oracle O constructed in Theorem 3.2.3.
1. DisjNP? does not have Sglp’o—complete DPaITs.
o o p,0
2. NPY N coNPY does not have <y, -complete sets.

3. UP© has g%o—complete sets.
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Remark 3.2.5 Without loss of generality, we may assume in the following proof that each
UP-set is accepted by infinitely many UP-machines in the standard enumeration My, M, ...,
i.e., more precisely, for each oracle D and each A € UPP there are infinitely many i € Nt
such that (i) on every input x the computation MP (z) has at most one accepting path and (ii)
L(MZ-D) = A. Note that typical standard enumerations satisfy this property.

Proof of Theorem 3.2.3 Choose some C C ¥* that is <h-complete for PSPACE and whose
elements all have odd length. Let e(0) =2 and e(n+1) = 22° for n € N. Define the following
sets for p € P>3 and a (possibly partial) oracle D.

ApD = {Oe(pk) | k > 1 and there is an even = € D such that |z| = e(p*)} U {0¢®*) | k > 1}
BpD = {Oe(pk) | k > 1 and there is an odd z € D such that |z| = e(p*)}

These sets are clearly in NP. Note that if for each £ > 1 it holds
Janevenz € DNYP) o —Janoddze DN 26(10’“)’

then A]? = BT{? and hence AZ? e NPP N coNPP,

Note that throughout this proof we sometimes omit the oracles in the superscript, e.g., we
write NP or A, instead of NP? or AI]? . However, we do not do that in the “actual” proof but
only when roughly explaining ideas in order to convey intuition.

Preview of the Construction On the one hand, the construction tries to prevent that L(M;)
and L(M;) for i # j are disjoint. If this is not possible, then M; and M; inherently accept disjoint
sets. In this case, for a suitable p € P>3, the construction makes sure that A, is in NP N coNP
and does not <h-reduce to (L(M;), L(M;)). This prevents the existence of disjoint NP-pairs
that are §fnp’o—hard for NP© N coNP9.

On the other hand, the construction tries to prevent that M; has the uniqueness property,
i.e., for all x the computation M;(z) has at most one accepting path. If this is not possible,
then M; inherently has the uniqueness property, which enables us to show that L(M;) is in P
relative to the final oracle.

During the oracle construction we maintain a growing collection of properties that we demand
in the further construction. The collection is represented by a function ¢ belonging to the set

T = {t: (N+)2 — P>3U {0, 1} | dom(t) is finite, vx,ye(N+)2 (t(l‘) = t(y) € Pzg) => T =y,
and V(; ) edom(t) t(i,7) € {0,1}}.

Note that the second of the three conditions can be equivalently expressed by saying that t is
injective on the set {x € (NT)2 | ¢(x) > 1}. The last condition expresses that only pairs (i, j)
with i # j are mapped to some prime, i.e., t 1 (P>3) C {(i,5) € Nt x N* | i # j}.

An oracle w € ¥* is t-valid for some t € T if the following statements hold:

V1: For all (,7) € dom(t) with i # j and t(i, j) = O there exists 2 such that M"(z) and M"(z)
definitely accept.
(meaning: for all extensions of the oracle the pair (L(M;), L(M;)) is not a disjoint pair.)

V2: For all odd primes p € ran(t)

1. AN BY =0 and

2. for all k > 1 with Vv, ry 2 < |w| there exists € w with |z| = e(p).

|z|=e(p
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(meaning: relative to the final oracle it holds A, = B,)

V3: For all (i,j) € dom(t) with ¢ = j and ¢(i,7) = 0 there exists z such that M’(z) has at
least two paths that definitely accept.
(meaning: for all extensions of the oracle M} violates the uniqueness property)

V4: If x < |w| and |z| is odd, then z € w < z € C.
(meaning: w and C' coincide for words of odd length)

V5: If z € w and |z| is even, then there exists n > 1 such that |z| = e(n).
(meaning: w does not contain any words of even length except for the words of length
e(n) for some n)

This definition directly implies the following claim.

Claim 3.2.6 Let t,t' € T such that t' is an extension of t. If w is t'-valid, then w is t-valid.

Claim 3.2.7 Lett € T and u C v T w be oracles such that u and w are t-valid. Then v is
t-valid.

Proof The statement holds as v inherits the properties V1 and V3 from u and the properties
V2, V4, and V5 from w. O

Claim 3.2.8 For everyt € T and every t-valid partial oracle w there exists b € {0,1} such that
wb is t-valid. More precisely, for z = |w| the following holds.

1. If |z| is odd, then the partial oracle wC(z) is t-valid.
2. If |z| is even, then the following holds.

(a) If |z| = e(n) for some n € N and there exists no word x € w of length |z|, then w1 is

t-valid.
(b) If (i) for all primes p € ran(t) and all k € NT it holds z # 1¢0") o (i) there exists
a word x € w with |x| = |z|, then w0 is t-valid.

Proof Clearly V1 and V3 are not affected by extending the oracle by one bit.

1. If |z| is odd, then extending the oracle by one bit does not have any influence on both V2
and V5. Moreover, wC/(z) trivially satisfies V4.

2. If |z| is even, then w0 and w] trivially satisfy V4.

Let us prove statement 2a. The oracle wl clearly satisfies V2.2. Let us assume that z
satisfies the conditions occurring in statement 2a. As there exists no word x € w of length |z,
w1 satisfies V2.1. As |z| = e(p¥), V5 is satisfied by w1 as well. This proves statement 2a.

Finally, we prove statement 2b. Clearly A;;’O N B;”O = () for all odd primes p € dom(t) and
thus w0 satisfies V2.1. Furthermore, w0 trivially satisfies V5. By the requirements made for z
in statement 2b, w0 also satisfies V2.2, which completes the proof of statement 2b. O

Oracle construction: Let T be an injective enumeration of (NT)2U{(,,r) € (N1)3 | i # j}
in an order having the property that for all i, j,r € N with 7 # j the pair (i, j) appears earlier
than the triple (i, j,7). The elements of T" should be considered as tasks. Note that during the
construction we will delete tasks from 1. We proceed stepwise and let each step treat the first
task that still is in the current task list T and afterwards remove this and possibly other tasks
from T.
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Let tg be the unique nowhere defined function in 7 and wg = &, which is #p-valid. Starting
with ¢ = ty and w = wy, we successively consider the tasks in 7" and treat a task by extending
the function ¢ and the partial oracle w in an appropriate way: thus we construct a sequence of
partially defined oracles wg C_ wy T --- and a sequence fg, t1,... of functions from 7 such that
for all ¢ the oracle w; is t;-valid and ¢;11 is an extension of ¢;. So for each task we strictly extend
the oracle and are allowed to add more requirements (by extending the “valid function”) that
have to be maintained in the further construction.

The final oracle is O = |J;cywi. It is totally defined, since each step strictly extends the
oracle.

We now describe step s > 0, which starts with some t;_1 € T and a ts_1-valid oracle ws_1
and treats the first task that still is in 7" choosing an extension ts € T of ts_1 and a ts-valid
ws - ws—1. Let us recall that each task is immediately deleted from T after it is treated. We
study three cases depending on the form of the task that is treated in step s (it will be argued
later that the construction described in the following is indeed possible).

e task (i,7) with ¢ # j: Let t/ = ts_1 U{(4,7) — 0}. If there exists a t’-valid partial oracle
v J ws_1, then let wg be the minimal such oracle (with respect to the quasi-lexicographical
order of finite words?), let ts = t/, and remove all tasks (4, j,-) from 7. Otherwise, choose
p € P>3 —ran(ts—1) such that p > |ws_1| and let ts = t;_1 U{(4,j) — p} and ws = wb for
b € {0,1} such that ws is ts-valid. Note that such a bit b exists by Claim 3.2.8, since ws_1
is tg-valid by the choice of p.

(meaning: force L(MP)N L(M jo ) # () if possible; otherwise, choose a suitable prime p and
make sure that A, = Fp with respect to the final oracle; corresponds to V1 and V2 in the
definition of t-valid)

e task (i,4): Let ¢’ =ts_1U{(i,i) — 0}. If there exists a t’-valid partial oracle v _J ws_1, then
let ws be the minimal such oracle and let t5 = /. Otherwise, let t; = ts_1 U {(4,7) — 1}
and ws = wb for b € {0,1} such that wy is ts-valid. Note that such a bit b exists by
Claim 3.2.8, since wg_1 is ts-valid.

(meaning: destroy the uniqueness property of M; if possible; otherwise, define t4(i,7) = 1,
which indicates that M; inherently has the uniqueness property; corresponds to V3 in the
definition of t-valid)

e task (¢,7,7) with ¢ # j: It holds t5_1(4,j) = p € P>3 (otherwise, the task (4, j, ) would
have been removed from the task list in the step treating the task (i,7)). Let ts = ts_1
and choose a ts-valid ws _J ws—1 such that for a suitable 0™ at least one of the following
two assertions holds.

— 0" € As, F}’=(0") is definite, and M;"*(F;=(0")) definitely rejects.
— 0" € By, I;"+(0") is definite, and M} (F;**(0")) definitely rejects.

(meaning: F, does not realize a reduction A, <} (L(2;), L(M;)) relative to the final oracle)
Claim 3.2.9 For all s > 1, the construction of ws and ts in step s is possible.

Proof For a contradiction, assume that the statement is wrong and choose the smallest step s
where the claim fails. There are two cases:

1. Step s treats a task (i,7) for 4,5 € NT: Hence ts_1(4, ) is not defined, since it can only
be defined by the unique treatment of the task (i, 7). Therefore, ¢’ can be defined as specified,

2Recall that this order coincides with the order “<” for natural numbers when we identify finite words and
natural numbers in the way described in the preliminaries.
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which shows that the construction in step s is possible (cf. the descriptions of the tasks of this
form above).

2. Step s treats a task (¢,j,r) with ¢ # j: Here t5 = t,—; and t5(i,j) = p € P>3, since
otherwise, the earlier task (i,j) would have removed (i,j,r). We argue that the choice of the
specified ts-valid wy is possible, which shows that the construction in step s is possible and which
contradicts the assumption.

Choose k large enough such that for n = e(p¥)

e it holds n > ng where ng is the number that Corollary 3.2.2 guarantees to exist when
applied for the parameters %, j, and 7,

e there does not exist a word of length > n which the oracle ws_1 is defined for, and
e c(pF+1)> (0" +r)H +i+7.

Choose the minimal ¢s-valid w’ 3 w,_1 that is defined for all words of length < n and undefined
for all words of length > n (such a partially defined oracle w’ exists by Claim 3.2.8). By
Corollary 3.2.2 applied for 7, j, 7, n, and D := w’ U C, there exist an even z € ¥" and an odd
y € Y™ such that at least one of the statements 1-3 in Corollary 3.2.2 holds.

If statement 1 holds, then define wy as the minimal partial oracle ] w’ that satisfies V4,
contains z, and is defined for all words of length < (n" + r)"*/ + i + j. Thus in particular,
ws =w' U{x}U(CN N "+r) +i4J) when interpreting w’ and wy as sets. Let us show that wj
is ts-valid. By e(p* + 1) > (n" + 7)™ + i+ j and ws N X" = {x}, the oracle w; satisfies V2. By
definition, w, satisfies V4 and by |z| = n = e(p¥) it satisfies V5. The remaining conditions V1
and V3 are not affected by extending the oracle w’ to ws. Hence wy is ts-valid. Since z € ws,
it holds 0" € Ay*. By statement 1 of Corollary 3.2.2, the computation Mlpu{x}(FPU{x}(O”))
rejects. As w; is defined for all words of length < (n” + 7)"*J + i + j and agrees with D U {x}
for all these words, the computation F;’s(0") is definite and the computation M’ (F=(0"))
definitely rejects.

Thus we have seen that if statement 1 holds, then the construction in step s is possible. For
statement 2 this is shown analogously.

It suffices to prove that statement 3 cannot hold. Otherwise,

FTDu{m,y}(On) c L(MiDU{fE,y}) N L(MJ-DU{‘T’y}).

Consider the step s’ that treats the task (i, 7), i.e., s’ is the minimal number for which ¢y (i, j) is
defined and it holds ty = ty_1U{(4,5) — p}. Thus we have s’ < s—1 and wy_1 C wy C w1 C
w'. As w' is ts-valid, it is tg_;-valid by Claim 3.2.6. Choose the minimal v ] w’ that satisfies V4,
that contains z and y, and that is defined for all words of length < (n” +7)"™/ +i + j. Hence in
particular, when interpreting w’ and v as sets, we have that v = w'U{x, y}U(CﬂZS(”T”)Zﬂ’LH‘j)
and thus v and D U {z,y} agree on all words of length < (n” + )"+ 44 + j, which shows that
both MY (FY(0")) and M7 (F?(0")) definitely accept. This proves that if v is ty_1-valid, then it
is even t’-valid for ¢ =ty _; U {(4,7) — 0}. Let us show that v is ty_;-valid (and thus t'-valid).
Ase(p® +1) > (n" +7)™* i+ j and p ¢ ran(ty_1), the oracle v satisfies V2. By definition, v
satisfies V4 and by |z| = |y| = n = e(p¥) it satisfies V5. The remaining conditions V1 and V3
are not affected by extending w’ to v. Hence v is ty_q-valid and thus t’-valid. Therefore, step
s’ defines ty = ¢/, which leads to a contradiction as ts(i,j) = p # 0 = t/(4,j) = te(i,5). This
shows that statement 3 cannot hold.

Thus we have shown that the choice of a ts-valid ws with the properties required in step s
of the above construction is possible, which contradicts the assumption and finishes the proof
of Claim 3.2.9. O
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Claim 3.2.10 DisjNP? does not contain pairs that are S?f’o—hard for NPY N coNPO.

Proof Assume there exists a pair (L(M?), L(M)) € DisjNP© that is <t”°-hard for NP° N
coNPY. From L(MP) N L(Mjo) = () it follows that for all s there is no z such that M;"*(z) and
M (2) definitely accept. Hence t(i, j) # 0 for all s for which #,(7, j) is defined. Let s be the
step that treats the task (7,7). Thus by construction, for all s’ > s it holds ty (i, ) = p for some
p € P>3, which by V2 implies Ag = Bg e NP? N coNP?. Thus by assumption, there exists an
r € NT such that (AI?,BPO)SFIF’O(L(M?),L(MJ-O)) via FO. Let s’ be the step that treats the
task (4, 7,7). This step makes sure that for a suitable 0" at least one of the following statements
holds:

o 0" € Ap*, F,’(0") is definite, and M," (F"*' (0")) definitely rejects.
e 0" € By, F''(0") is definite, and M;™*' (F:’(0")) definitely rejects.

Note that by the definition of the sets A, and B,, if 0" A,*" (resp., 0" € Bp*'), then 0" € Ay
(resp., 0" € Byp) for all (finite or infinite) extensions v of wy. Thus we obtain that (i) 0" € A](,)
and M (FP(0")) rejects or (ii) 0" € Bpo and MJO(F,Q(O”)) rejects, which contradicts the choice
of r and completes the proof. O

The proof of the following claim is based on a proof by Rackoff [Rac82, Theorem 4].
Claim 3.2.11 P9 = UPY.

Proof It is known that PY’ - UP?’ for all oracles O'. We prove UP? C PO. Let L € UP? and
choose i € NT such that L = L(MZO) and MZ-O has the uniqueness property, i.e., for all z € X*
the computation Mio(x) has at most one accepting path. Such a number i exists according
to Remark 3.2.5. Moreover, choose the smallest s such that ¢5(4,7) is defined and note that
ts(i,i) = 1 (otherwise, it would hold #4(i,7) = 0 and thus by construction, M would not have
the uniqueness property).

Let © € X*. If there exists an oracle D such that P is an accepting path of MiD (z), then we
call P a potential accepting path of M;(x).

For sets Q, U, W, W' C ¥* with WU W’ C U and W N W' = () we say that P respects
(Q,U, W, W') if it answers yes to all questions in CUQUW, no to all questions in W’ and no to
all questions not in CUQ U U. Note that by the definition of potential accepting paths, queries
in U — (W UW) are answered consistently on the path P. Moreover, P! (resp., P¥*s or P™)
denotes the set of all (resp., all positively answered or all negatively answered) queries of P.

Consider the following algorithm that we will prove to decide L.

1. Input: xer*

2. Let m= [x].

3. If m<4, m'+1i>2", or ws_; is defined for 0°8":

4. If xe€ L, then Accept, else Reject.

5. Let n be the unique number with e(n—1) < logm < e(n).
6. Let Q={qe€0]|q even and |q| <e(n)}.

7. If n=p* for some k > 1 and some odd prime p € ran(ts_1):
8. Let U={ze€zr*||z|=e(n) and z odd} and W=W = 0.
9. If SEARCH returns True, then Accept.

10. Let U={z€ZL*||z|=e(n) and z even} and W=W = .
11. If SEARCH returns True, then Accept.

12. Reject.
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13. If n#7p* for all k> 1 and all odd primes p € ran(ts_1):
14. Let U={z€ezr*||z|=e(n)} and W=W =0.

15. If SEARCH returns True, then Accept.

16. Reject.

17. subroutine SEARCH
18.  For j =0 to 4(m*+i):

19. If there is no potential accepting path of M;(x) respecting (Q,U,W,W),
then return False, else let P be such a path.

20. For each z € P*M with |z| = e(n):

21. Ask whether z € 0.

22. If z€ 0—TU, then return False.

23. If z€ 0NU, then insert z into W.

24, If z€0NU, then insert z into W.

25. If P still respects (Q,U,W,W), then return True.

26. Return False.

Note that the condition m < 4 in line 3 is necessary as for m < 4 there does not exist an
n € NT with e(n — 1) < logm, which is introduced in line 5.

We argue that the algorithm can be implemented by a polynomial-time oracle Turing machine
with oracle O and observe that it suffices to argue for the lines 6, 7-12, 13-16, and 17-26. So we
consider the algorithm on some input x € ¥* of length m € N and assume that the algorithm
does not terminate in line 4, but enters line 6.

Line 6: If this line is executed, then n has been defined and it holds e(n —1) < log m. Recall
that due to V4 and V5 in the definition of ¢-valid each word in O — C' is of length e(j) for some
j. Thus the set @ consists of all words in O that are of length e(j) for some j € [0,n — 1]. From
e(n — 1) < logm we obtain |U§L;& yel)| < Z?;ol 2¢0) < 2¢(n=D+1 < 9m which shows that a
polynomial-time oracle Turing machine with oracle O can ask “q € O?” for all q € U?:_é el
and thus compute Q.

Lines 7-12 and 13-16: Note that we introduce the set U in the lines 8, 10, and 14 only for
better readability. These sets never have to be computed or stored explicitly, since it can be
easily checked whether some word is in the respective set or not.

Hence it remains to argue for the lines 1726, i.e., for subroutine SEARCH. Note that all
words whose membership in C, Q, U, W, and W' is tested in these lines are of length at most
m' + i (all these words are queried by some potential accepting path P of M;(z) which is of
length at most m’ + ). Thus testing the membership of words in @, U, W, and W' in lines 19,
22, 23, 24, and 25 is possible in polynomial time in m = |z| without oracle access (as for W and
W’ observe that |W| and |[W’| are bounded by (4(m®+i)+1)-(m®+1i) throughout the execution
of the algorithm as there are 4(m®+i)+ 1 iterations of the loop starting in line 18 and each path
P considered in the loop is of length < m‘+1i). Due to that and C € PSPACE, we can determine
in polynomial space in |z| without oracle access (whether there exists) a potential accepting path
of M;(x) that respects (Q,U, W, W'). As PSPACE C P® C P9 and FPSPACE C FP® C FP©,
the subroutine SEARCH only requires polynomial time in || when having access to the oracle
O, which completes the proof of the assertion that the above algorithm can be implemented by
a deterministic polynomial-time oracle Turing machine with access to the oracle O.

Before discussing the question of which language the algorithm accepts, we make some
general observations.

Whenever the algorithm executes some line ¢ > 6, it holds

mi i< 2m < 22 <92 — o 4 1), (3.1)



3.2. DisjNP, NP N coNP, and -UP Relative to an Oracle 49

Recall that O consists of C' and elements of length e(j) for some j € N. Due to that and (3.1)
we obtain the following statement.

Whenever the algorithm executes some line ¢ > 6, it holds

ONI=™H = (CNES™+H)u QU (0 NzeM). (32)
As a last observation, due to the lines 23-24 and the choice of U we have the following.
Throughout the execution of the subroutine SEARCH it always holds (3.3)

WUW CUCXMIAW COAW CO.

Let us now prove that the algorithm indeed accepts L. We start with showing the following
implication: if the algorithm accepts some input x, then x € L. This is true if the algorithm
accepts in line 4. So we now consider the case that it accepts in one of the lines 9, 11, and 15.
Then in the corresponding line the respective call of the subroutine SEARCH returns True. Let
us have a closer look at this call of SEARCH in the following.

Consider the iteration of the loop 18-25 that in line 25 returns True. Hence, when the latter
line is executed, it holds that the current potential accepting path P respects (Q,U, W, W’). Let
q be some query asked by P and note that thus |g| < m® +i. We study several cases:

e If |¢| < e(n), then the answer to ¢ on the path P is (C' U Q)(q) (by the definition of
“respects” and (3.3)) and it holds (C' U @Q)(q) = O(q) (by (3.2)).

e If |g| > e(n), then the answer to ¢ on the path P is C(q) (by the definition of “respects”,
Q € x=¢(=1) "and (3.3)) and it holds C(q) = O(q) (by Q C ¥=¢("=1 and (3.2)).

e If |g| = e(n) and ¢ € W, then the answer to ¢ on the path P is 1 = O(q) (by the definition
of “respects” and (3.3)).

e If |q = e(n) and ¢ € W', then the answer to g on the path P is 0 = O(q) (by the definition
of “respects” and (3.3)).

e If |g| = e(n) and ¢ € O — U, then by the definition of “respects” and C U Q C O, the
answer to ¢ on the path P is 0, which equals O(q).

By the lines 22-24 and since the algorithm returns True in line 25, we have P2Inye(™ C Wuw’u
(O —U), which shows that the cases (|q| = e(n)Aqg € U—(WUW")) and (|q| = e(n)Ag € O—-U)
are impossible (recall that W U W’ C U by (3.3)). Hence in the aforementioned execution of
line 25, P is an accepting path of M (x), which implies # € L. This shows that if the algorithm
accepts x, then x € L.

It remains to argue that if € L, then the algorithm accepts x. Let z € L. If the algorithm
on input x terminates in line 4, then the algorithm accepts. Thus we assume from now on that
m! +4 < 2™ and w,_; is undefined for all words of length > logm, where the latter and the
choice of n in line 5 imply in particular that ws_1 is undefined for all words of length e(n). We
consider two cases:

Case 1: 4(m' +1i) > 26",

Assume that the algorithm does not accept, i.e., it rejects. We show that this leads to a
contradiction. The assumption that the algorithm does not stop in line 4 implies that it stops
in one of the lines 12 or 16. Note that if the algorithm stops in line 12, then 0¢(™ ¢ Ag or
0¢(m) ¢ Bpo since p € ran(ts—1) NP>3 and hence Az? N Bz? = () by V2.1. We have to consider the
following cases.
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Case 1a: The algorithm stops in line 12 and 0¢(™) ¢ Ag . Here we continue the argumentation
by choosing U = {z € N | |z| = e(n) and z odd} and having a closer look at the call of SEARCH
in line 9, which returns False.

Case 1b: The algorithm stops in line 12 and 0¢(™) ¢ Bpo . Here we continue the argumentation
by choosing U = {z € N | |z| = e(n) and z even} and having a closer look at the call of SEARCH
in line 11, which returns False.

Case 1c: The algorithm stops in line 16. Here we continue the argumentation by choosing
U={z € N||z|] = e(n)} and having a closer look at the call of SEARCH in line 15, which
returns False.

We argue for the Cases 1a, 1b, and 1c in parallel. Note that in each case it holds ONXe(™ C U.
As x € L, the computation Ml-O (z) has an accepting path P’. Then P’ is a potential accepting
path of M;(z). Let ¢ be an arbitrary query asked on the path P’. Thus |¢| < m®+ i. Studying
several cases, we show that P’ respects (Q, U, W, W') whenever we reach line 19.

e Ifqe CUQUW, then by CUQ C O and (3.3), it holds O(q) = 1 and hence the answer
to the query ¢ on path P’ is 1.

e If ¢ € W/, then (3.3) implies O(q) = 0 and thus the answer to the query ¢ on path P’ is 0.

o If ¢ CUQUU, then by (3.2) and ONX™ C U, it holds O(g) = 0 and thus the answer
to the query ¢ on path P’ is 0.

Hence the considered call of SEARCH cannot return False in line 19. Moreover, by ONX¢™ C U,
it cannot return False in line 22. Thus the considered call of SEARCH returns False in line 26.
Then in particular, the loop 18-25 is executed exactly 4(m’ +14) + 1 times and in each execution
of the loop 18-25 the value of |[W U W’| is increased by at least 1 (otherwise, the path P
chosen in line 19 still respects (Q, U, W, W’) in line 25 and the subroutine returns True). Hence,
when reaching line 26 it holds |[W U W’'| > 4(m' + i) > 260 = |2¢()| in contradiction to
WU W’ C ¢ which holds according to (3.3).
Case 2: 4(m' +1i) < 26",
Define the following predicate.

All potential accepting paths Py, Py of M;(x) that respect (Q,U, W,W') and
that satisfy PPN (U — (W UW")) # 0 and PPN (U — (WU W) # 0 have a (3.4)
query from U — (W UW') in common, i.e., PPN PN (U — (WU W')) # 0.

We prove the following assertions.

Ifn = p* forp € ran(ts_1)NP>3 and k > 1, U = {z | |2| = e(n) and 2z odd}, W C ONU,

W' CONU, and 4(m* +14) < 2¢0") then (3.4) holds. (3:5)
Ifn = p* forp € ran(ts_1)NPs3 andk > 1, U = {z | |2| = e(n) and z even}, W C ONU, (3.6)
W' CONU, and 4(m* + i) < 2¢0") | then (3.4) holds. '

If n # p* for all p € ran(ts_1) NP>z and all k > 1, U = {z | |z| = e(n)}, W CONU, (3.7)

W' CONU, and 4(m* +14) < 2¢0") | then (3.4) holds.

By symmetry, if suffices to prove (3.5) and (3.7). As (3.7) can be proven in almost the same
way as (3.5) (as a matter of fact, in an even simpler way), it is sufficient to prove (3.5) only.
Suppose there exist potential accepting paths Py, P» of M;(x) that respect (Q,U, W, W’), that
satisfy P20 (U — (W UW')) # 0 and PN (U — (W UW")) # ), and that do not have a query
from U — (W U W’) in common. We will lead this assumption to a contradiction by proving
that then the construction would have destroyed the uniqueness property of M; and thus chosen
ts(i, 1) to be 0.
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First observe that by the above assumption, the paths P and % are distinct.

Let Y = (P U PY*) n ¥z = (P/* U Py*) n slem+l and N = (PP U PPo) N
y2e(n) = (PP°UP)N yle(mm'+] - As Py and P, are potential accepting paths of M;(z) it holds
IN| < U(N) <2-(m?+1i). As P; and Py respect (Q,U, W, W), W C U, and Q C X< we
have Y CU UC.

Let us argue for Y N N = (). Assume there exists some ¢ € Y N N. Hence |q| > e(n). If
lg| > e(n), then ¢ € Y C UUC implies ¢ € C, which contradicts ¢ € N since both paths respect
(Q,U,W,W’). So we assume |q| = e(n), which implies ¢ ¢ C. We obtain:

e If ¢ U, thenby Y CUUC and q ¢ C, we obtain ¢ ¢ Y, a contradiction.

e If g € W, then q ¢ P and g ¢ Pj° since both P; and P respect (Q,U, W, W’). This
contradicts ¢ € N.

o If g € W/, then ¢ ¢ P/ and q ¢ PJ°° since both P; and P, respect (Q,U, W, W’). This
contradicts g € Y.

e Assume ¢ € U — (W UW’). As both P, and P, are potential accepting paths of M;(x), it
holds ¢ ¢ PY**NPP° and q ¢ Py N Py°. Due to that and ¢ € Y NN it holds ¢ € PY*° N Py°
or ¢ € PP°N Py*. Hence P, and P have a query from U — (W U W’) in common, which
contradicts the assumption.

This shows Y NN = ().

Let u J ws—; such that u(z) = O(z) for all words z with |z| < e(n) and v is undefined for
all other words (recall that ws_1 is undefined for all words of length e(n) as was observed in the
last paragraph before we start to consider Case 1). Note ws—1 C u C wy for a sufficiently large
s’ > s — 1. By construction, wy is tg-valid and thus by Claim 3.2.6, it also is ts_1-valid. Hence
Claim 3.2.7 yields that u is ts_1-valid. Note that it holds u = O N{w € ¥* | w < |u|} (ie., uis
a prefix of O).

Consider the minimal v 1 u that satisfies V4, that contains all words in Y, that contains
at least one word from U — N (such a word exists since |N| < 2(m’ + i), |U| = 2¢~1 and
4(m* 4 i) < 2°0") where the latter condition holds by the assumption we have made in the
beginning of Case 2), and that is defined for all words of length < max(m’ + 4,e(n)). The
non-emptiness of U — N is the reason for the distinction of the Cases 1 and 2.

Let us prove that v is t;_1-valid. The oracle v satisfies V2.1 and V5, since u satisfies V2.1
and V5 and the words of even length in v —w are all in U = {z | |z| = e(n) and z odd} (recall
Y CUUCQC). It also satisfies V2.2, since u satisfies V2.2, v contains at least one word from
U — N, and it holds e(n + 1) > max(m® +i,e(n)) by (3.1). Finally, V1 and V3 are not affected
by extending the oracle. Thus v is ts_1-valid.

We have the following cases for queries ¢ on P; and P> and their respective answers:

e If |q| < e(n), then as P; and P; respect (Q,U, W, W'), the answer to the query ¢ on path
. (3.2)
P, or Py is (CU Q)(Q) = O(Q) = U(Q) = U(Q)'
e If |¢q| > e(n) and ¢ € Y, then by the choice of Y and v, the answer is 1 = v(q).

e If|¢| > e(n) and ¢ € N, then by the choice of N as well as YNN = (), the answer to queries
q on the paths P; and P is 0 at all times. As v NN = () (it holds that (i) Y NN = () and
(ii) both Py and P, respect (Q,U, W, W’), which implies N N C = (), we have v(g) = 0.

This shows that P; and P, are two different accepting paths of the computation M/ (z). Both
paths are definitely accepting, since v is defined for all words of length < m’ + i. Thus v is
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t'-valid for ¢/ = t;_1 U{(4,i) — 0}. Hence step s defines t5 = t’, which contradicts ts(i,i) = 1.
This proves (3.5).

We continue to argue that the algorithm accepts x. For that purpose we study two subcases.

Case 2a: Assume n = p”* for some p € ran(ts_1) NP>z and k > 1. Then Az? N Bpo =0
due to V2.1. Without loss of generality, 06 ¢ Ag (otherwise, 06 ¢ Bpo and it can be
argued symmetrically), i.e., O does not contain an even word of length e(n). Consider the
lines 8 and 9 and the respective call of the subroutine SEARCH. This means U = {z € N |
|z| = e(n) and z odd}. Hence O — U does not contain any words of length e(n) and thus the
aforementioned call of SEARCH does not return False in line 22. Since x € L, there exists an
accepting path P of MP(z).

Let us prove next that for all W C ONU and W/ C ONU the (potential accepting) path P
respects (Q,U, W, W’). Let q € Pl W CONU,and W CONU.

o If g € CUQUW, then the answer to ¢ on Pis yes, since Pisa path of the computation
MP(x) and CUQUW C O.

e If ¢ € W', then the answer to ¢ on P is no, since P is a path of the computation M2 (x)
and W' C O.

e Assume ¢ ¢ C UQUU. As we observed above that (O — U) N %™ = ), we obtain by
(3.2) that O NL=""*" C CUQUU and hence ¢ ¢ O. Thus the answer to ¢ on the path

P is no.

During the execution of SEARCH it always holds that W C ONU and W' C O N U (cf.
(3.3)). Thus each time we reach line 19 it holds that Pisa potential accepting path respecting
(Q,U,W,W’). Hence in each iteration of the loop 18-25 line 19 does not return False. Let us
consider an arbitrary iteration of the loop. In line 19 some potential accepting path P; that
respects (Q, U, W, W') is chosen.

o If PPN (U — (W UW')) = 0 during the execution of line 19, then Pj still respects
(Q,U,W,W') when reaching line 25 and hence SEARCH returns True.

e Otherwise, we have P N (U — (W UW')) # 0 during the execution of line 19 and by
(3.5), for each potential accepting path P, that respects (Q,U, W, W’) and that satisfies
PN (U — (WUW') #  the paths P, and P, have a query € U — (W U W’) in
common. This query is inserted into W or W' in one of the lines 23 and 24, and thus
[P (U — (W U W"))| is decreased by at least 1 in in the iteration chosen above.

Therefore, if SEARCH does not return True within m® + i iterations of the loop 18-25, then
after this number of iterations all potential accepting paths P, that respect (Q, U, W, W’ ) satisfy
PN (U — (WUW')) = ). Moreover, there exists at least one such path, namely P, which is
the reason why the next iteration returns True in line 25. This implies that the loop returns
True within m’ + i + 1 iterations, which shows that the algorithm accepts in line 9.

Case 2b: Assume n # p* for all p € ran(t,_1) NP>3 and all k& > 1. Consider the lines 14
and 15 (here U = 2¢™). Due to the choice of U, the subroutine SEARCH does not return False
in line 22. Since x € L, there exists an accepting path P of MZ»O(Z).

In a similar, but even simpler way than in Case 2a it can be proven that for all W C ONU
and W' C ONU the (potential accepting) path P respects (Q,U, W, W’).

In order to complete the proof that also in the present case the algorithm accepts, it suffices
to copy the corresponding part of the proof in Case 2a and replace (3.5) with (3.7). This
completes the proof of Claim 3.2.11. O

Now the proof of Theorem 3.2.3 is complete. O
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3.3 DisjNP, UP, NP N coNP, and —SAT Relative to an Oracle

As the title suggests, in this section we construct an oracle relative to which DisjNP AUP ANPN
coNP A =SAT holds. As we have already motivated and discussed this oracle in the introduction,
we only add one more aspect here: among others, the oracle shows that there are no relativizable
proofs for the implication NPNcoNP = SAT. Recently Fabian Egidy, Anton Ehrmanntraut, and
Christian Glafler [unpublished, private communication| have constructed several oracles among
which there is one illustrating that neither the converse of the aforementioned implication can
be proven solely exploiting relativizable proof techniques, i.e., it holds SAT A—=NPNcoNP relative
to their oracle®. Thus the conjectures SAT and NP N coNP are independent in the sense that it
does not hold that one of the conjectures implies the other one relative to all oracles.

Theorem 3.3.1 There exists an oracle O such that the following statements hold:
1. DisjNP© does not contain pairs that are Sﬁio—hard for UPY N coUP?.
2. Each non-empty L € NP© has PC-optimal proof systems.

3. UP? does not contain gﬂio—complete problems.

This implies the subsequent corollary.

Corollary 3.3.2 There exists an oracle O such that the following statements hold:
1. DisjNP© does not contain <P -complete pairs.
2. Each non-empty L € NP? has PO -optimal proof systems.
3. UP? does not contain Sﬂio—complete problems.

4. NP9 N coNP? does not contain S%O—complete problems.

Remark 3.3.3 Without loss of generality, we may assume in the following proof that each
UP-set is accepted by infinitely many UP-machines in the standard enumeration My, Mo, ...,
i.e., more precisely, for each oracle D and each A € UPP there are infinitely many i € Nt
such that (i) on every input x the computation MP (z) has at most one accepting path and (ii)
L(MZ»D) = A. Note that typical standard enumerations satisfy this property.

Proof of Theorem 3.3.1 Let D be a (possibly partial) oracle, p € P=3 := PN{4k+3 | k € N},
and g € P=; :=PN{4k + 1| k € N} (note that P=3 and P=; are both infinite sets). We define

AD = {0 |k eN*,3 sz €D and xodd} U{0F | ke Nt}
Bz? = {OPk | ke NT, I espr® € D and x even}

k
¢y = {07 |keN*3 _ .xeD}

Note that ApD,BpD € NPP and ApD = Big’ if \Epk N D| =1 for each k € N*. In that case

AIJ,j € UPP N coUPP. Moreover, C’f c UPP if |E‘1k N D| <1 for each k € N*.

Note that throughout this proof we sometimes omit the oracles in the superscript, e.g., we
write NP or A, instead of NP? or AE . However, we do not do that in the “actual” proof but only
when explaining ideas in a loose way in order to convey the intuition behind the occasionally
rather technical arguments.

3Indeed, even DisjCoNP A =NP N coNP holds relative to the oracle.
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For i € Nt and z,y € N we write ¢(i, z,y) := (0¢, 2, 012"+ 0=+ 4 4\ Note that |c(i, z, )|
is even, polynomially bounded in |i| + ||+ |y|, and by the properties of the pairing function (-},

Vien+ ayen [c(i, 2, y)| > 4 - max(|z[* +1, [y]). (3-8)

Claim 3.3.4 ([DG19]) Let w € ¥*, i € N, and v € N. If c(i,z,y) < |w| for some y € N,
then the following holds.

1. F}*(z) is definite and F}*(z) < |w|.
2. For allv Jw, it holds (F{*(x) € CANY & F*(z) € CAN?).

Proof As the running time of F*(x) is bounded by |z|" + i < |c(i, 2, y)| < c(i,7,y) < |w]|, the
computation F}*(x) is definite and its output is < |w|. Hence 1 holds. Consider 2. It suffices to
show that CAN"(q) = CAN™(q) for all ¢ < |w| and all v J w. This holds by Lemma 3.1.1. O

Preview of the Construction We sketch some of the basic ideas our construction uses.

1. For all positive and distinct 7 and j the construction tries to achieve that (L(M;), L(M;))
is not a disjoint NP-pair. If this is not possible, then (L(M;),L(M;)) inherently is a
disjoint NP-pair. Once we know this, we choose some prime p € P=3, ensure 4,, B, € UP,
A, = B, and thus A, € UP N coUP in the further construction, and diagonalize against
all FP-functions such that A, is not <p-reducible to (L(M;), L(Mj)).

2. For all i > 1 the construction intends to make sure that Fj is not a proof system for CAN..
If this is not possible, then F; inherently is a proof system for CAN. Then we start to
encode the values of F; into the oracle, which will allow us to define a proof system that
simulates all others relative to the oracle. However, it is important to also allow encodings
for functions that are not known to be proof systems for CAN yet. Thus the final oracle
will also contain encodings for functions that are not proof systems for CAN.

3. For all 7+ > 1 the construction tries to ensure that M; is not a UP-machine. In case this is
impossible, we know that M; inherently is a UP-machine, which enables us to diagonalize
against all FP-functions making sure that Cj, for some ¢ € P=; that we choose is not
reducible to L(M;).

During the construction we maintain a growing collection of requirements that is specified
by a partial function belonging to the set

T = {t: NT U (NT)2 — Z | dom(t) is finite, ¢ is injective on its support,
e t(NT) C {0} UNT
o t({(i,i) |1 e N*}) C {0} U{~q|q € P=1}

o t({(i.§) € (N*)? i # j}) C {0} U{~p|p € P=g}}.

A partial oracle w € ¥* is called t-valid for ¢ € T if it satisfies the following requirements.

V1 For all i € N* and all z,y € N, if ¢(i, z,y) € w, then F*(z) =y € CAN™.
(meaning: if the oracle contains the codeword c(i,z,y), then F“(x) outputs y and y €
CAN™; hence c(i,z,y) € w is a proof for y € CAN™.)
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V2 For all distinct 4,5 € N with ¢(i,j) = 0 there exists  such that M"(z) and M(z)
definitely accept.
(meaning: for every extension of the oracle, (L(M;), L(Mj;)) is not a disjoint NP-pair.)

V3 For all distinct 4,j € Nt with ¢(4,j) = —p for some p € P=3 and each k € NT it holds (i)
17" Nw| <1 and (i) if w is defined for all words of length p, then [£P" Nw| = 1.
(meaning: if (i, j) = —p, then ensure A,, B, € UP, A, = B,, and thus A, € UP N coUP
relative to the final oracle.)

V4 For all i € N with #(¢) = 0 there exists = such that F!’(x) is definite and V3, F*(x) ¢
CAN®.

(meaning: for every extension of the oracle, F; is not a proof system for CAN".)

V5 For all i € NT and z € N with 0<#(7) <c(i, z, F*(z)) <|w| it holds c(i, z, F*(z)) € w.
(meaning: if £() > 0, then from (i) on, we encode the values of F; into the oracle.
Note that V5 is not in contradiction to V3 or V7 as |c(+, -, )| is even.)

V6 For all i € Nt with #(i,i) = 0 there exists = such that M*(z) is definite and has two
accepting paths.
(meaning: for every extension of the oracle, M; is not a UP-machine.)

V7 For all i € N* with t(i,i) = —q € P=; and each k € NT it holds [£¢" Nnw| < 1.
(meaning: if ¢(i,7) = —q, ensure that Cy is in UP.)

The subsequent claim follows directly from the definition of t-valid.

Claim 3.3.5 Let t,t' € T such that t' is an extension of t. For all oracles w € ¥*, if w is
t'-valid, then w is t-valid.

Claim 3.3.6 Lett € T and u,v,w € X* such that uw C v T w and both v and w are t-valid.
Then v is t-valid.

Proof The oracle v satisfies V2, V4, and V6, since u satisfies these conditions. Moreover, v
satisfies V3 and V7 as w satisfies these conditions.

Let i € Nt and z,y € N such that ¢(i,z,y) € v. Then c(i,z,y) € w and as w is t-valid, we
obtain by V1 that F}’(z) =y € CAN™. Claim 3.3.4 yields that F(x) is definite and F}(z) €
CANY & FP(z) € CAN™. This yields FY(z) = F¥(z) = y and CAN"(y) = CAN™(y) = 1.
Thus v satisfies V1.

Now let ¢ € N* and z € N such that 0 < ¢(i) < c(i,z, F¥(z)) < |v|. Again, by Claim 3.3.4,
FP(z) is definite and thus F}(z) = F(z). As |v| < |w| and w is t-valid, we obtain by V5
that c(i,z, FP(x)) = c(i,z, F*(x)) € w. Since v C w and |v| > ¢(i,z, F(x)), we obtain
c(i,z, FY(x)) € v, which shows that v satisfies V5. O

Oracle Construction Let T be an injective enumeration of U?ZI(NJF)i having the property
that for all 7,7,7 € Nt the pair (i,7) appears earlier than the triple (7,7,7). Each element of
U?:1(N+)i is considered as a task. We treat the tasks in the order specified by 7" and after
treating a task we remove it and possibly other tasks from 7' and continue with the next task
that still is in T (i.e., the first task of the current T).

We start with the unique nowhere defined function tg € 7 and the unique wy € X* with
|lwg| = 1 and —when considering wg as a set— with wy = () (i.e., wo = 0 when we consider
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wo as a word in X* and wy = 1 when we consider wg as a natural number; cf. the paragraph
“Identification of ¥* and N” on page 31). Observe that wy is tg-valid.

Then we begin treating the tasks. For each task we choose an extension of the current
function from 7 and a (strict) extension of the oracle. This way we define functions ¢1,t2,... in
T such that ¢;1; is an extension of ¢; and partial oracles wy C_ w; T wg T ... such that each w; is
t;-valid. So for each task we strictly extend the oracle and are allowed to add more requirements
(by extending the respective ¢;) that have to be maintained in the further construction.

Finally, we choose O = |J;2, w;. Note that O is totally defined, since in each step we strictly
extend the oracle.

We now describe step s > 0, which starts with some ¢;_1 € 7 and a ts;_1-valid oracle w;_1
and treats the first task that still is in T choosing an extension ts € T of ts_1 and a ts-valid
ws _J ws—1 (it will be argued later that the construction we describe below is indeed possible).
Let us recall that each task is immediately deleted from T after it is treated. We study five
cases depending on the task that is treated in step s.

e task i: Let t' = ts_1 U{i — 0}. If there exists a t’-valid partial oracle v J ws_1, then let
ts = t' and ws be the least t'-valid partial oracle ZJ ws_1. Otherwise, let ts = ts_1 U {i —
|ws—1]} (note that since |wp| = 1 it holds t5(i) = |ws—1| > 0* and that the sufficiently large
choice of t4(i) implies that ws_1 is ts-valid) and choose ws = ws—1b with b € {0,1} such
that w;y is ts-valid.

(meaning: try to ensure that F; is not a proof system for CAN. If this is impossible,
require that from now on the values of F; are encoded into the oracle.)

e task (i,7) with ¢ # j: Let t/ = ts_1 U{(¢,7) — 0}. If there exists a ¢’-valid partial oracle

v 2 ws_1, then let t; = ¢/, define ws to be the least t’-valid partial oracle JJ ws_1, and
delete all tasks (7,7,-) from T. Otherwise, let z = |ws_1|, choose some p € P=3 greater
than |z| and all p’ € P>3 with —p’ € ran(ts_1), let ts = ts_1 U{(i,j) — —p} (note that by
the sufficiently large choice of p, the oracle ws_; is ts-valid), and choose ws = ws—1b with
b € {0,1} such that w; is ts-valid.
(meaning: try to ensure that (L(M;), L(M;)) is not a disjoint NP-pair. If this is impossible,
then choose a sufficiently large prime p and require that the further construction ensures
Ap, B, € UP, A, = B,, and thus A, € UP NcoUP (cf. V3). The treatment of tasks of the
form (4, j, -) will make sure that A, cannot be reduced to (L(M;), L(Mj;)).)

e task (7,7,7) with ¢ # j: It holds ts_1(i,5) = —p for a prime p € P—=3, since otherwise, this
task would have been deleted in the treatment of task (7, 7). Define ts = ts_1 and choose a
ts-valid ws 2 ws_1 such that for some n € N at least one of the following two statements
holds:

— Vyaw, 0" € Ay, F;**(0") is definite, and M;"* (F;=(0")) definitely rejects.
— Voaw, 0" € By, F7+(0") is definite, and M;* (F;*=(0")) definitely rejects.
(meaning: make sure that F, does not <hP-reduce (A,, Bp) to (L(M;), L(M;)). As V3

ensures A, = B, relative to the final oracle, F, does not reduce A, to (L(M;), L(M;)).
Also recall that by V3, it will hold A, € UP N coUP relative to the final oracle.)

e task (i,i): Let ¢/ = ts_q U{(i,i) — 0}. If there exists a t’-valid partial oracle v _J ws_1,
then let ts = ¢/, define wy to be the least t-valid partial oracle 2J ws_1, and delete all tasks
(,7,-) from T. Otherwise, let z = |ws_1|, choose some ¢ € P=; greater than both |z| and

“Indeed, this is the reason why we do not start with wo = €.



3.3. DisjNP, UP, NP N coNP, and —SAT Relative to an Oracle 57

all p’ € P>3 with —p’ € ran(ts_1), let ts = ts—1U{(i,7) — —q¢} (note that by the sufficiently
large choice of ¢, the oracle ws_1 is ts-valid), and choose ws = ws—1b with b € {0,1} such
that w; is ts-valid.

(meaning: try to ensure that M; is not a UP-machine. If this is impossible, choose a
sufficiently large prime ¢ € P=; and require that in the further construction C, remains a
UP-set (cf. V7). The treatment of tasks of the form (4,4,-) will make sure that C; cannot
be reduced to L(M;).)

task (7,4,7): It holds ts_1(i,1) = —q for a prime ¢ € P=;, since otherwise, this task would
have been deleted in the treatment of task (i,7). Define t; = ts_1 and choose a ts-valid
ws 2 ws—1 such that for some n € NT at least one of the following two conditions holds:
— Yoaw, 0" € CF, F;*(0") is definite, and M;"* (F;"=(0")) definitely rejects.
— VYoaw, 0" ¢ CF, F’=(0") is definite, and M;"(F’s(0")) definitely accepts.

(meaning: ensure that F, does not reduce Cj, to L(M;). Recall that by V7, it will hold
Cy € UP relative to the final oracle.)

Observe that the choice of t; guarantees ts € 7. We now show that the construction is possible.
For that purpose, we first describe how a valid oracle can be extended by one bit such that it

remains valid.

Claim 3.3.7 Let s € N, w € ¥* be ts-valid with w 3 ws, and z = |w|. Then there exists
b€ {0,1} such that wb is ts-valid. In detail, the following statements hold.

1.

7.

If |2| is odd and |z| # p* for all p € P>3 with —p € ran(ts) and all k € NT, then w0 and
wl are ts-valid.

If there exist p € P=g with —p € ran(t,) and k € Nt such that |z| = p*, z # 17", and
wn P = = (), then w0 and wl are tgs-valid.

If there exist p € P=3 with —p € ran(ts) and k € N such that z = 17" and wn TP = 0,
then wl is ts-valid.

If there exist q € P=y with —q € ran(ts) and k € Nt such that |z| = ¢* and wN S =0,
then w0 and wl are ts-valid.

If z = c(i,z,y) fori € Nt and z,y € N, 0 < t5(i) < z, and F}*(x) =y, then wl is ts-valid.

If 2 =c(i,z,y) fori € NT and z,y € N, F*(z) =y € CAN™, and at least one of the three
conditions (i) ts(i) undefined, (i) ts(i) =0, and (i) ts(i) > z holds, then w0 and wl are
ts-valid.

In all other cases (i.e., none of the assumptions in 1-6 holds) w0 is ts-valid.

Proof We first show the following assertions.

w0 satisfies V1. (3.9)
If (i) z = ¢(i,z,y) for i € N* and x,y € N with F}*(z) = y € CAN™ or (ii) z has odd (3.10)
length, then w1 satisfies V1.

w0 satisfies V5 unless there exist i € NT and z,y € N such that (i) z = ¢(i, z,y), (ii) (3.11)

0 < ts(4), (iii) t5(i) < 2z, and (iv) F'(z) = .

w1 satisfies V5. (3.12)
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(3.9) and (3.10): Let ¢/ € N and 2,3’ € N such that ¢(i',2’,y') € w. Then, as w is ts-valid,
by V1, FY(2') =y € CAN" and by Claim 3.3.4, F{’(z') is definite and y' € CAN"Y for all
v J w. Hence in particular, F**(z') =y € CAN™® for all b € {0,1}. This shows (3.9). For
the proof of (3.10) it remains to consider z. In case (ii) wl satisfies V1 as |z| is odd and each
c(+,+,-) has even length. Consider case (i), i.e., z = c(i,z,y) for i € Nt and x,y € N with
F¥(z) =y € CAN™. Then by Claim 3.3.4, F*}(z) = y € CAN™!, which shows (3.10).

(3.11) and (3.12): Let ¢’ € NT and 2’ € N such that 0 < t4(¢) < ¢(i, 2, F}(2')) < |w|. Then
by Claim 3.3.4, F{¥(z') is definite and thus F**(z') = F¥(2') for all b € {0,1}. As w is ts-valid,
it holds c(i’,2’, F¥(2')) € w and hence c(i',2’, F**(z')) € w C wb for all b € {0,1}. This shows
(3.12). In order to finish the proof for (3.11), it remains to consider z. Assume z = ¢(i,z,y) for
some ¢,z,y € N with ¢ > 0 (otherwise, w0 clearly satisfies V5). If (ii) or (iii) is wrong, then w0
satisfies V5. If (iv) is wrong, then F’(z) # y. By Claim 3.3.4, this computation is definite and
hence F*(z) # y, which is the reason why w0 satisfies V5. This shows (3.11).

Let us now prove the assertions 1-7 and note that we do not have to consider V2, V4, and
V6 as these conditions are not affected by extending a ts-valid oracle.

1. By (3.9) and (3.10), the oracles w0 and w1 satisfy V1. By (3.11) and (3.12), the oracles w0
and w1 satisfy V5 (for the application of (3.11) recall that each ¢(i,z,y) has even length
and hence for all 4, x,y condition (i) does not hold). V3 and V7 are not affected as |z| # p*
for all primes p with —p € ran(ts) and all £ > 0.

2. By (3.9), (3.10), (3.11), and (3.12), the oracles w0 and w1 satisfy V1 and V5. As p € P=3,
V7 is satisfied by w0 and wl. Moreover, w0 satisfies V3 as due to z # 17" the oracle w0
is not defined for all words of length p*. Finally, w1 satisfies V3 since ¥ Nw = 0.

3. By (3.10) and (3.12), the oracle w1l satisfies V1 and V5. As p € P=3, V7 is satisfied by
wl. Moreover, as w N SP° = (), it holds lwln Zpk] = 1 and hence w1 satisfies V3.

4. By (3.9), (3.10), (3.11), and (3.12), the oracles w0 and w1 satisfy V1 and V5. As q € P=y,
the oracles w0 and w1 satisfy V3. Finally, w0 trivially satisfies V7 and w1 satisfies V7 as
wn X" = (.

5. By (3.12), the oracle wl satisfies V5. As |z| is even, wl trivially satisfies V3 and V7.

It remains to argue for V1. For that purpose we show y € CAN™. Then (3.10) can be
applied and w1 satisfies V1.
By Claim 3.3.4, F*(x) is definite. Assume that for z = |w| it holds z = ¢(i, z,y) for i € Nt
and z,y € N, 0 < t5(i) < z, and F*(z) =y ¢ CAN™. Let s’ > 0 be the step which treats
the task ¢ (note s’ < s as t4(i) is defined). By Claim 3.3.5, w is ty_q-valid. Moreover, by
Claim 3.3.4, F!*(z) ¢ CAN" for all v J w. Thus w is ¢/-valid for ¢ = ty_; U {i — 0},
which is why the construction would have chosen ¢ty = t', in contradiction to ts(i) > 0.
Hence y € CAN™.

6. By (3.9), (3.10), (3.11), and (3.12), the oracles w0 and w1 satisfy V1 and V5. As |z| is
even, both w0 and w1l satisfy V3 and V7.

7. By (3.9), w0 satisfies V1. Moreover, (3.11) can be applied, since otherwise, there would
exist ¢,z,y € N with ¢ > 0 such that conditions (i)—(iv) of the assertion (3.11) hold and
then we were in case 5. Hence w0 satisfies V5. Trivially, w0 satisfies V7 and finally, w0
satisfies V3 as the only way w0 could hurt V3 is that z = 17" for some p € P=3 with
—p € ran(ts) and k£ > 0 as well as wN ¥P* = (), but this case is treated in 3.
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This finishes the proof of Claim 3.3.7. |

In order to show that the above construction is possible, assume that it is not possible and
let s > 0 be the least number such that step s of the construction fails. We prove that this
assumption leads to a contradiction.

If step s treats a task 7 € N* U (NT)2, then t,_1(7) is not defined, since the value of 7 is
defined in the unique treatment of the task 7. If t5(7) is chosen to be 0, then the construction
clearly is possible. Otherwise, as was mentioned in the description of the construction, the choice
of ts(7) guarantees that the ts_;-valid oracle ws_; is even ts-valid. Then Claim 3.3.7 ensures
that there exists a tg-valid ws_1b for some b € {0,1}. Hence the construction does not fail in
step s, a contradiction.

For the remainder of the proof that the construction above is possible we assume that step s
treats a task (i,7,7) € (N*)3. We treat the cases i = j and i # j simultaneously whenever it is
possible. Recall that in the case i = j we work for the diagonalization ensuring that L(M;) is
not a complete UP-set and in the case i # j we work for the diagonalization ensuring that the
pair (L(M;), L(Mj)) is not hard for UP N coUP (note: as the task (i, j,7) has not been deleted
during the construction, (L(M;), L(M;)) is a disjoint NP-pair relative to all ¢,_;-valid extensions
of wg—_1).

In both cases, ts = ts—1 and t5(i,j) = —p for some p € P>3 (recall p € P=; if i = j and
p € P—3if i # j). Let v(z) = (z" + )" + i+ j and choose n = p* for some k € N* such that

22n=2 5 ontl .~ (p) (3.13)

and w,_1 is undefined for all words of length > n. Note that by the choice of ~, for each oracle D,
all queries of the computations F°(0"), MP(FP(0")), and MJD(FTD(O")) are of length < ~(n).

We define u J ws_1 to be the minimal t;-valid partial oracle that is defined for all words of
length < n. Such an oracle exists by Claim 3.3.7.

Moreover, for z € X", let u, _J u be the minimal t,-valid partial oracle with u, N X" = {z}
that is defined for all words of length < ~(n). Such an oracle exists by Claim 3.3.7: first, starting
from u we extend the current oracle bitwise such that (i) it remains ts-valid, (ii) it is defined for
precisely the words of length < n, and (iii) its intersection with X" equals {z}. This is possible
by (2, 3, and 7) or (4 and 7) of Claim 3.3.7 depending on whether p € P=3 or p € P=;. Then by
Claim 3.3.7, the current oracle can be extended bitwise without losing its ts-validity until it is
defined for all words of length < (n).

Claim 3.3.8 Let z € ¥".
1. For each o € u, N X" one of the following statements holds.

e a=1" for some p' € P=g with —p' € ran(t,) and some k > 0.
o a=c(i',z,y) for some i € NT and z,y € N with 0 < t,(¢') < c(i/,z,y), Fi/*(z) =y,
and y € CAN=.

2. Forallp' € P=3 with —p' € ran(ts) and all k > 0, ifn < p'* < y(n), then u,Nx?" = {17}
Proof

1. Let a € u, N X~"™. Moreover, let v’ be the prefix of u, that has length «, i.e., a is the
least word that ' is not defined for. In particular, it holds v/ N X" = u, N X<" and thus
W' NY"={z}. AsuC v C u, and both u and u, are ts-valid, Claim 3.3.6 yields that v’
is also ts-valid.
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Let us apply Claim 3.3.7 to the oracle u/. If one of the cases 1, 2, 4, 6, and 7 can be
applied, then u/0 is ts-valid and can be extended to a ts-valid oracle v with |u”| = |u,| by
Claim 3.3.7. As v” and u, agree on all words < o and a € u, —u”, we obtain u” < u, and
due to v/ C u” we know that «” N 3™ = {z}. This is a contradiction to the choice of u,
(recall that u, is the minimal ¢,-valid partial oracle that is defined for all words of length
< 7(n) and that satisfies u, N X" = {z}).

Hence none of the cases 1, 2, 4, 6, and 7 of Claim 3.3.7 can be applied, i.e., either (i)
a = 17" for some p/ € P—3 and xk > 0 with —p/ € ran(ts) or (ii) a = ¢(i,z,y) for
i',x,y € N, i/ >0, and 0 < t5(i') < . In the latter case, as a € u, and u, is ts-valid, we
obtain from V1 that F*(z) =y € CAN"=.

2. As —p' € ran(ts), u, is ts-valid, and u, is defined for all words of length p'®, V3 yields

that there exists § € P Nu,. Let B be the minimal element of P N u,. It suffices to
show 8 = 17", For a contradiction, we assume 8 < 17" . Let « be the prefix of u, that is
defined for exactly the words of length < p’”. Then u C ' C u, and both u and u, are
ts-valid. Hence by Claim 3.3.6, the oracle u’ is ts-valid as well.
By Claim 3.3.7, v’ can be extended to a ts-valid oracle u” that satisfies |u”| = |u,| and
uw’' NP = {17"}. Then 8 € u, —u”. As the oracles v” and u. agree on all words smaller
than £, we have u” < u, and v/ N X" = {2}, in contradiction to the choice of u, (again,
recall that u, is the minimal t,-valid partial oracle that is defined for all words of length
< 7(n) and that satisfies u, N X" = {z}).

This finishes the proof of Claim 3.3.8. a

Let us study the case that for some odd (resp., even) z € X" the computation M;"*(F"*=(0™))
(vesp., M= (F*=(0")) if z is even) rejects. Then since u, is defined for all words of length < v(n),
the aforementioned computation even definitely rejects and the computation F*=(0™) is definite.
If i # j, then p € P=3 and since z € u,, we have 0" € A} for all v J u, (resp., 0" € B, for all
v J u, if z is even). Analogously, if i = j, then p € P=; and as z € u,, we have 0" € C;j for
all v 3 u,. Hence in all these cases we can choose ws = u, and obtain a contradiction to the
assumption that step s of the construction fails in treating the task (i, 7,7). Therefore, for the
remainder of the proof that the construction is possible we assume the following:

e For each odd z € ¥" the computation M;**(F+(0")) definitely accepts.

e For each even z € ¥" the computation M*(F=(0")) definitely accepts.

Note that in case i = j we could have also formulated the two conditions equivalently in the
following simpler way: for each z € X" the computation M;"* (F#(0™)) definitely accepts. Recall,
however, that as far as possible we consider the cases i = j and ¢ # j simultaneously.

We will show that this assumption leads to a contradiction, which will ensure that the above
construction is possible.

Let U, for z € ¥™ odd (resp., z € 3" even) be the set that consists of all oracle queries of the
computation F*<(0") and all oracle queries of the least accepting path of M;**(F*=(0™)) (resp.,
M=(F=(0"))). Observe £(Uy) < ~(n). Moreover, define Qo(U.) = U, and for m € N,

Qm+1(U;) = U {{q | ¢ is queried by F};*(x)}U
i’ @,yeN,i’ >0
C(i,,I,y)EQ7,L(UZ)

{q|y= (0", 0" +" 2/ for some i” > 0 and 2’ € N, M7 (') has an

accepting path, and q is queried by the least such path}].
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Let Q(Uz) = U, peny Qm(Uz)-

Claim 3.3.9 For all z € X", {(Q(U)) < 20(U,) < 2v(n) and the length of each word in Q(U)
is < y(n).

Proof We show that for all m € N, £(Q4+1(Uz)) < V2 £(Qn(U.)). Then > 5 _1/2m < 2 for
all kK € N implies ¢(Q(U,)) < 2-£(U,). Moreover, the second part of the claim follows from
U(U:) < v(n) and £{(Qm+1(U2)) < 1/2- £(Qm(Uz)).

Let m € N and consider an arbitrary element o of @,,,(U). If « is not of the form ¢(¢/, x,y)
for i’ € NT and x,y € N, then « generates no elements in Q,,+1(U). Assume a = ¢(i/,z,y) for
i’ € N* and 2,y € N. The computation Fj(z) runs for at most |z|” +i’ < la|/1 steps, where “<”
holds by (3.8). Hence the set of queries @) of F}/(x) satisfies £(Q) < lal/4.

Let us assume y = (0, 0|x/‘iu+i”,:):’ ) for i € Nt and 2/ € N (otherwise, the second of the
two sets in the definition of Qn+1(U;) is empty and does not require further consideration).
Then the computation M, (z) runs for less than |2/|"" +i" < |y| < lel/4 steps, where again “<”

holds by (3.8). Hence for the set @ of queries of the least accepting path of the computation
M}, (x) (if such a path exists) we have £(Q) < lo//a. Consequently,

(Quu )< 3 [talqis queried by F(2)}) +
i z,yeN,i’ >0 P
C(Z‘/,x,;j/)eGQmTUz) S\CU ,z,y)|/4

({qly = <0i/,,0|x/|i +" 2') for some i > 0 and 2/ € N,
M7 (2") has an accepting path, and ¢ is queried by
the least such path})}

-~

<le(@’ 2,v)l/a

< D el

i x,yeNi’ >0
(¥, 2,y)€Qm (Uz)

< UQm(U2))/2,
which finishes the proof of Claim 3.3.9. a

We now define a similar notion. Let Q((U,) = U, and for m € N,

Qir (U:) = J  {alqis queried by F}*(x)}.
i’ x,yeN,i’ >0
c(ix,y)eQr, (Uz)

Moreover, define Q'(U.) = U, ,en @i (U-). By definition @, (U.) € Q. (U.) for all m € N and
hence Q'(U,) C Q(U,) C X7 where the latter “C” holds by Claim 3.3.9.

For 2,2/ € X" we say that z and 2’ conflict (vesp., strongly conflict) if there is a word
a € QU,)NQU.) (resp., « € Q'(U,) NQ'(U./)) which is in uyAu,. In that case, we say z and
2" (strongly) conflict in a. Note that whenever z and 2’ (strongly) conflict in a word «, then
|a| > n, as u, and u,s are both extensions of u and w is defined for all words of length < n. By
definition, if z and 2’ strongly conflict, then z and 2’ conflict.

The next four claims are dedicated to the purpose of proving that for each odd z € 3" and
each even 2z’ € X", it holds that z and 2’ conflict in a word of length n. Indeed, then z and 2’
conflict in one of the words z and 2’ as these are the only words of length n in u, U u,,. Once
we have proven this, we will be able to generate a contradiction that completes the proof that
the oracle construction described above is possible.
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Claim 3.3.10 Let z,2' € X" such that z is odd and 2’ is even. If z and 2’ conflict, then they
conflict in a word of length n.

Proof Let a be the least word in which z and z’ conflict (note that |a| < y(n) due to o €
QU,)NQ(U,) and Claim 3.3.9). Then « € u,Au,. By symmetry, it suffices to consider the
case « € uy — uy. For a contradiction, assume that |«| # n, which implies |a| > n as u, J u,
U, J u, and u is defined for all words of length < n. Then by Claim 3.3.8, two situations are
possible.

1. If a = 17" for p/ € P—g with —p/ € ran(ts) and k > 0, then by Claim 3.3.8.2, a € u,/, a
contradiction.

2. Here o = ¢(i/,z,y) for ¢/ € NT and z,y € N with 0 < ¢,(/') < ¢(¢,z,y) and Fj*(z) =
y € CAN™=. Then F;,Lz' () # y, since otherwise, by the t,-validity of u,, and V5, it would
hold a € u,s. Consequently, F ;fz' (x) # F;;*(x). Hence there exists a query § that is asked
by both F}/*(z) and F,,*' (x) and that is in u,Au, (otherwise, both computations would
output the same word). By definition of Q(U;) and Q(U./), it holds § € Q(U,) N Q(U).
Hence z and 2’ conflict in 8 and |8| < |z|" + ' < |c(¢/, z,y)| = ||, in contradiction to the
assumption that « is the least word which z and 2’ conflict in.

In both cases we obtain a contradiction. Thus the proof is complete. O

We want to show next that for all odd z € X" and all even 2z’ € X" it holds that z and 2’
indeed conflict.

Recall that v 3 ws_1 is the minimal ¢s-valid partial oracle that is defined for all words of
length < n. Let z € X™. We say that a partial oracle v J u is consistent with u, relative to
Q(U,) (resp., relative to Q'(U,)) if v(q) = u.(q) for all ¢ € Q(U,) (resp., all ¢ € Q'(U,)) that v
is defined for (i.e., ¢ < |v|). Note that since v and u, are both extensions of u, it trivially holds
v(q) = u.(q) for all g € X<,

As an abbreviation, whenever we say that v is consistent with wu,, then we mean that v is
consistent with u, relative to Q(U).

Claim 3.3.11 The following statements hold.

1. Lett =ty for some 0 < s < s and 2,2’ € X" such that z and 2’ do not conflict. For
each t-valid partial oracle v ] u that is defined for exactly the words of length < n and
consistent with both u, and u,, there exists a t-valid partial oracle v' v that is consistent

with both u, and u, and satisfies |V'| = |u,].

2. Let z € X". For each ts-valid partial oracle v 21 w that is defined for exactly the words of
length < n and consistent with u, relative to Q'(U,), there exists a ts-valid partial oracle
v Jv that is consistent with u, relative to Q'(U,) and satisfies |v'| = |us].

Note that in the notation of the claim above, v is consistent with u, if and only if for all
g € QU,) NX" it holds v(q) = 1 if ¢ = z and v(q) = 0 otherwise. Moreover, recall that
|v'| = |u,| expresses that ¢’ is defined for exactly the words of length < ~(n).

Proof of Claim 3.3.11 The two statements can be proven in a similar way. Basically, the proof
of the second statement is a simplified version of the proof of the first statement. Nevertheless,
for the sake of completeness, we also give a separate proof for the second statement.

1. Let w J v with |w| < |u,| be t-valid and consistent with u, and u,. Moreover, let a = |w],
i.e., a is the least word that w is not defined for. It suffices to show the following:
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(a)

(b)

If @ = 0P for a p/ € P=3 with —p/ € ran(t,) and k > 0, then there exists a t-valid
w’ 2 w that is defined for exactly the words of length < p’* and consistent with u,
and u,.

Note that in this case |w'| < |u,|, since u, is defined for exactly the words of length
< v(n).

If for all p’ € P—3 with —p’ € ran(ts) and all x > 0 the word « is not of length p'",
then there exists b € {0,1} such that wb is t-valid and consistent with u, and /.

Assume a = 0P for some p/ € P—3 with —p/ € ran(ts) and x > 0. Then we let
w’ 2 w be the minimal partial oracle that is defined for all words of length < p/*
and contains 17", ie., w' = wU {lpm} when interpreting the partial oracles as sets.
Asu, NYY" = uy NEP" = {17} by Claim 3.3.8.2 (note |a| > n, since o = |w),
w J v, and v is defined for all words of length < n), we obtain that w’ is consistent
with u, and u,,. Moreover, if —p’ € ran(t), then w’ is t-valid by Claim 3.3.7.2 and
Claim 3.3.7.3. If —p’ ¢ ran(t), then w' is t-valid by Claim 3.3.7.1.

Here we study two subcases.

i. Assume that a = ¢(7/,z,y) for i/ € Nt and x,y € N with 0 < t5(i') < . Let us
first assume that o ¢ Q(U,) U Q(U,/). Then there exists b € {0,1} such that wb
is t-valid (cf. Claim 3.3.7) and clearly wb is consistent with u, and u,.
From now on we assume «a € Q(U,)UQ(U,/). By symmetry, it suffices to consider
the case a € Q(U.). As all queries ¢ of F/*(z) are in Q(U.) and satisfy u.(q) =
w(q) due to |g| < |z|' + 4 < a, it holds

Fi(z) = F*(x). (3.14)

()

We study two cases.
A. If o € ug, then by V1, Fj*(z) = y € CAN"*. By (3.14), F}(x) = y. Let
us show y € CAN™: As y € CAN™ it holds y = (07", 01" T 2/} for some

i > 0 and 2’ € N, the computation Mj?(2') has an accepting path, and
all queries g of the least accepting path of this computation are in Q(U;)
and thus satisfy u.(q) = w(q) (note |q| < |&/|"" +4" < |y| < |a|). Hence
M} (z') accepts and y € CAN™. Let us choose b = 1. Note that ¢(i') is not
necessarily defined. If ¢(i') is defined, then 0 < t(i") = t5(i') < a, we apply
Claim 3.3.7.5, and obtain that wb is t-valid. If ¢(¢') is undefined, then we
apply Claim 3.3.7.6 and obtain that wb is t-valid. Clearly wb is consistent
with u,. In order to see that wb is consistent with wu,s, it suffices to show
(a €eQU,)=ac uzf). This holds since otherwise, z and 2z’ conflict.

B. Assume a ¢ u.. Then by V5, Fj*(x) # y. By (3.14), F}’(x) # y. Choose
b =10. Then by Claim 3.3.7.7, wb is t-valid and clearly wb is consistent with
uy. In order to see that wb is consistent with wu,/, it suffices to argue for a.
If « € Q(U,), then a ¢ u, as otherwise, z and 2’ would conflict.
ii. We now consider the remaining cases, i.e., we may assume
e « is not of length p'” for all p’ € P=3 with —p’ € ran(ts) and all x > 0 and
e a#c(i,x,y) for all / € N* and z,y € N with 0 < t5(7') < a.
In this case, it holds « ¢ u, U u, by Claim 3.3.8.1. We choose b = 0 and obtain
that wb is consistent with u, and wu,,. Moreover, by Claim 3.3.7, wb is t-valid
(w0 is t-valid unless Claim 3.3.7.3 or Claim 3.3.7.5 is applicable, which is —by
assumption— not the case).
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2. Let w J v with |w| < |u,| be ts-valid and consistent with u, relative to Q'(U,). Moreover,
let a = |w]|. It suffices to show the following:

(a)

(b)

If « = 0P for a p/ € P_g with —p/ € ran(t,) and x > 0, then there exists a t,-valid
w’ J w that is defined for exactly the words of length < p/* and consistent with u,
relative to Q'(U.,).

Note that in this case |w'| < |u,|, since u, is defined for exactly the words of length
< v(n).

If for all p’ € P—3g with —p’ € ran(ts) and all x > 0 the word « is not of length p'",
then there exists b € {0, 1} such that wb is ts-valid and consistent with u, relative to

Q'(Uz).

Assume o = 0P for some p/ € P—3 with —p’ € ran(t,) and £ > 0. Then we let
w’ 2w be the minimal partial oracle that is defined for all words of length < p'* and
contains 17", i.e., w' = w U {11’/&} when interpreting the partial oracles as sets. As
u, NXP" = {1¥"} by Claim 3.3.8.2 (note |a| > n, since & = |w|, w 3 v, and v is
defined for all words of length < n), we obtain that w’ is consistent with wu, relative
to Q' (U,). Moreover, w' is tg-valid by Claim 3.3.7.2 and Claim 3.3.7.3.

Here we study two subcases.

i. Assume that a = ¢(i’,z,y) for i/ € Nt and z,y € N with 0 < t,(i/) < a. Let
us first assume that o ¢ Q'(U,). Then there exists b € {0,1} such that wb is
ts-valid (cf. Claim 3.3.7) and clearly wb is consistent with u, relative to Q'(U,).
From now on we assume o € Q'(U,). As all queries ¢ of F}/*(x) are in Q'(U,)
and satisfy u.(¢) = w(q) due to |q| < |z|" + 7' < a, it holds

Ff(x) = Fj*(x). (3.15)
We study two cases. If a € u., then by V1, Fj*(x) =y € CAN"*. By (3.15),
F}(x) = y. Let us choose b = 1. Applying Claim 3.3.7.5, we obtain that wb is
ts-valid. Clearly wb is consistent with u, relative to Q'(U,).
Assume a ¢ u.. Then by V5, F)*(x) # y. By (3.15), F¥(x) # y. Choose b = 0.
Then by Claim 3.3.7.7, wb is ts-valid and clearly wb is consistent with u, relative
to Q'(U,).
ii. We now consider the remaining cases, i.e., we may assume that
e for all p’ € P=3 with —p’ € ran(ts) and all K > 0 the number « is not of
length p'" and

e for all / € Nt and z,y € N with 0 < t4(¢') < « it holds « # ¢(7/, z, y).
In this case, it holds o ¢ w, by Claim 3.3.8.1. We choose b = 0 and obtain
that wb is consistent with u, relative to Q'(U,). Moreover, by Claim 3.3.7, wb is
ts-valid (wb = w0 is ts-valid unless Claim 3.3.7.3 or Claim 3.3.7.5 is applicable,
which is —by assumption— not the case).

This finishes the proof of Claim 3.3.11. O

Claim 3.3.12 For all z € X" it holds z € Q'(U,).

Proof For a contradiction, assume z ¢ Q'(U,) for some z € ¥". We study the cases i = j and
i # j separately.
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First let us consider the case i # j. Here p € P=3. By symmetry, it suffices to consider
the case that z is odd. Let 2z’ be the minimal even element of X" that is not in Q'(U,). Such
a number 2’ exists as 271 > 4y(n) > 2y(n) by (3.13), £(Q'(U,)) < LQ(U,)) < 2y(n) by
Claim 3.3.9, and hence |Q'(U,)| < {(Q'(U,)) < 2y(n) < 2"t = [{z” € ¥" | 2" even}|. Now
choose v to be the partial oracle that is defined for exactly the words of length < n and that
satisfies v = u U {z’} when the partial oracles are considered as sets. Then v is ts-valid by
Claim 3.3.7.2, Claim 3.3.7.3, and Claim 3.3.7.7. Moreover, as 2,2’ ¢ Q'(U,), the oracle v is
consistent with u, relative to Q'(U,). Hence we can apply Claim 3.3.11.2 to the oracle v for the
parameter z and obtain a ts-valid partial oracle v’ that is defined for all words of length < ~(n),
satisfies v/ N X" = {2}, and is consistent with u, relative to Q'(U,). Hence v'(q) = u,(q) for
all ¢ € Q' (U,). By this property and by the fact that U, C Q'(U,) contains all queries asked
by F¥(0™) and all queries asked by the least accepting path of M/ (F*s(0™)) (such a path
exists by the assumptions made on page 60), it holds that F (0") = F=(0") and that the least
accepting path of M"(F"=(0")) is also an accepting path of the computation MY (F¥ (0")). As
v’ is defined for all words of length < ~(n), the computation M (FY (0")) definitely accepts. Let
us study two cases depending on whether M ;’/(F;’/(O")) definitely accepts or definitely rejects
(note that this computation is definite as v’ is defined for all words of length < ~(n)):

e Assume that M]”/(FT”/(O")) definitely accepts. Let s’ > 0 be the step that treats the
task (i,7). Hence s’ < s since t4(i, ) is defined. By Claim 3.3.5, the oracle v’ is ty_1-
valid. Now, as both MY (EY(0")) and M;’/(Ff’(on)) definitely accept, v’ is even t'-valid
for ' = ty_1 U{(i,j) — 0}. But then the construction would have chosen ty = ¢, in
contradiction to ts(7, j) # 0.

e Assume that M ;’/(F,F/(O”)) definitely rejects. Since v’ is defined for all words of length
< 7(n), the computation FY (0") is definite. As v/ N X" = {2'}, it holds 0" € Bg for all
v Jo'. This is a contradiction to the assumption that step s of the construction fails.

As in both cases we obtain a contradiction, the proof for the case i # j is complete.

Now assume ¢ = j. Here, p € P=1. Let v be the partial oracle that is defined for exactly the
words of length < n and satisfies v = u when the partial oracles are considered as sets. Then
v is tg-valid by Claim 3.3.7.4 and v is consistent with u, relative to Q'(U,) as both oracles are
extensions of u, u, NX" = {z}, and z ¢ Q'(U,). Thus we can apply Claim 3.3.11.2 to the oracle
v for the parameter z. Hence there exists a ts-valid partial oracle v' that satisfies [v'| = |u,],
that satisfies v N X" = (), and that is consistent with u, relative to Q'(U,). The first condition
expresses that v’ is defined for all words of length < v(n), in particular for all words in Q'(U,)).
Thus, as v’ is consistent with u., it holds v'(¢) = u.(q) for all ¢ € Q'(U,). By this property and
the fact that U, C Q'(U,) contains all queries of the computation F*:(0™) and all queries asked
by the least accepting path of M;"*(F}*#(0™)) (such a path exists by the assumptions made on
page 60), it holds that F*=(0") = F¥'(0") and that the least accepting path of M= (F*(0")) is
also an accepting path of the computation MZ-”/ (F,E’/(O”)) As v/ is defined for all words of length
< 7(n), the computations F¥ (0") and MY (F'(0™)) are definite. Putting things together, we
have that 0" ¢ C’g for all ¥ J o/, FY(0") is definite, and MY (F¥'(0™)) definitely accepts, in
contradiction to the assumption that step s of the construction fails. O

Claim 3.3.13 For all odd z € ¥" and all even 2z’ € X", it holds that z and 2’ conflict.

Proof Assume there are z odd and 2’ even such that z and 2’ do not conflict. Then let v J u
be the minimal partial oracle that is defined for all words of length < n and contains z and
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2/, i.e., interpreting partial oracles as sets it holds v = u U {z,2'}. Let s’ > 0 be the step that

treats the task (7,7). Then s’ < s as t4(i,7) is defined. As t; € T is injective on its support
and t4(i,j) = —p, it holds —p ¢ ran(ty_1). Therefore, v is ty_q-valid by Claim 3.3.7.1 (recall
that u is tg_q-valid by Claim 3.3.5). In order to apply Claim 3.3.11.1 to v for the parameters
z, 2/, and s’ — 1, it is sufficient to show that v is consistent with u, (relative to Q(U,)) and v is
consistent with u, (relative to Q(U,/)). Assume this is not the case. Then due to u,NE" = {z}
and uy NX™ = {2’} it holds z € Q(U,/) or 2’ € Q(U,). As by Claim 3.3.12, z € Q'(U.,) C Q(U.)
and 2’ € Q'(U,) C Q(U,), one of the words z and 2’ is in Q(U,) N Q(U,/). Since u, and wu,
disagree on both z and 2/, it holds that z and 2’ conflict, a contradiction. Hence Claim 3.3.11.1
can be applied to v for the parameters z, 2/, and s’ — 1.

Applying Claim 3.3.11.1, we obtain a ty_;-valid v 3 v that is defined for all words of
length < ~(n) and is consistent with u, (relative to Q(U,)) and consistent with u,, (relative
to Q(U,)), ie., v'(q) = uy(q) for all ¢ € Q(U,) and v(q) = uy(q) for all ¢ € Q(U,/) (recall
Q(U.)UQ(U,) C 7" which is the reason why v’ is defined for all words in Q(U,) UQ(U.)).
We claim

v'is t'-valid for ¢/ =ty U{(i,7) — 0}. (3.16)

Once (3.16) is proven, we obtain a contradiction as then the construction would have chosen
ty = t', in contradiction to ¢s(7,j) # 0. Then our assumption is wrong and for all odd z € X"
and all even 2’ € X", it holds that z and 2’ conflict.

It remains to prove (3.16). We study two cases.

Case 1: first we assume i # j. In this case it suffices to prove that MY (FY(0")) and
M]'V,(F;"(O”)) definitely accept. Recall that M= (F"(0")) and M (F:'*'(0")) definitely ac-
cept, v'(q) = u.(q) for all ¢ € Q(U,), and v'(¢) = u,(q) for all ¢ € Q(U,/). As all queries
of the computations F*#(0™) and M;**(F*+(0")) are in Q(U,) and all queries of the computa-
tions F,*'(0™) and M;Z/(F;JZ'(O”)) are in Q(U,/), we obtain that the least accepting paths of
M= (F}+(0™)) and M;z'(FTuz'(O")) are also accepting paths of the computations MY (FY (0™))
and M ;»" (F¥'(0™)). Moreover, the latter computations are definite by the choice of v/. Thus v’
is t/-valid.

Case 2: assume ¢ = j. We have to prove that on some input x the computation Mi”/ (x)
has at least two accepting paths. By Claim 3.3.12, z € Q'(U,) and 2’ € Q'(U,/). As z and
2’ do not conflict, z and 2’ do not strongly conflict and it holds z ¢ Q'(U,/), which implies
Q'(U,) # Q'(U.). Let k € N be minimal such that Q/.(U,) # Q..(U./) and for a contradiction,
assume k > 0.

Let a € Q).(U,)AQ),.(U,). Without loss of generality, we assume a € Q. (U,) — Q.. (U.).
Then there exist i',z,y € N with i > 0 such that c(i',z,y) € Q_,(U.) and F}*(x) asks the
query «. By the choice of x, it holds Q. _;(U./) = Q!._1(U,) and thus ¢(i',z,y) € Q\._,(U.).
Hence all queries of ;' (z) are in Q/,(U,/). However, a ¢ Q/.(U./) and therefore, « is not asked
by F, (). This shows that there is a word 8 € u.Au, asked by both Fj*(z) and F,* (z)
(otherwise, the two computations would ask the same queries). But then 5 € Q. (U.)NQ.(U,/),
which implies that z and 2’ strongly conflict, a contradiction to the assumption that z and 2’
do not conflict. Hence k =0 and U, = Q,(U) # Q((Uy) = U,

Recall that U, (resp., U.) is the set that consists of all oracle queries of F"(0™) (resp.,
F'#(0™)) and all oracle queries of the least accepting path P (resp., P') of the computation
M= (EF*=(0")) (resp., M, (Fy'*'(0™))). As u,(q) = v'(q) for all ¢ € Q(U,) 2 U, and u.(q) =
v'(q) for all ¢ € Q(U.) D U, it holds that FY(0") = F¥=(0") = F*'(0") and that the paths
P and P’ are accepting paths of the computation M (F¥' (0™)). Finally, P and P’ are distinct
paths, since U, and U, are distinct sets. This finishes the proof of (3.16) and thus also the proof
of Claim 3.3.13. O
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The remainder of the proof that the construction is possible is based on an idea by Hartmanis
and Hemachandra [HH88]. Consider the set

E={{z2,7}]27¢€X" z0dd & 2 even, (2 € QU,) V2 € Q(U.))}
< J e} exn e} (3.17)

zeX"

Let 2,2’ € X" such that (z odd < 2’ even). Then by Claim 3.3.13 and Claim 3.3.10, z and 2’
conflict in a word of length n. As u,Au, = {z,2'}, this means that they conflict in z or 2’.
Hence z € Q(U) or 2’ € Q(U,).

This shows E = {{z,2'} | 2,2 € ¥",z odd < 2’ even} and thus |E| = 22”2, By Claim 3.3.9,
for each z € ¥™ it holds |Q(U.)| < ¢(Q(U,)) < 2v(n). Consequently,

(3.13

13)
<

(3.17)
Bl < Y 1QW) <27 29(n) =27 y(n) < 272 = |,

zeX™

a contradiction. Hence the assumption made on page 60 —i.e., the assumption that for each odd
z € X" and each even 2’ € ¥" the computations M;**(F*=(0")) and M;LZ'(F;LZ' (0™))) definitely
accept— leads to a contradiction. Thus the assumption that the construction fails in step s
treating the task (7, j,r) is wrong. This shows that the construction described above is possible
and O is well-defined. In order to finish the proof of Theorem 3.3.1, it remains to show that

° DistPO does not contain a pair SE{O—hard for UP® N coUP?,
e cach non-empty problem in NP? has a P9-optimal proof system, and

e UP? does not contain a §§{O—Complete problem.
Claim 3.3.14 DisjNP© does not contain a pair that is §§;O—hm’d for UPP N coUP?.

Proof Assume the assertion is wrong, i.e., there exist distinct i,7 € NT such that
(L(MP), L(M?)) € DisjNP? and for every A € UPY NcoUPO it holds A<k®(L(MP), L(MP)).
From L(MP)N L(M].O) = () if follows that for all s there does not exist z such that both M;"*(z)
and M (2) definitely accept. Hence by V2, there does not exist s with #,(i,j) = 0 and thus
by construction, ts(i,j) = —p for some p € P—3 and all sufficiently large s. The latter implies
|ONZP"| =1 for all k > 0 (cf. V3), which yields AQ = B and A9 € UP? NcoUP. Thus there

exists r such that AggﬁiO(L(MZQ), L(MJO)) via FO. Let s be the step that treats task (i, j,r).
This step makes sure that there exists n € N* such that at least one of the following properties
holds:

® Vydw, 0" € Ay, F7¥*(0") is definite, and M;" (F;"*(0")) definitely rejects.
e Vyaw, 0" € By, Fy**(0") is definite, and M (F**(0")) definitely rejects.
As O(q) = ws(q) for all g that ws is defined for, one of the following two statements holds.
e 0" € Az? and F2(0") is rejected by MP.
e 0" € Bz? = A71? and F2(0") is rejected by Mjo.

7, which completes the proof of
Claim 3.3.14. O

This is a contradiction to Agggio(L(MiO),L(MjO)) via F9
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Claim 3.3.15 FEach non-empty problem in NP€ has a PC-optimal proof system.

Proof By Corollary 2.3.6, it suffices to prove that CANC has a P9-optimal proof system.
Let ¢ € FPY be an arbitrary proof system for CAN© and a be an arbitrary element of
CAN©. Define f to be the following function ¥* — X*:

g(z") ifz=12
f(z)=Xy if 2 =0c(i,z,y) for i € Nt x,y € N, and c(i,x,y) € O
a

otherwise

By definition, f € FP? and as g is a proof system for CAN© it holds f(X*) 2 CAN©. We show
f(X*) C CANO. Let z € ¥*. Assume z = Oc(i,z,y) for i € Nt, z,y € N, and ¢(i,z,y) € O
(otherwise, clearly f(z) € CAN©). Let s be large enough such that w, is defined for ¢(i, z, y),
ie., ws(e(i,z,y)) = 1. As ws is ts-valid, we obtain by V1 that y € CAN™* and by Claim 3.3.4
that y € CAN® for all v J ws. Thus y € CANC, which shows that f is a proof system for
CANC.

It remains to show that each proof system for CAN© is PO-simulated by f. Let h be an
arbitrary proof system for CANC. Then there exists i > 0 such that FZ-O computes h. By
construction, ts(i) > 0 for s being the number of the step that treats the task i. Consider the
following function 7: X* — ¥*:

r(z) = Oc(i,x,ﬂo(aﬁ)) if c(i,x,FiO(x)) > t5(4)
z if c(i,x, FP(x)) < ts(i) and 2 is minimal with f(z) = F°(z)

As f and FP are proof systems for CAN O for every z there exists z with f(z) = FO(x). Hence
7 is total. Since t4(i) is a constant, 7 € FPY. Tt remains to show that f(r(x)) = F(x) for all
x € X If c(i,z, FO(x)) < ts(i), it holds f(m(x)) = FP(x). Otherwise, choose s’ large enough
such that (i) ty (i) is defined (i.e., ty (i) = t5(i) > 0) and (ii) wy is defined for c(i,z, F;"*' (z)).
Then, as wy is ty-valid, V5 yields that c(i,z, F; ¥ (z)) € wy. By Claim 3.3.4, F,"*'(z) is definite
and hence FP(z) = F"(z) as well as c(i,z, F°(z)) € wy C O. Thus f(n(x)) = F°(z). O

Claim 3.3.16 UP© does not contain a S%O-complete problem.

Proof Assume there exists an UP©-complete problem. Then there exists ¢ > 0 such that
L(MP) is <P:9_complete for UPC. According to Remark 3.3.3 we may assume without loss of
generality that on every input, Mio has at most one accepting path. Thus there does not exist
s > 0 with t4(i,7) = 0 (cf. V6). Hence by construction, t4(i,7) = —q for some ¢ € P=; and all
sufficiently large s. Then |0 NX4"| < 1 for all k > 0 (cf. V7) and consequently, Cc9 e UP?. As

L(MP) is complete for UPY| there exists r > 0 such that C’(?SFI{OL(MiO) via FO. Let s > 0 be
the step that treats the task (i,4,7). By construction, there exists n € NT such that one of the
following two statements holds:

® Vyaw, 0" € CF, F}*=(0") is definite, and M;"* (F*=(0")) definitely rejects.
® Vodw, 0" ¢ CF, FP=(0") is definite, and M;"* (F;’=(0")) definitely accepts.
As O and w; agree on all words that w; is defined for, one of the following two conditions holds:

e 0" € Cg) and M2 (F°(0")) rejects.
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e 0" ¢ CQ and MP(FP(0™)) accepts.

This is a contradiction to qu §§iOL(MiO ) via FTO , which shows that UP® does not have g?n’O_
complete problems. This completes the proof of Claim 3.3.16. O

Now the proof of Theorem 3.3.1 is complete. O

3.4 NP N coNP and —CON Relative to an Oracle

In this section we construct another oracle which Pudldk [Pudl7] asks for. It proves that the
relativized conjectures CON and NP N coNP are different. Putting it more precisely, it holds
that NP NcoNP does not contain problems that are hard for UP NcoUP and that all non-empty
sets in coNP have P-optimal proof systems relative to the oracle. Hence in particular, it holds
NP NcoNP A—=CON relative to the oracle and this implies that there does not exist a relativizable
proof for the implication NP N coNP = CON.

As Figure 1.2 illustrates, this implies that also the following implications do not admit
relativizable proofs: NP N coNP = CONN, NP N coNP = DisjNP, and NP N coNP = UP,
where an oracle relative to which the last implication does not holds was already known by
Corollary 3.2.4.

For all of the four implications mentioned in the previous paragraphs there recently have been
constructed oracles by Fabian Egidy, Anton Ehrmanntraut, and Christian Glaler [unpublished,
private communication] that show that also the converse implications cannot be proven using
exclusively relativizable proof techniques.

Finally, as a corollary we obtain that additionally there do not exist NP-complete problems
having P-optimal proof systems relative to the oracle, i.e., we even have a relativized world in
which NP N coNP A SAT A —=CON holds. However, this does not yield a further new separation
in Pudlék’s research program, since an oracle relative to which SAT A ~CON was already known
before [Khal9].

Theorem 3.4.1 There exists an oracle O such that the following statements hold:
e NP9 N coNP? does not contain problems that are S%O-hard for UP® N coUPP.
. Wo has PO -optimal proof systems.

Proof Let D be a (possibly partial) oracle and p € P>3. We define

AP = {0 |k eN*,3 _ .o €D and xodd} U {0 | ke Nt}

Bz? {OPk | k€ NT, J,espr® € D and z even}

Note that if [SP" N D| = 1 for each k € N*, then AP, B? € UPP and AD = BD, which implies
AE € UPP N coUPP. For all relevant p € P>3 our construction will ensure that \Zpk Nnol =1
for each k € N relative to the final oracle O.

For the sake of simplicity, let us call a pair (M;, M;) an NP? N coNPP-machine if L(M}) =

L(M JD ). Note that throughout this proof we sometimes omit the oracles in the superscript,
e.g., we write NP or A, instead of NPP? or Azj? . However, we do not do that in the “actual”
proof but only when explaining ideas in a loose way in order to convey the intuition behind the
occasionally technical arguments.
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Preview of the Construction We sketch the basic ideas of our construction.

1. For all i > 0 we try to ensure that F; is not a proof system for CAN relative to the final
oracle. If this is possible, we do not have to consider F; anymore. If it is not possible,
then F} inherently is a proof system for CAN. In that case we start to encode the values
of F; into the oracle. This way we easily obtain a P-optimal proof system for CAN in
the end. Note that it is crucial that we also allow to encode values of functions Fj into
the oracle before we try —as described above— to make sure that these functions are not
proof systems for CAN. Hence the final oracle may also contain encodings of values of
functions that are not proof systems for CAN.

2. Similarly, for each pair (i, j) with i # j we first try to make sure that (Af;, M;) is not
an NP N coNP-machine. If this is possible, then we need not consider the pair (M;, M;)
anymore. If it is not possible, then (M;, M;) inherently is an NP N coNP-machine. In
this case we choose a prime p and ensure in the further construction that A, = Fp and
A, € UP N coUP. Moreover, we diagonalize against all FP-functions F; in order to make
sure that F, does not reduce A, to L(M;).

For i € Nt and z,y € N we write ¢(i,z,y) := (0%, 01"+ 01"+ 2 4 ) Note that by the
properties of the pairing function (-), |¢(i,z,y)| is even and

viEN"',x,yEN |C(i> x, y)| >4- maX(|x’i + ia ’y|) (318)

The following claim can be proven in the same way as Claim 3.3.4. The only difference is
that we use a slightly different coding function ¢ here.

Claim 3.4.2 ([DG19]) Let w € ¥*, i € N, and x,y € N such that c(i,z,y) < |w|. Then the
following holds.

1. F}*(x) is definite and F}*(z) < |w|.
2. For all v Jw, it holds (F*(x) € CAN™ & F*(z) € CAN?).

During the construction we maintain a growing collection of requirements that is represented
by a partial function belonging to the set

T = {t: (NT)? — Z | dom(t) is finite, ¢ is injective on its support, and
e t({(i,i) | i € N*T}) C {0} UNT

o t({(ij) |i,j € N*,i £ j}) € {0} U{—p | p € Paa}}.

A partial oracle w € ¥* is called t-valid for ¢t € T if it satisfies the following properties.

V1 For all i € NT and all z,y € N, if ¢(i, z,y) € w, then F*(z) =y and y € CAN™.
(meaning: if the oracle contains the codeword c(i,z,y), then F/”(z) outputs y and y €
CAN™; hence c(i,z,y) € w is a proof for y € CAN™)

V2 For all distinct 4, j € N, if ¢(i, j) = 0, then there exists 2 such that (i) M;"(x) and M (z)
definitely accept or (ii) M;"(x) and M;’(x) definitely reject.
(meaning: for every extension of the oracle, (M;, M;) is not an NP N coNP-machine.)
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V3 For all distinct 4, j € Nt with (4, j) = —p for some p € P>3 and each k € NT| it holds

(i) |=*" Nw| < 1 and
(i) if w is defined for all words of length p*, then |SF* Nw| > 1.

(meaning: if (i, j) = —p, then ensure that A, = B, and A, € UP N coUP relative to the
final oracle.)

V4 For all i € NT with ¢(, 1) = 0, there exists = such that F*(z) is definite and F*(x) € CAN"
for all v J w.
(meaning: for every extension of the oracle, F; is not a proof system for CAN)

V5 For all i € Nt and z € N with 0 < ¢(4,1) < c(i, z, F}*(x)) < |w]|, it holds c(i, z, F{*(x)) € w.
(meaning: if ¢(7) > 0, then from ¢(i) on, we encode F; into the oracle.
Note that V5 is not in contradiction with V3 as |c(-, -, )| is even.)

The subsequent claim follows directly from the definition of t-valid.

Claim 3.4.3 Let t,t' € T such that t' is an extension of t. For all oracles w € X*, if w is
t'-valid, then w is t-valid.

Claim 3.4.4 Lett € T and u,v,w € ¥* such that v C v C w and both u and w are t-valid.
Then v s t-valid.

Proof The oracle v satisfies V2 and V4, since u satisfies these conditions. Moreover, v satisfies
V3 as w satisfies these conditions.

Let i € Nt and z,y € N such that ¢(i,z,y) € v. Then c¢(i,z,y) € w and as w is t-valid,
we obtain by V1 that F*(z) = y € CAN™. Claim 3.4.2 yields that F(z) is definite and
FY(z) € CANY & FF(z) € CAN™. This yields FY(z) = F*(z) =y € CAN". Thus v satisfies
V1.

Now let i € NT and 2 € N such that 0 < ¢(i,4) < ¢(i,z, F(x)) < |v]. Again, by Claim 3.4.2,
F!(x) is definite and thus F(x) = F”(x). As |v| < |w| and w is t-valid, we obtain by V5
that c(i,z, FP(x)) = c(i,z, F*(x)) € w. Since v C w and |v| > ¢(i,x, F¥(x)), we obtain
c(i,z, F(x)) € v, which shows that v satisfies V5. O

Oracle construction. Let T be an injective enumeration of (N*)2 U {(,4,7) € (N*)3 | i # j}
having the property that for all i,j,r € NT with i # j the pair (i,j) appears earlier than the
triple (4, j,7). Each element of T stands for a task. We treat the tasks in the order specified by
T and after treating a task we remove it and possibly other tasks from 7T

We begin with the unique nowhere defined function ¢y € 7 and the unique wy € ¥* with
|lwg] = 1 and —when considering wg as a set— with wg = ) (i.e., wy = 0 when we consider
wo as a word in X* and wg = 1 when we consider wg as a natural number; cf. the paragraph
“Identification of ¥* and N” on page 31). Observe that wy is tp-valid. Then we start treating
the tasks in 7. Each task will be treated by (strictly) extending the corresponding oracle w;
to w;4+1 and adding further requirements to the respective “valid function” ¢; in order to obtain
an extension t;,11 of t;. Thus we define partial functions ¢1,¢2,... in 7 and partial oracles
wo T wy T wy T ... such that each ¢4 is an extension of ¢; and each wj is ¢;-valid.

Finally, we choose O = [J;Zyw;. Thus O is totally defined, since in each step we strictly
extend the oracle.

Let us describe step s > 0, which starts with some t;_1 € T and a ts_1-valid oracle ws_1
and chooses an extension ts € T of ts_1 and a ts-valid ws JJ ws—1 (it will be argued later that
the construction described below is indeed possible). Let us recall that each task is immediately
deleted from T after it is treated.
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e task (i,4): Let t/ =ts_1 U{(4,4) — 0}. If there exists a t-valid v JJ ws_1, then let t; = ¢/

and w, be the least t'-valid, partial oracle JJ ws_1. Otherwise, let t; = ts—1 U {(i,i) —
|ws_1]}(note that here |ws_1| > 0 since |wp| = 1°) and choose b € {0,1} and ws = ws_1b
such that w; is ts-valid.

(meaning: try to ensure that F; is not a proof system for CAN. If this is impossible,
require that from now on the values of F; are encoded into the oracle.)

task (i,7) with ¢ # j: Let ¢ = ts_1 U {(i,j) — 0}. If there exists a t'-valid v JJ ws_1,
then let t; = ¢/, define ws to be the least t'-valid, partial oracle JJ ws_1, and delete all
tasks (4, j,-) from T'. Otherwise, let z = |ws_1], choose some p € P>3 greater than |z| with
—p ¢ ran(ts—1), let ts = ts—1 U{(i,5) — —p}, and choose b € {0,1} and ws = ws_1b such
that wy is ts-valid.

(meaning: try to ensure that (M;, M;) is not an NP N coNP-machine. If this is impossible,
then L(M;) inherently is in NPNcoNP, we choose a sufficiently large prime p, and ensure by
the choice t4(i, j) = —p that relative to the final oracle it holds A, = B, and A4, B, € UP,
which implies A, € UP N coUP.)

task (4, 7,r) with ¢ # j: It holds ts_1(¢,7) = —p for a prime p € P>3, since otherwise, this
task would have been deleted in the treatment of task (i, j). Define ts = ts_1 and choose
a tg-valid ws -1 ws_1 such that there is some n € NT such that one of the following two

statements holds:

— 0" € Aps, F’=(0") is definite, and M;" (F}’*(0")) definitely rejects.
— 0" € By, I7"+(0") is definite, and M} (F}**(0")) definitely rejects.

Note: As w; is defined for all words of length n, the statement 0" € A} (resp., 0" € B;”S)
is equivalent with the statement V,5,, 0" € A} (resp., Vyou, 0" € B)).
(meaning: due to V3 it will hold A, € UPNcoUP relative to the final oracle. Ast,_1(3,j) <

0, it will hold L(MP) = L(Mjo) and hence L(MP) € NPY. Thus the treatment of the
task (i,7,r) makes sure that F; does not reduce A, to L(M;) relative to the final oracle.)

Observe inductively that each tg is in 7. We now show that the construction is possible. For
that purpose, we first describe how a valid oracle can be extended by one bit such that it remains

valid.

Claim 3.4.5 Let s € N and w € ¥* be a ts-valid oracle with w J ws. Moreover, let z = |w|.
Then the following statements hold.

1.

If |2] is odd and for all p € P>3 and k € Nt with —p € ran(t;) it holds |z| # p*, then w0
and wl are ts-valid.

If there exist p € P>3 and k € NT with —p € ran(ts) such that |z| = p¥, z # lpk, and
wN P =0, then w0 and wl are ts-valid.

If there exist p € P>3 and k € NT with —p € ran(ts) such that z = 17 and wn XP* = 0,
then wl is tg-valid.

If 2 =c(i,x, F*(x)) fori € NT and 2 € N and 0 < t4(i,i) < z, then wl is ts-valid.

If z = c(iya, FP*(x)) fori € NT and x € N, at least one of the three conditions (i) ts(i,%)
undefined, (i) ts(i,i) = 0, and (i) ts(i,i) > z holds, and F}*(x) € CAN™, then w0 and
wl are tg-valid.

SIndeed, this is the reason why we do not start with wo = .
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6. In all other cases (i.e., none of the assumptions in 1-5 holds) w0 is ts-valid.

Proof First note that V2 and V4 are not affected by extending the oracle. So we only need to
consider V1, V3, and V5 in the following.
Let us show the following assertions.

w0 satisfies V1. (3.19)
If (i) z = c(i,z, F*(z)) for i € NT and « € N with F*(z) € CAN™ or (ii) z has odd
length, then w1 satisfies V1.

w0 satisfies V5 unless there exist i € N* and x,y € N such that (i) z = c(i, z,9),
(ii) 0 < t5(7,7) < z, and (iii) F*(x) = y.

wl satisfies V5. (3.22)

(3.19) and (3.20): Let i € N* and 2/,y’ € N such that ¢(i/,2’,y') € w. Then, as w is
te-valid, by V1, F¥(2') =y € CAN"™ and by Claim 3.4.2, F}¥(z') is definite and 3’ € CAN" for
all v J w. Hence in particular, F¥*(z) =y’ € CAN™® for all b € {0,1}. This shows (3.19).

For the proof of (3.20) it remains to consider z. In case (ii) wl satisfies V1 as |z| is odd
and c(-,-,-) has even length. Consider case (i), i.e., z = c¢(i,x, F*(z)) for i € NT and z € N
with F*(z) € CAN™. Then by Claim 3.4.2, F*}(z) = F*(z) € CAN™!, which shows that w1l
satisfies V1 and thus finishes the proof of (3.20).

(3.21) and (3.22): Let i € NT and 2’ € N such that 0 < ¢,(i/,7') < (i, 2/, F}P (2')) < |w]|.
Then by Claim 3.4.2, F¥(2') is definite and thus F¥°(2') = F¥(2') for all b € {0,1}. As w
is ts-valid, we have c(i, 2/, F¥(z')) € w by V5 and hence c(i, 2/, F¥*(z')) € w C wb for all
b € {0,1}. This shows (3.22).

In order to finish the proof of (3.21), it remains to consider z. Assume z = ¢(i, z,y) for some
i,z,y € N with i > 0 and 0 < ¢4(4,7) < z (otherwise, w0 satisfies V5). If (iii) is wrong, then
F¥(x) # y. By Claim 3.4.2, this computation is defined and hence F{*°(z) # y, which proves
that w0 satisfies V5. This shows (3.21).

We now prove the statements 1-6.

1. Observe that w0 and w1 satisfy V3. Moreover, by (3.19) and (3.21), the oracle w0 satisfies
V1 and V5 (recall that the length of each ¢(+, -, ) is even). By (3.20) and (3.22), the oracle
wl satisfies V1 and V5.

2. By (3.19), (3.20), (3.21), and (3.22), the oracles w0 and w1 satisfy V1 and V5. As z # 17"
and w satisfies V3, the oracle w0 satisfies V3. As w N I (), the oracle w1 satisfies V3.

(3.20)

(3.21)

3. By (3.20) and (3.22), the oracle w1l satisfies V1 and V5. As w N >7" = §), the oracle wl
satisfies V3.

4. As |z| is even, wl satisfies V3. By (3.22), wl satisfies V5. It remains to argue that wl
satisfies V1. In order to apply (3.20), which will yield that w1 satisfies V1, it is sufficient
to prove y := F(z) € CAN™. For a contradiction assume y € CAN™. Let s’ > 0 be the
step that treats the task (i,7). Note s’ < s since t4(i,1) is defined. By Claim 3.4.3, w is
ts—1-valid. As by Claim 3.4.2 the computation F}’(x) is definite and y € CAN" for all
v J w, the oracle w is even t-valid for ¢t = ty¢_1 U {(7,7) — 0}. But then the construction
would have chosen ty = ¢, in contradiction to ¢5(4,7) > 0.

5. As |z| is even, w0 and w1 satisfy V3. By (3.19), (3.20), and (3.22), w0 satisfies V1 and wl
satisfies both V1 and V5. Moreover, (3.21) can be applied, since each of the conditions
(i)—(iii) of statement 5 implies that condition (ii) of (3.21) does not hold. Thus w0 satisfies
V5.
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6. By (3.19), w0 satisfies V1. If w0 does not satisfy V3, then there exist p € P>3 with
—p € ran(ts) and k > 0 such that w N 7' = and z = 1”k7 but this case is covered by
statement 3 of the current claim. If w0 does not satisfy V5, then by (3.21), there exist
i € Nt and z,y € N such that (i) z = ¢(i,2,y), (ii) 0 < t5(4,i) < z, and (iii)) F¥(z) = y.
This case, however, is covered by statement 4 of the current claim.

This finishes the proof of Claim 3.4.5. O

In order to show that the above construction is possible, assume that it is not possible and
let s > 0 be the least number for which it fails.

If step s treats a task (i,j) € (NT)2, then t5_1(4,4) is not defined, since the value of the
“valid function” at the point (7,j) is defined in the unique treatment of the task (i, 7). Hence
t' = ts—1 U{(i,7) — 0} is well-defined. If ¢s is chosen to be t’, then the construction clearly
is possible. Otherwise, due to the sufficiently large choice of ¢5(i, ), the ts_i-valid oracle ws_1
is even tg-valid and Claim 3.4.5 ensures that there exists a ts-valid ws_1b for some b € {0,1}.
Hence the construction does not fail in step s, a contradiction.

For the remainder of the proof that the construction above is possible we assume that step s
treats a task (i,7,7) € (NT)? with i # j.

Then ts = to—; and t4(i,j) = —p for some p € P>3 (recall that otherwise, the task (i, j,r)
would have been deleted in the step treating the task (4,7)). Let v be the polynomial defined
by z + (2 + )" 4+ i+ j and choose k € Nt such that for n = p* it holds

21 > 2. ~(n) (3.23)

and w,_1 is undefined for all words of length > n. Note that by the choice of ~, for all oracles
D, all oracle queries asked by the computations F°(0"), MP(FP(0")), and MJD(FTD(O”)) are
of length < ~(n).

We define v J ws_1 to be the minimal ts-valid oracle that is defined for all words of length
< n. Such an oracle exists by Claim 3.4.5.

Moreover, for z € X", let u, JJ u be the minimal ¢s-valid oracle with u, N X" = {z} that
is defined for all words of length < 7(n). Such an oracle exists by Claim 3.4.5: first, starting
from u we extend the current oracle bitwise such that (i) it remains ¢s-valid, (ii) it is defined for
precisely the words of length < n, and (iii) its intersection with X" equals {z}. This is possible
by 2, 3, and 6 of Claim 3.4.5. Then by Claim 3.4.5, the current oracle can be extended bitwise
without losing its ts-validity until it is defined for all words of length < ~y(n).

We define a further oracle v that will be crucial in the following. Let s’ > 0 be the step
that treats the task (i,7). As ts(i,7) is defined, it holds s’ < s. By Claim 3.4.3, the oracle u
is ty_1-valid. In order to define v, we need the following two properties (3.24) and (3.25). But
first we define u to be the minimal partial oracle J u that is defined for all words of length < n,
i.e., u = u when considering the oracles as sets. By Claim 3.4.5.1 and as ty_1 is not defined for
the pair (4,j) and thus —p ¢ ran(ty_1), we obtain that @ is ty_;-valid. Now let w J @ be a
ty_1-valid oracle. We say that w satisfies property (3.24) if

for all ;2 € N with ¢ > 0, ts(¢/,7') > 0, and |u| < (7,2, F¥(z)) < |w|, if F¥(x) €

CAN™ then c(i',z, FY(z)) € w. (3.24)

Note that by construction, for all i > 0, if t5(i',4") > 0, then t5(¢',") < |u|. Moreover, w satisfies
property (3.25) if

for all p’ € P>3 with —p’ € ran(t;), it holds
(i) wNXP" C {17} for all k > 0 with n < p/* and (3.25)
(ii) wN P = {177} for all x > 0 with n < p'* and 17" < |w|.
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So roughly speaking, a ty_1-valid oracle w J w satisfies properties (3.24) and (3.25) if it contains
possibly all encodings of length > n that we would demand a ts-valid oracle of the same length
to have.

Now we define v _] u to be the minimal ¢y _;-valid oracle that is defined for all words of length
< 7y(n) and that satisfies properties (3.24) and (3.25). Let us argue that such an oracle exists.
Clearly u satisfies properties (3.24) and (3.25). Hence the second statement of the following
claim shows that v is well-defined.

Claim 3.4.6 1. For all ty_1-valid oracles w and w' with u C w C W', if w satisfies prop-
erty (3.24) and w' does not satisfy property (3.24), then there exists o € [|w], |w'|) such
that (i) o = (i, z, FY' (2)) fori',x € N withi' > 0 and ts(i',i') > 0, (ii) FYY' (z) € CANY',
and (iii) o ¢ w'.

2. For each ty_1-valid oracle w J w that satisfies properties (3.24) and (3.25) there exists
b€ {0,1} such that wb is ty_1-valid and satisfies properties (3.24) and (3.25).

3. Let w J u be ty_1-valid. If w satisfies properties (3.24) and (3.25), then each w' with
u Cw' C w satisfies properties (3.24) and (3.25) as well.

Proof 1. Since w’ does not satisfy property (3.24), there exists a = ¢(i’, z, F;,”/(x)) € [|al, |w'|)
for some ¢,z € N with ¢/ > 0 and t4(i’,#') > 0 such that F'(z) € CAN® and o ¢ w'. For
a contradiction, we assume o < |w|. Then Claim 3.4.2 yields Fy(z) = Fi'(z) € CAN®. Tt
follows from o < |w|, w C w’, and a ¢ w’ that o ¢ w, which contradicts the assumption that w
satisfies property (3.24). Hence a > |w|, which proves statement 1.

2. We study several cases depending on o = |w| (i.e., « is the least word that w is not
defined for).

o If a is of the form ¢(i,z, F¥(x)) for ',z € N with ¢/ > 0 and t,(¢',7') > 0 such that
FY(x) € CAN™, then we choose b = 1. The statements 4 and 5 of Claim 3.4.5 state that
the oracle wb is ty_1-valid (recall that by construction t4(i’,i") < |u| < |Jw| = « and note
that we apply Claim 3.4.5 for the parameter s’ — 1).

e If o has length p'" for some p’ € P>3 with —p’ € ran(¢,) and k > 0, then we choose b =1
if « = 17" and b = 0 otherwise. Since w satisfies property (3.25), it holds w N v = .
Hence the statements 1, 2, and 3 of Claim 3.4.5 state that the oracle wb is ty_q-valid
(again, note that we apply Claim 3.4.5 for the parameter s’ — 1).

e In all other cases Claim 3.4.5 guarantees that we can choose b € {0,1} such that wb is
tsl_l—valid.

By the choice of b, the oracle wb satisfies property (3.25). If wb does not satisfy property (3.24),
then by statement 1 of the current claim, o = ¢(i/,z, F¥®(x)) for i',# € N with i/ > 0 and
ts(i',i") > 0, F¥b(z) € CAN™®, and o ¢ wb. Claim 3.4.2, however, yields that then F¥(z) =
FZ-”“,”b(J:) € CAN™. But then we would have chosen b = 1 above, in contradiction to « ¢ wb.

3. As w' C w and w satisfies property (3.25), w’ satisfies property (3.25). We argue
that w' satisfies property (3.24). Let ¢/, € N with i/ > 0 and t4(¢,7') > 0 such that
| < c(i', 2, FY' () < || and FY'(x) € CANY'. As (i, x, FY'(x)) < |w'|, Claim 3.4.2 yields
F¥(z) = FY'(z) € CAN®. As w satisfies property (3.24), c(i/,x, F¥'(z)) € w. Since w' C w
and c(i’, z, FY' (x)) < |w'|, we obtain c(i', 2, F¥' (2)) € w’. Hence w’ satisfies property (3.24).

This finishes the proof of Claim 3.4.6. O
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Note that v is undefined for all words of length > ~(n): otherwise, Claim 3.4.6.3 would yield
an even smaller ¢ty _1-valid oracle that is defined for all words of length < ~(n) and that satisfies
properties (3.24) and (3.25), which contradicts our choice of v. Hence it holds |v| = |u,| for all
z e X

Claim 3.4.7 Let w € {v} U{u, |z € ¥"}.
1. For each o € wNX>"™ one of the following statements holds.

o a=c(,x,F¥(x)) for some i’ € Nt and x € N with 0 < t4(',i') < o and F¥(z) €
CAN™.

o a=17" for some p/ € Ps3 with —p' € ran(ts) and some r > 0.

2. Forallp’ € Psg with —p’ € ran(ts) and all k > 0, if n < p'™ < ~v(n), then wny?” = {177},

8. For all z € ¥" and all o € u, —v it holds (i) a = z or (i) || > n and o = (i, x, F/* (x))
for some " € NT and x € N with 0 < t,(i/,4') < (¢, x, F}/*(x)) and F}/*(x) € CAN™*.

4. For all z € ¥™ and all & € v —u; it holds |a| > n and a = ¢(i, z, F}(x)) for some i € NT
and x € N with 0 < t,(i',i") < (7', x, FJ(x)) and Fj(x) € CAN®.

Proof 1. We first argue for the case w = u, for some z € X". Let a € u, N X~". Moreover, let
u’ be the prefix of u, that has length a, i.e., o is the least word that u’ is not defined for. In
particular, it holds v/ N =" = u, N £=" and thus v/ N X" = {z}. As v C ' C u, and both u
and u, are t¢-valid, Claim 3.4.4 yields that u’ is also ts-valid.

Let us apply Claim 3.4.5 to the oracle u’. If one of the cases 1, 2, 5, and 6 can be applied,
then «/0 is ts-valid and can be extended to a ts-valid oracle v” with |u”| = |u,| by Claim 3.4.5.
As u” and u, agree on all words < a and a € u, —u”, we obtain u” < u, and due to v’ C u” we
know that v”NX™ = {z}. This is a contradiction to the choice of u, (recall that u, is the minimal
ts-valid oracle that is defined for all words of length < y(n) and that satisfies u, N X" = {z}).

Hence none of the cases 1, 2, 5, and 6 of Claim 3.4.5 can be applied, i.e., either (i)
Claim 3.4.5.3 or (ii) Claim 3.4.5.4 can be applied. Hence either (i) a = 17" for some p’ € P>3 and
k> 0 with —p € ran(t,) or (ii) a = (¢, x, Fjy* (x)) for // € N* and x € N with 0 < ¢,(¢,7) < a.
In the latter case, as & € u, and u; is t,-valid, we obtain from V1 that F}*(z) € CAN"=.

The arguments for the case w = v are similar, yet a little more complicated. Let o € vNX>".
Moreover, let v’ be the prefix of v that has length «, i.e., « is the least word that v’ is not defined
for. As u C o' C v and both @ and v are ty_i-valid, Claim 3.4.4 yields that v’ is also ty_1-valid.
Moreover, by Claim 3.4.6.3, v" satisfies properties (3.24) and (3.25).

Let us apply Claim 3.4.5 to the oracle v" (for the parameter s’ — 1). If one of the cases 1, 2,
5, and 6 can be applied, then v/0 is ty_1-valid.

First, assume that it does not hold that v'0 satisfies properties (3.24) and (3.25). If v'0 does not
satisfy property (3.25), then a = 17" for some p/ € P>3 with —p’ € ran(t,) and £ > 0. If /0 does
not satisfy property (3.24), then it holds by Claim 3.4.6.1 that a = ¢(¢’, z, y) for some i’, 2,y € N
with ¢/ > 0 and ts(¢',i") > 0. As v is ty_q-valid and « € v, it holds Fj(z) = y € CAN".
Moreover, by construction, a > |u| > ts(i’,4'). Hence under the assumption that v’0 does not
satisfy property (3.24) or v'0 does not satisfy property (3.25), we obtain that « is of the form
described in statement 1 of the current claim.

Now we consider the case that v'0 satisfies properties (3.24) and (3.25) and show that this
assumption leads to a contradiction. By iteratively applying Claim 3.4.6.2 we extend v'0 to a
ty—1-valid oracle v” that satisfies [v”| = |v| and properties (3.24) and (3.25). As v” and v agree
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on all words < o, @ € v — 0", and |v| = |v”[, it holds v" < v, in contradiction to the choice of v
(recall that v is the minimal ¢y _-valid oracle 1 u that is defined for all words of length < ~(n)
and that satisfies properties (3.24) and (3.25)).

In order to finish the proof of statement 1, it remains to consider the cases that Claim 3.4.5.3
or Claim 3.4.5.4 can be applied to v/. This means that either (i) there exist p’ € P>3 and xk € N*
with —p/ € ran(ty_;) C ran(t,) such that o = 17", or (i) a@ = ¢(¢/, x,y) for #/ € NT and z,y € N
with 0 < tg_1(¢,i") = ts(i',4") < a. In the latter case, as @ € v and v is ty_1-valid, we obtain
from V1 that F}(z) =y € CAN". This shows that also in this case « is of the form described
in statement 1 of the current claim.

2. The statement is true in case w = v as v satisfies property (3.25). Let us argue for the
case w = u, for some z € ¥". Let p’ and x have the properties mentioned in statement 2. As
—p' € ran(ts), u, is ts-valid, and u, is defined for all words of length p’", V3 yields that there
exists 8 € ¥ Nu,. Let B be the minimal element of ¥¥"" N w,. It suffices to show g = 17"
For a contradiction, we assume 8 < 17", Let «/ be the prefix of u, that is defined for exactly
the words < 3. Then u C «' C u, and both u and u, are ts-valid. Hence by Claim 3.4.4, the
oracle u' is ts-valid as well.

By Claim 3.4.5, «' can be extended to a tg-valid oracle u” that satisfies |u”| = |u,| and
W' NP = {17"} (the latter property can be achieved by iteratively applying Claim 3.4.5.2 and
then applying Claim 3.4.5.3 once when extending the respective oracle for the words of length
p'™). Then B € u, —u”. As the oracles u” and u, agree on all words < 3 and it holds |u"| = |u,|,
we have v’ < u, and v’ N X" = {z}, in contradiction to the choice of u, (again, recall that u,
is the minimal ¢s-valid oracle that is defined for all words of length < ~(n) and that satisfies
uy, N X" = {z}).

3. Recall that u is defined for exactly the words of length < n. By u, J u, v J u J u, and
u, N X" = {z}, either o = z or || > n. Thus statements 1 and 2 of the present claim complete
the proof of statement 3.

4. The fact that v, Ju, v 34 Ju, and uN X" = () yields |a] > n. Thus statements 1 and
2 of the present claim complete the proof of statement 4.
This finishes the proof of Claim 3.4.7. O

Let us study the case that both computations MY (Fy(0")) and Mj(Fy(0")) reject. Then
they even definitely reject as v is defined for all words of length < ~(n). For the same reason
the computation FY(0") is definite. But then v is not only ty_j-valid but also ¢-valid for
t =ty_1U{(i,j) — 0} and the construction would have chosen ty = ¢, in contradiction to
ts(i,j) = —p < 0. Hence one of the computations M7 (F(0")) and M7 (F?(0")) accepts and by
the (sufficiently long) choice of v even definitely accepts. By symmetry, it suffices to consider
the case that M (F;’(0")) definitely accepts.

Let U be the set that consists of all oracle queries of F'(0™) and all oracle queries of the
least accepting path of MP(FY(0™)). Observe {(U) < 7(n). Moreover, define Qo(U) = U and
for m € N,

QuaU) = |J  [{alqis queried by Fy(z)}U
i’ x,yeN,i’ >0
(i, 2,y)€EQm(U)

{q ]y = (0", 01"+ 2/} for some i” > 0 and 2’ € N, M}, (') has an accepting

path, and ¢ is queried on the least such path}|.

Let Q(U) = UmeN Qm(U).
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Claim 3.4.8 ((Q(U)) < 2v(n) and the length of each word in Q(U) is < y(n).
Proof We show that for all m € N, £(Qn+1(U)) < 1/2-0(Q,(U)). Then D¢ _ 1/2m < 2 for

m=0
all k € N implies £(Q(U)) < 2-4(U) < 2v(n). Moreover, from £(U) < v(n) and 4(Q+1(U)) <
1/2- 0(Qm(U)) the second part of the claim follows.
Let m € N and consider an arbitrary element o of @,,,(U). If « is not of the form ¢(¢/, x,y)
for i’ € N* and x,y € N, then « generates no elements in Q,,+1(U). Assume a = ¢(i',z,y) for
i’ € N* and 2,y € N. The computation F(z) runs for at most |z|” +i’ < la|/1 steps, where “<”

holds by (3.18). Hence the set of queries @ of F}/(x) satisfies £(Q) < lel/4.

If y is not of the form (0%, 01"+ 2/ for i” € NT and 2/ € N, then a does not gen-
erate any further elements in Q,,4+1(U) than the queries asked by FJ(r). Let us assume
y = (07,01 +" 2/) for some i € Nt and some 2/ € N. Then the computation M}, (z)
runs for less than |y| < lal/4 steps, where again “<” holds by (3.18). Hence, for the set @) of
queries of the least accepting path of the computation A}, (x) (if such a path exists) we have

UQ) < lol/a.

Consequently,
{(Qm1(U)) < Z [ﬁ({q | ¢ is queried by F/(z)}) +
cé'f’,i’i,%f(%) <ot e )l

0({g |y = (0", 01"+ 2/y for some i” > 0 and 2’ € N, My, (z')
has an accepting path, and ¢ is queried on the least such

path})}

-~
<le(@ ,@,y)l/a

< > kw2 < UQnO)/,
' x,y€eN,i’ >0
o(i':2,9)€Qm (U)

which finishes the proof of Claim 3.4.8. O

For z even we say that u, and v conflict if there exists o € Q(U) with a € u,Av. In that
case we say that u, and v conflict in . As u, J u and v J w J u, either u, and v conflict in a
word of length > n or they do not conflict at all.

Claim 3.4.9 For all even z € X", if v and u, conflict, then they conflict in z.

Proof Let z € X" be even such that u, and v conflict. By Claim 3.4.7.3 and Claim 3.4.7.4, it
is sufficient to show that v and u, conflict in a word of length n.

As v and u, are both extensions of u, u, and v do not conflict in a word of length < n. Let
a € Q(U) be the least word of length > n that u, and v conflict in (if such a word does not
exist, then u, and v only conflict in words of length n). As o € vAu,, it suffices to study the
following two cases.

e Assume a € u, —v. By Claim 3.4.7.3, it holds a = ¢(7', z, y) for some i’ € N* and x,y € N
with 0 < t4(¢/,7") < (¥, x, F}/*(x)) and Fjj*(xz) = y € CAN"=.
First assume F(z) # y. Then there is some query ¢ of F}j(z) that is in vAu, (otherwise,
F3*(x) and Fj(x) would output the same value). As v and u, agree on all words of length
< n, it holds |g| > n. Since |q| < |z|” + i < |e(i',2,y)| = |a| and « is the least word of
length > n that v and wu, conflict in, it holds |¢| = n. By a € Q(U) and the definition of
Q(U), it holds ¢ € Q(U). Hence v and u, conflict in a word of length n.
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Now assume Fj(z) =y. As a ¢ v and v satisfies property (3.24), it holds y ¢ CAN". As

y € CAN?, y is of the form (0",/,0|“,|Z,,,:U’> for some 7" > 0 and 2’ € N. It follows from
y € CAN" that the computation M}, (z") has an accepting path. By the definition of Q(U),
all queries ¢ that are asked on the least such path are in Q(U). However, y € CAN"
yields that there is some query g on the least accepting path of M}, (z’) that is in vAu,
(otherwise, M7 (z") would accept as well). As v and u. agree on all words of length < n,
it holds |q| > n. Since |q| < || +i" < |y| < |e(?',z,y)| = |a| and « is the least word of
length > n that v and w, conflict in, it holds |¢| = n. Hence v and u, conflict in a word
of length n.

e Assume o € v — u,. By Claim 3.4.7.4, it holds a = ¢(i/,z, F}(x)) for some ¢/ € Nt
and z € N with 0 < t,(¢',i') < c(@, 2, Fj(z)) and Fj(x) € CAN". If Fj*(z) = F}j(x),
then by V5, we have o € u;, a contradiction. Hence Fj*(x) # Fj(z). Then there is
some query ¢ of Fj(x) that is in vAu, (otherwise, F;*(x) and F}(x) would output the
same value). As v and u, agree on all words of length < n, it holds |¢| > n. Since
lq| < |z|" +i' < |e(i, 2, FY(2))| = |a| and a is the least word of length > n that v and w,
conflict in, it holds |¢| = n. By a € Q(U) and the definition of Q(U), it holds ¢ € Q(U).
Hence v and u, conflict in a word of length n.

In both cases v and u, conflict in a word of length n. This finishes the proof of Claim 3.4.9. O

By Claim 3.4.8 and (3.23), |Q(U)| < £4(Q(U)) < 2y(n) < 2" ! =|{z € X" | z even}|. Hence
there exists an even z € X" with z ¢ Q(U). Consequently, v and u, do not conflict in z. Then
by Claim 3.4.9, v and u, do not conflict at all.

As all queries of FY(0™) and all queries of the least accepting path of MP(FY(0")) are in
U CQU), vand u, agree on all these queries, and u, is defined for all words of length < v(n),
it holds that F'#(0") = F’(0") is definite and that M= (F=(0™)) definitely accepts. Note that
since u; is defined for all words of length < v(n), the computation M (F}'=(0")) is definite as
well. We study two cases depending on whether this computation accepts or rejects.

e First consider the case that M;**(F*=(0")) definitely rejects. As z is even, 0" € B}* and
clearly 0" € By for all w 3 u,. This, however, contradicts the assumption that step s of
the construction treating the task (i, j,r) is not possible.

e Next we consider the case that M;**(F;*=(0")) definitely accepts. Then both M;"*(F}=(0"))
and M*(F'=(0")) definitely accept. As u. is ty_j-valid by Claim 3.4.3, we obtain that
u, is even t-valid for t = ty_1 U{(7,j) — 0}. But then the construction would have chosen
ty =t, in contradiction to t4(7,j) = —p < 0.

As in both cases we obtain a contradiction, the construction described above is possible. It
remains to show that relative to the final oracle O, there exist P9-optimal proof systems for

CAN© and NP9 N coNP? does not contain problems that are Sﬁio-hard for UP? N coUPY.

Claim 3.4.10 CANC has PO -optimal proof systems.

Proof Let g € FPY be an arbitrary proof system for CAN® and a be an arbitrary element of
CANC. Define f to be the following function ¥* — *:

g(z") ifz=12
f(z)=Xy if 2 =0c(i,z,y) fori € Nt x,y € N, and c(i,x,y) € O
a

otherwise.
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By definition, f € FPY and as g is a proof system for CAN© it holds f(X*) D CANC. We show
f(X*) C CANO. Let z € ¥*. Assume z = 0c(i,z,y) for i € Nt, z,y € N, and ¢(i,z,y) € O
(otherwise, clearly f(z) € CAN©). For each large enough s it holds that w, is defined for
c(iyz,y), i.e. ws(c(i,z,y)) =1, and as w; is ts-valid, we obtain by V1 that f(z) =y € CAN™s
and by Claim 3.4.2 that y € CAN" for all v J ws. This shows that f is a proof system for
CANO.

It remains to show that each proof system for CANC is PO-simulated by f. Let h be an
arbitrary proof system for CANC. Then there exists ¢ > 0 such that Fio computes h. By
construction, ts(i,7) > 0 for s being the number of the step that treats the task (i,7). Consider
the following function 7: ¥* — ¥*:

ra) = { Ve FO@) i eliya, FO(@)) 2 4,(i,1)
? if c(i, x7FiO(l‘)) < ts(i,4) and z is minimal with f(z) = FZ.O(;U)

As f and FP are proof systems for CAN O for every z there exists z with f(z) = FO(x). Hence
7 is total. Since t4(i,) is a constant, 7 € FPY. Tt remains to show that f(r(z)) = F2(x) for
all z € B*. If c(i,x, FP(z)) < ts(i, i), this holds. Otherwise, choose s’ large enough such that
(i) 8" > s (ie., tg(i,i) = ts(i,i) > 0) and (ii) wy is defined for c(i,z, F;"*'()). Then, as wy
is ty-valid, V5 yields that c(i,z, F, ¥ (z)) € wy. By Claim 3.4.2, F,"(z) is definite and hence
Fzg(x) = F"(z) as well as c(i,z, FP(z)) € wy C O. Hence f(r(z)) = f(0c(i,z, FP(z))) =
FZ(x). O

Claim 3.4.11 NP N coNP? does not contain problems that are S%O—hard for UPY N coUP?.

Proof Assume the assertion is wrong, i.e., there exist distinct 4,7 € NT such that
L(MP),L(M{) € NP? with L(M) = L(M?) and for every A € UP® N coUP? it holds
ASE{OL(MZ.O). From L(MP) = L(M]O) if follows that for all s there does not exist z such that
(i) both M;*(2) and M;*(z) definitely accept or (ii) both M;"(z) and M;*(z) definitely reject.
Hence by V2, there does not exist s with ¢5(¢,7) = 0 and thus by construction, t4(i,j) = —p for
some p € P>3 and all sufficiently large s. The latter implies |O N Epk| =1for all £k > 0 (cf. V3),
which yields A]? = 3719 and A197 Bz? e UPY, ie., AI? € UP? N coUP?. Thus there exists r such
that ASSE{OL(MZO) via FO. Let s be the step that treats task (i,7,7). This step makes sure
that there exists n € N* such that at least one of the following properties holds:

o Vamw, 0" € AP, F*+(0") is definite, and M;"* (F=(0")) definitely rejects.
® Viaw, 0" € Bg, Fp¥=(0") is definite, and M (F*+(0")) definitely rejects.
As O(q) = ws(q) for all g that ws is defined for, one of the following two statements holds.

o 0" € AQ and FO(0") ¢ L(MP).
o 0" € BY = A9 and FO(0") ¢ L(MP) = L(MP).
This is a contradiction to Az(?) §§{OL(MZO) via F, which completes the proof of Claim 3.4.11. O

This finishes the proof of Theorem 3.4.1. O
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Corollary 3.4.12 There exists an oracle O with the following properties:
1. NP N coNP? does not contain S%O—complete problems.
UP? N coUP? does not contain §§;O—complete problems.

Each non-empty set in coNP? has PO -optimal proof systems.

e

There do not exist problems that are §§;O—complete for NP9 and have PO -optimal proof
systems.

Proof Statements 1, 2, and 3 follow from Theorem 3.4.1 and Corollary 2.3.6. Kébler, Messner,
and Tordn [KMTO03, Theorem 4.1] show that if both NP and coNP contain <h-complete sets
that have P-optimal proof systems, then NP N coNP has <} -complete sets. Their proof is
relativizable, i.e., if both coNP? and NP contain S%O—complete sets that have PP-optimal
proof systems, then NPY N coNP? has §§{O—complete elements. Thus statement 3 and the
negation of statement 4 imply that statement 1 does not hold. This proves statement 4. O

3.5 P # NP, -CON, and —SAT Relative to an Oracle

In this section we construct an oracle relative to which P # NP and there exist P-optimal proof
systems for both all non-empty sets in NP and all non-empty sets in coNP, which separates the
(relativized) conjectures P # NP and CON V SAT. This oracle construction is the least complex
among all oracles we construct in this thesis.

Theorem 3.5.1 There exists an oracle O relative to which the following statements hold:
e PO £ NP
o CAN© has PO -optimal proof systems.
o CANO has PO -optimal proof systems.
Proof We define c(i, z,y) = (0¢,011'+ ). Let D be a (possibly partial) oracle and define
AP = {0" | 3yexn0y € D}.

We will construct the oracle such that A9 € NPY — PO for the final oracle O. Note that
throughout this proof we sometimes omit the oracles in the superscript, e.g., we write NP or
A instead of NPP or AP. However, we do not do that in the “actual” proof but only when
explaining ideas in a loose way in order to give the reader some intuition.

Let us briefly sketch the idea of our construction.

Preview of the Construction For each F; we first try to ensure that F; does not compute a
proof system for CAN (resp., CAN). If this is impossible, then F; inherently computes a proof
system for CAN (resp., CAN). In that case we start to encode the values of F; into the oracle
so that F; can be P-simulated by some proof system for CAN (resp., CAN) that we will define
later and finally show to be P-optimal.

Moreover, we diagonalize against all P; so that A is not in P relative to the final oracle.

The following claim can be proven in the same way as Claim 3.3.4. The only difference is
that we use a slightly different coding function ¢ here.
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Claim 3.5.2 ([DG19]) Let w € ¥*, i € NT, and z,y € N such that c(i,z,y) < |w|. Then the
following holds.

1. F}*(x) is definite and F}*(z) < |w|.
2. For allv Jw, (F*(z) € CANY & F(z) € CAN"Y).

During the construction we maintain a collection of requirements, which is represented by
a function in 7 := {¢t: {0,1} x Nt — N | ¢ has a finite domain}. Let ¢t € 7. A partial oracle
w € X is called t-valid if it satisfies the following properties.

V1 For all i € NT,

1. if 10¢(i,z,y) € w for some =,y € N, then F!*(z) =y € CAN™.
2. if 11e(i, z,y) € w for some z,y € N, then F}¥(z) =y € CAN™.
(meaning: if the oracle contains the codeword 1be(i, z,y) for b = 0 (resp., b = 1), then

F(z) outputs y and y € CAN™ (resp., y € CAN™); hence 1bc(i, z,y) € w is a proof for
y € CANY (resp., y € CAN™).)

V2 For all i € NT, if £(0,i) = 0, then there exists = such that F*(z) is definite and F*(x) ¢
CAN? for all v J w.
(meaning: for every extension of the current oracle, F; is not a proof system for CAN.)

V3 For all ¢ € N if ¢(0,4) > 0, then for all z € N with ¢(0,7) < 10c(i,z, F*(z)) < |wl, it
holds 10c(i, z, F}*(x)) € w.
(meaning: if ¢(0,4) > 0, then from ¢(0,4) on, we encode the values of F; into the oracle.)

V4 For all i € Nt if £(1,7) = 0, then there exists z such that F’(x) is definite and F*(z) ¢
CAN? for all v J w.
(meaning: for every extension of the current oracle, F; is not a proof system for CAN.)

V5 For all ¢ € NT if ¢(1,4) > 0, then for all z € N with ¢(1,7) < 11c(i,z, F*(z)) < |wl, it
holds 11¢(i, z, F}*(z)) € w
(meaning: if ¢(1,7) > 0, then from ¢(1,7) on, we encode the values of F; into the oracle.)

This definition directly implies the following claim.

Claim 3.5.3 Let t,t' € T such that t' is an extension of t. If w € ¥* is t'-valid, then w is
t-valid.

Claim 3.5.4 Lett € T and u,v,w € X* so that u & v C w. If u and w are t-valid, then v is
t-valid.

Proof The oracle v satisfies V2 and V4, since u satisfies V2 and V4 and u C v.

Let us argue for V1. Let 10c(i,z,y) € v for i € N* and x,y € N. Then 10c(i, z,y) € w and
as w is t-valid, it holds by V1 that F}*(z) = y € CAN™. By Claim 3.5.2, F'(z) = F}’(z) =y
and CAN"(y) = CAN™(y) = 1. Analogously, 11c(i,z,y) € v for i € N* and z,y € N implies
F?(z) =y € CAN". Thus v satisfies V1.

It remains to prove that v satisfies V3 and V5. We argue for these properties in parallel. Let
i € N, z € N, and b € {0,1} such that 0 < ¢(b,7) < 1bc(i, z, F¥(z)) < |v|. Then by Claim 3.5.2,
FY(xz) = F}’(z). As w is t-valid, we obtain by V3 or by V5 that 1bc(i, z, F}*(x)) € w. Since
1bc(i, z, FY(z)) < |v| and v C w, we have 1bc(i, x, Ff (x)) = 1be(i, z, F}’(z)) € v, which shows
that v satisfies V3 and V5. O
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Oracle construction. Let T: N — {0,1,2} x NT be a bijection. Each value T'(s) for some
s € N stands for a task. We treat the tasks in the order specified by T'. We start with the unique
nowhere defined function tg in 7 and the tg-valid oracle wg = . Then we define functions
ti,t2,... in T such that ;41 is an extension of ¢; and partial oracles wg T wy; T wg T ... such
that each w; is t;-valid. Finally, we choose O = U?io w; (note that O is totally defined, since in
each step we strictly extend the oracle). We describe step s > 0, which starts with a ¢s_1-valid
oracle ws_1 and extends it to a ts-valid ws JJ ws—1 depending on T'(s). We will argue later that
the construction is possible.

e task (0,7) for i € NT: Let t/ = t5,_1 U {(0,4) — 0}. If there exists some t'-valid v JJ ws_1,
then let t; = ¢’ and define wy = v for the least t'-valid v JJ ws_1. Otherwise, let t5 =
ts—1 U {(0,4) — max(1,|ws_1])} and choose b € {0,1} and ws = ws_1b such that w; is
ts-valid.

o task (1,4) for i € N*: Let ¢/ = t,_; U{(1,7) — 0}. If there exists some t'-valid v JJ ws_1,
then let t; = ' and define wy = v for the least t’-valid v JJ ws_1. Otherwise, let t5 =
ts—1 U {(1,7) — max(1l,|ws_1])} and choose b € {0,1} and ws = ws_1b such that w; is
ts-valid.

e task (2,7) for i« € N*: Let t; = t5_1 and chose ws - ws—; such that there exists some
n € N such that wy is defined for all words of length n* + 4 and the following equivalence
holds:

0" € A% & P<(0") rejects.

(meaning: we ensure that P; does not accept A relative to the final oracle.)
Claim 3.5.5 Let s > 0, w J ws be ts-valid, and z = |w|.

1. If z = 10c(i, z, F*(x)) for some i,z € N with i > 0 and 0 < t4(0,7) < z, then wl is
ts-valid.

2. If z = 11c(i,z, F}*(x)) for some i,x € N with i > 0 and 0 < t5(1,i) < z, then wl is
ts-valid.

3. If there exist n € N and y € X" such that z = Oy, then w0 and wl are ts-valid.

4. In all other cases (i.e., none of the assumptions in 1-3 holds) w0 is ts-valid.

Proof First observe that V2 and V4 are not affected by extending the oracle. Moreover, by
Claim 3.5.2 and as w satisfies V1, V3, and V5, it holds that the oracle wb for b € {0, 1} satisfies

A) V1.1if [b =1A3zyenis02 = 10c(i, z,y) AN ~(F'(x) =y € C.AJ\/’“’)] does not hold.
V12if [b=1AFipyenis02 = 1lc(i,z,y) A~ (F(z) = y € CAN™)] does not hold.
(0,

V3if [b=0A3;zeni>02 = 10c(i, z, F{*(z)) A0 < t,

)
)
) i) < z] does not hold.
)

D) V5if [b=0A3;eni02 = 11c(i,z, F{*(z)) A0 < t4(1,4) < 2] does not hold.

This proves statement 3. Let us argue for statement 4. According to (A) and (B) w0 satisfies
V1. If w0 does not satisfy V3 (resp., V5), then according to (C) (resp., (D)) it holds z =
10¢(i, z, F*(x)) (resp., z = 11c(i, z, F}’(z))) for some 4,2 € N with ¢ > 0 and 0 < ¢4(0,7) < z
(resp., 0 < t5(1,4) < z). However, this case is covered by statement 1 (resp., statement 2), which
completes the proof of statement 4.
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Let us consider statement 1. By (C) and (D), it suffices to argue for V1. By (B), the oracle
wl satisfies V1.2. By (A), it is sufficient to show F!’(zx) € CAN™. For a contradiction assume
F(x) ¢ CAN™. Let s’ > 0 be the step with T'(s’) = (0,4). Then s’ < s as ¢5(0,) is defined. By
Claim 3.5.3, the oracle w is ty_;-valid and by Claim 3.5.2, F}*(z) is definite and F}*(x) ¢ CAN"
for all v J w. Hence w is even t-valid for t = ty_; U {(0,7) — 0} . But then the construction
would have chosen ty = t, in contradiction to ¢5(0,4) > 0.

Statement 2 can be proven analogously. O

We now show that the described construction is possible: for a contradiction, assume that it
is not. Hence there exists a minimal s > 0 such that step s fails. Note that then the construction
still defines a t5_1-valid partial oracle ws_; € X*.

Assume that in step s some task (a,i) for a € {0,1} and ¢ € NT is treated. Then ts_1(a,1)
is not defined as this value is defined in the unique treatment of the task (a,i). Thus t' =
ts—1 U {(a,i) — 0} is well defined. Moreover, if there exists a t’-valid oracle v _J ws_1, then
step s is clearly possible. Otherwise, by the (sufficiently large) choice of t5(a, i), the oracle ws_1
is even t¢-valid and by Claim 3.5.5, there exists b € {0, 1} such that the oracle ws = ws_1b is t4-
valid. Hence if some task (a, ) for a € {0, 1} is treated in step s, then we obtain a contradiction.

From now on we assume that step s treats some task (2,7) for i > 0. Thus t; = ts_; and we
need to show that there exist some ts-valid ws -] ws—1 and some n € N such that wy is defined
for all words of length n’ + 4 and

0" € A" & P"+(0") rejects.

Choose n large enough such that 2 > 2 - (nl + 7). Let up J ws—1 be the minimal ts-valid
oracle that is defined for all words of length < n. Such an oracle exists by Claim 3.5.5. Moreover,
let  J ug be the minimal ¢,-valid oracle that is defined for all words of length < n’+1i. Such an
oracle exists by Claim 3.5.5 and it holds by Claim 3.5.5.3 that « N 0X" = (). If P/*(0") accepts,
then it definitely accepts by the choice of u and since 0" ¢ AV for all v J u (note that u is
defined for all words of length n + 1), the oracle u is t'-valid for ¢’ = ts_1 U {(2,7) + 0} and
hence step s of the construction is possible, a contradiction to our assumption.

From now on we assume that P/*(0") rejects. Let U be the set of those oracle queries of
P'(0™) whose length is > n + 1. We define Qo(U) = U and for m € N

Qm+1(U) == U {q € 27" | ¢ is queried by F}'(x)}.
j€N+»m7y€N7
{10c(j,2,y),11e(5,2,) }NQm (U)#0

Moreover, define Q(U) = U, ,en @m(U).
Claim 3.5.6 ((Q(U)) <2- (n' +1).

Proof By definition of Qo(U) it holds £(Qo(U)) < n® +i. We show that for all m € N it holds
UQm+1(U)) < UQmU))/2. Then for all m € N it holds ¢(Q,,(U)) < #Qo(U))/2m and thus

(U @) < 6@ -3y < (nf +0)- L2 <o i 49,
k=0

1
k=0 /2

which shows £(Q(U)) < 2 (n' +14).

It remains to show that for all m € N it holds £(Q,+1(U)) < UQ@nU))/2. Let a € Q(U).
If o is not of the form 10c(j,z,y) or 1le(j, z,y), then it generates no elements in Qn11(U).
Assume o = 1bc(j, x,y) for b € {0,1}, j € N, and z,y € N. Then all queries of Fi(x) are
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added into Qm+1(U). The computation time of Fj'(z) and thus also the sum of the lengths of
all queries asked by that computation is bounded by |z|/ + j < le(Gz.w)l/2 (cf. the definition of
¢(+,-,-) and the definition of the pairing function). Hence

1@ = o U {0 € 227 | g s qeried by F (o)}
jENT z,y€EN,
{10¢(j,2,),11e(j.2,y) }0Qum (U) 70
< Z E({q € 2" | ¢ is queried by Fj“(a:)})
{10c<j,z,y)]fi?j%§$ﬁczm(U)#w sleiewl/z
< 2 > (G 2, y)| < HQmUD/2,
JENT x,9y€N,

{106(_]7$7y)71 1C(],I,y)}QO (U)#@

which finishes the proof. O

By the choice of n, it holds |Q(U)| < £(Q(U)) < 2- (n' 4+ 1) < 2". Hence there exists some
a € 0X" that is not in Q(U). Let u’' be the minimal ¢¢-valid oracle J ug that is defined for all
words < 01" and that satisfies ' N 0X"™ = {a}. Such an oracle exists by Claim 3.5.5.3.

Claim 3.5.7 There erists a ts-valid oracle v J ' that is defined for all words of length n' + i
and satisfies v(q) = u(q) for all g € Q(U).

Proof As a ¢ Q(U) it holds u/(¢) = u(q) for all ¢ € Q(U) that «’ is defined for. Moreover,
observe that as w 3 u' ZJ ug, u J ug, and wug is defined for all words of length < n, it holds

Vyensn w(q) = u(q). (3.26)

It suffices to show the following:

For each tg-valid partial oracle w J ' with w(q) = u(q) for all ¢ € Q(U)
that w is defined for, there exists b € {0,1} such that wb is ts-valid and (3.27)
wb(q) = u(q) for all ¢ € Q(U) that wb is defined for.

Let some w € ¥* with the properties of (3.27) be given. Moreover, let z = |w/|, i.e., z is the least
word that w is not defined for. We proceed in analogy to the cases of Claim 3.5.5.

1. If Claim 3.5.5.1 (resp., Claim 3.5.5.2) can be applied to w, then we choose b = 1 and
obtain that wb is ts-valid. In the present case there exist a = 0 (resp., a = 1), j € Nt
and z,y € N such that z = lac(j, z, F}"(z)) and 0 < ts(a, j) < z.

It remains to prove z € Q(U) = z € u. If z € Q(U), then all queries of length > n + 1
of the computation Fj'(z) are in Q(U). For each such query ¢ it holds [g| < |z + 5 <
le(j,z, Fj'(z))] < z = |w| and thus by assumption, w(g) = u(g). By that and (3.26),
Fii(z) = F}’(z). As u is te-valid and 0 < t5(a,j) < z = lac(j,z, F}'(z)), we obtain by
V3/V5 (depending on the value of a) that z = lac(j, z, F}'(x)) € u.

2. If Claim 3.5.5.3 can be applied to w, then we choose b = u(z) = 0 (recall the definition of
u for u(z) = 0) and obtain that wb is ts-valid. By the definition of b, it holds wb(q) = u(q)
for all ¢ € Q(u) that wb is defined for.
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3. If Claim 3.5.5.4 can be applied to w, then we choose b = 0 and obtain that wb is ts-valid.
Note that in this case z € 13*.

It remains to show that z € Q(U) = z ¢ u. For a contradiction assume z € Q(U) N w.
Let u” be the prefix of u that is defined for exactly the words < z. As ws,_1 C v” C w and
both ws_1 and u are tg-valid, u” is ts-valid as well (cf. Claim 3.5.4).

e Assume Claim 3.5.5.1 or Claim 3.5.5.2 is applicable to u”, thus z = lac(j, z, FJ“"(:U))
for a € {0,1}, j € Nt and z € N with 0 < t45(a,j) < 2. By Claim 3.5.2,
Fi(z) = F}L”(aj), which implies F}'(z) # F}'(x) (otherwise, F}’(z) = F]“N(:L‘) and
either Claim 3.5.5.1 or Claim 3.5.5.2 can be applied to w, contradicting the assump-
tion that Claim 3.5.5.4 can be applied to w). Hence there is some query ¢ € uAw
that is asked by both computations Fj'(z) and F}’(z) (otherwise, the two compu-
tations would output the same value). Note that ¢ € Q(U) or |q| < n, since (i)
z = lac(j, z, FJ?LH (x)) € Q(U) by assumption and (ii) ¢ is queried by the computation
Fi(z). Asq| < lz)/ +5 < (4, z, F}(x))] < c(j, x, Fj'(x)) = z, the oracle w is defined
for ¢ and thus by assumption and (3.26), w(q) = u(q), a contradiction.

e Now assume that neither Claim 3.5.5.1 nor Claim 3.5.5.2 can be applied to u”. Then,
as z € 1X*, Claim 3.5.5.4 is applicable to u” and 4”0 is ts-valid. By Claim 3.5.5,
1”0 can be extended to a ts-valid oracle u defined for exactly the words of length
<n'+i. As v and U agree on all words < z and @(z) = 0 < 1 = u(z), it holds u < u,
a contradiction to the choice of u.

In both cases we obtain a contradiction. Hence u(q) = w0(q) for all ¢ € Q(U) that w0 is
defined for.

In all cases (3.27) holds. This completes the proof of Claim 3.5.7. O

Recall that in the case we are currently studying the computation P/*(0") rejects. Let v
be the oracle whose existence is postulated by Claim 3.5.7. Since all queries of P*(0") are in
U C Q(U) and by Claim 3.5.7, u and v agree on all these queries, the computation P (0™)
rejects as well. Moreover, this computation is definite as v is defined for all words of length
n' 4+ i. However, as a € v, we obtain 0" € AY for all v/ J v, which is a contradiction to the
assumption that the construction fails in step s treating the task (2,1).

We now have seen that the construction described above is possible. It remains to prove:

o NPO £ PO,
e CANO has P9-optimal proof systems, and
e CAN© has PP-optimal proof systems.

This is shown in the next three claims.
Claim 3.5.8 NP £ PO,

Proof Assume NPY = PO. Then there exists i > 0 such that L(P?) = A°. Let s be the
step with T'(s) = (2,4). By construction, there exists some n € N such that wy is defined for all
words of length n’ 44 and it holds (0" € A¥s < P/"*(0") rejects). As wy is defined for all words
of length n’ + ¢, it holds A"*(0™) = AY(0") for all v J w, and P**(0") definitely rejects. Hence
0" € A9 if and only if PP(0™) rejects, which contradicts L(PC) = A®. Thus NP? # PO, O
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Claim 3.5.9 CANC has PO-optimal proof systems.

Proof Let g be a proof system for CANC and a € CANC. Define

Y if 2 = 010¢(i,z,y) and 10c(i, z,y) € O for i € N* and z,y € N

f(z)=1q9y) ifz=1y
a otherwise

Then f € FPY and f(N) D CANC as g is a proof system for CANC. We show f(N) C CAN©.
As g is a proof system for CANC and a € CAN©, it suffices to show f(z) € CANC for
z = 010¢(i, z,y) with 10c(i,z,y) € O, i € Nt and z,y € N. Let s be large enough such that
wy is defined for 10¢(i, z,y). Then by V1 and Claim 3.5.2, y € CAN" for all v J w;. It follows
f(2) =y € CANC and thus f is a proof system for CANC.

In order to show that f is PO-optimal, let h be an arbitrary proof system for CAN©. Then
there exists i € NT such that FC computes h. Let s be the step with 7(0,4) = s. It holds
ts(0,7) > 0 (otherwise, by V2 there exists  such that F!’(z) is definite and F}*(z) ¢ CAN" for
all v 3 w, which would imply that Fio is not a proof system for CAN O). Define

(2) 010c(i, z, FO(x)) if 10c(i, z, FO(x)) > t(0,4)
TT\XL) =
z if 10c(i, z, FO()) < t(0,4) and z is minimal with f(2) = F2 ()

7 is total as f and F are proof systems for CAN O and thus for each z there exists z with f(z)

FO(z). Moreover, since t4(0,i) is a constant, 7 € FPY. Tt remains to show FC(z) = f(n(z))
for all z. For all z with 10c(i, z, FP(x)) < t4(0,4) this clearly holds. Assume 10c(i, z, FP(x)) >
)

definite. Hence F"*' (v) = FC(x). Then by V3, 10c(i,x, FP(x)) = 10c(i,x, F;"*' (x)) € wy C O
and thus f(7(z)) = f(010c(i,z, FP(z))) = FP (). O

The following claim can be proven in an analogous way.

Claim 3.5.10 CAN© has PO -optimal proof systems.

This completes the proof of Theorem 3.5.1. O

Corollary 3.5.11 There exists an oracle O relative to which the following statements hold:
1. PO £ NP©
2. Each non-empty set in NP has P-optimal proof systems.

3. Fach non-empty set in coNP© has PO -optimal proof systems.

Proof The statement follows from Theorem 3.5.1 and Corollary 2.3.6. O
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Figure 3.1: Solid arrows mean implications. A dashed arrow from one conjecture A to another
conjecture B means that there is an oracle X against the implication A = B, which means AA—-B
relative to X. EEG stands for unpublished results by Fabian Egidy, Anton Ehrmanntraut, and
Christian Glafler.

3.6 Summary and Discussion

Taking also into account the aforementioned unpublished results by Fabian Egidy, Anton
Ehrmanntraut, and Christian Glafler, Figure 3.1 illustrates the current situation regarding the
known implications and oracle separation between the conjectures introduced at the beginning of
the present chapter. Thus in contrast to Figure 1.2, Figure 3.1 contains not only the published,
but also the unpublished results we are aware of.

So for most pairs (A, B) of conjectures from Figure 3.1 we either know a relativizable proof
for the implication A = B or know that there is an oracle relative to which A A =B. This
would hold for all pairs (A, B) of conjectures if three more oracles with the below properties
were constructed:

1. UP A =CONN
2. SAT A = TFNP
3. TFNP A —DisjCoNP.

Therefore, we are interested in the following question: Do oracles with these properties exist?



Chapter 4

Balance Problems for Integer
Circuits

In this chapter we introduce balance problems for integer circuits. After defining the notion of
balanced sets and the notion of integer circuits in Section 4.1, we prove this chapter’s main result,
the undecidability of the balance problem which allows both set difference and multiplication,
in Section 4.2. Having obtained this undecidability result when the set of allowed operations
O equals {—, -}, it suggests itself to ask whether even a proper subset of O suffices to gain
undecidability. Therefore, Section 4.3 considers the two problems allowing only one operation,
either multiplication or set difference. For the sake of completeness, in the same section we also
consider the simple balance problem which does not allow any operations and thus obtain a
precise classification of the computational complexity of the three balance problems admitting
some O C O as the set of allowed operations. Each of these problems turns out to be g}ﬁg-
complete for one of the classes L, NL, and NP. Section 4.4 concludes this chapter with a brief
summary and discussion of the results.

4.1 Basic Definitions and Results

This section defines the concepts the present chapter is based on: the notion of balanced sets
and the notion of integer circuits. Moreover, some simple results are obtained.

4.1.1 Balanced Sets

In this subsection we define the notion of balance, show that the test of whether some input set
is balanced can be performed by a deterministic logarithmic-space Turing machine, and make
some technical observations that follow from the definition of balanced sets.

A finite and non-empty set S C N is balanced (resp., unbalanced) if |S| = |{0,1,. .., max(S)}—
S| (resp., |S| # [{0,1,...,max(S)} — S|). Intuitively speaking, max(S) defines the universe
{0,1,...,max(S)} and then S is balanced if it contains the same number of elements as its
complement. Note that the notion of balanced and unbalanced sets only makes sense if there
is some maximum element defining the universe. Hence the empty set is neither balanced nor
unbalanced. The following lemma follows directly from the definition.

Lemma 4.1.1 Let S € Ps,(N) be balanced. Then S # (), max(S) is odd, and |S| = (max(S)+1)/2.

Moreover, we say that S # () is subbalanced if |S| < (max(S)+1)/2. This means that S contains
less than half of the elements in the universe {0, 1, ..., max(S5)}.

89
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Let us observe that it is possible for a deterministic logarithmic-space Turing machine to
test whether some input set is balanced or not. Define BAL = {S € Pg,(N) | S is balanced}.
We want to prove BAL € L and show an even stronger result, which we will need in Section 4.3.
For that purpose we introduce a more general problem. For a finite and non-empty set M let
BALys = {S € Pan(N) | M - S is balanced}.

Proposition 4.1.2 For all M € Pgn(N), BALy, € L. In particular, BAL € L.

Proof The second statement follows from the first as BAL = BALyy. Assume M # ) A p :=
max(M) > 0 (otherwise, BALy; = () € L). The following algorithm decides BALj,; when given
a finite set S C N as input, where we assume S # ) Ao := max(S) > 0 (otherwise, S ¢ BALyy).

1. If 0 < 5, then accept if S € BAL), and reject otherwise.

2. Let n=£(S) and ¢ = 0. Reject if 2 (logn + 1) < |o|.

3. Fora=0,1,...,u-o: if there exists (m,s) € M x S with ms = «, then increment c.
4. If 2¢ = p- 0 + 1, then accept. Otherwise, reject.

If step 3 is executed, then |o| < 2logn + 2 and thus |p - o] is logarithmically bounded in |S].
Hence the algorithm can be implemented by a deterministic logarithmic-space Turing machine.

Let us now show that the algorithm accepts if and only if S € BALj;;. This clearly holds if
the algorithm terminates in step 1. If the algorithm rejects in step 2, then o > 5 (cf. step 1)
and 2(logn + 1) < |o|, where the latter implies 21°8"+1 < v/2lol. Tt follows

IM -S| <p-|S—{0} +1<pun+1<pn+1)<p2e™™ <yl <y Vo +1< o/,

which shows that M - S is subbalanced. If step 4 is executed, then ¢ = |M - S| during the
execution of this step and thus the algorithm accepts or rejects correctly. O

Let us continue with a technical lemma that directly builds on the definition of balanced
sets and will be applied several times.

Lemma 4.1.3 The following statements hold.
1. For K € Pgy(N) with k := max(K) > 3 it holds |K - K - K| < #*/2.
2. For all M, K € Pgn(N) with max(K) > 2, the set M - K - K - K is not balanced.
Proof 1. Dueto K- K- K C{0}uU{i-j-k|1<i<j<k<k}itholds
K- K- K[ <1+|{(i,j,k) [1<i<j<k<r}

k)
<1+ Gk [1<i=j=k<r}|+[{(k) [1<i=j<k<nr}|
+ {4, k) |1<i<j=k<r}+[{(i,jk)[1<i<j<k<r}

n K n K :I{3—|—3I{2—|—21€—|—6<I{73'
2 3 6 2

2. If M = 0 and M = {0}, it holds that M - K - K - K = M 1is not balanced. Assume
max(M) > 1. If max(K) = 2, then M -K - K- K has an even maximum and thus is unbalanced by
Lemma 4.1.1. If max(K) > 3, then the first statement of the present lemma yields |[M-K-K-K| <
(M —{0}) - T[2_, (K U{0})| < max(M)max(K)*/2 and thus M - K - K - K is unbalanced. m
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4.1.2 Integer Circuits and Balance Problems

As in the present chapter we consider the computational complexity of balance problems with
respect to the logarithmic-space many-one reducibility §1ﬁg, it is convenient to ensure that
the test of whether some input tuple is a valid circuit can be performed by a deterministic
logarithmic-space Turing machine. Hence when defining the concept of integer circuits we will
keep an eye on this issue, which has already been taken care of in articles such as [GHR ™10,
GRTW10, BBD"17, BBD"20]. Therefore, we only need to follow these papers making minor
adaptions, namely introducing gates for the set difference and the symmetric difference instead
of the set complement and allowing input gates to compute arbitrary finite subsets of N and not
only singleton sets.

Definition of Circuits Barth et al. [BBD'20] differentiate between completely and partially
assigned circuits. As in this thesis we restrict ourselves to partially assigned circuits, we define
circuits in general as partially assigned circuits.!

A circuit C is a triple (V, E,gc) where (V, E) is a directed acyclic multigraph, gc is a
designated vertex in V, and the vertex set V' C N is topologically ordered, i.e., for all vertices
u,v € V with u < v there is no edge from v to u. Recall that according to Section 2.2 the
multigraph (V, E) is finite, non-empty, and not necessarily connected.

Let us explain why we require that circuits have topologically ordered vertex sets. The test of
whether some directed multigraph is acyclic is not known to be logarithmic-space computable.
However, it is straightforward to construct a deterministic logarithmic-space Turing machine
which tests whether some directed multigraph has a topologically ordered vertex set. Moreover,
each directed multigraph with topologically ordered vertex set is acyclic. Thus a deterministic
logarithmic-space Turing machine is able to check whether some input tuple is a circuit. Hence
when presenting algorithms for circuits we may always assume that the input tuple is a valid
circuit.

Without loss of generality, it may be assumed that V = {1,...,r} for some r € N (otherwise,
renumber the circuit, which is possible in logarithmic space).

In the context of circuits, the terms “node” and “gate” are used synonymously. A gate with
indegree 0 is called an input gate (resp., input node), all other nodes are inner gates (resp., inner
nodes), and the designated gate g¢ is also called an output gate (resp., output node).

Let O C {A,—,U,N,+,-}. An O-circuit (or circuit for short if O is apparent from the
context) is a quintuple C' = (V, E, g¢, «v, B) satisfying the following five properties.

e (V,E, gc) is a circuit which satisfies the property that each node has indegree 0 or 2.
e The labeling function « is a total function V' — O U Pg,(N) U {0}

e Each node with indegree 0 has a label from Pg,(N) or from {(J}.

e Nodes with indegree 2 have labels from O.

e The order function  is a total function E — {1,r} satisfying the property that for each
node u with indegree 2 (i.e., each inner node) it holds 3(e) # [(€’) for the two incoming
edges e and €’ of u.

Thus for each gate with indegree 2 the order function tells us which is the left and which is the
right direct predecessor (note that left and right direct predecessor may be equal). Clearly the

In parts this paragraph and also the next two paragraphs, entitled as “The Set Computed by a Circuit” and
“Basic Constructions”, orientate themselves by corresponding paragraphs from our paper [BBD‘*‘QO].
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order function is only relevant for nodes u with a(u) = —. In particular, if — ¢ O, we may go
without an order function.

Let us say a few words on the encoding of O-circuits. The set of edges is encoded as a list
and we accept those lists as part of an encoding of a given circuit in which for each inner node
u € V the incoming edge e of u with 3(e) =1 occurs earlier than the incoming edge €’ of u with
B(€e’') = r. Thus the order function S is implicitly contained in the list of edges and the encoding
of a circuit does not contain an explicit representation of the order function 3. Moreover, the
objects in {A, —,U,N, +,-, 0} are encoded by words of length 3. Thus recalling the paragraph
about encodings in Section 2.3.2, we observe that now an encoding of O-circuits is defined and
all possible encodings of a certain O-circuit have the same length.

O-circuits are also called integer circuits or partially assigned O-circuits. Input gates labeled
with an element of Pg,(N) are assigned input gates (resp., assigned input nodes), whereas input
gates labeled with [J are called unassigned input gates (resp., unassigned input nodes). For
@ € O we call an inner gate v with a(v) = @ a ®-gate (resp., ©-node).

If g is a gate with a(g) = @ € O, the (not necessarily distinct) nodes ¢g; and go are the
source nodes of the two incoming edges e; and ez of g, and the two equations 5(e;) = | and
B(ez) = r hold, then we write g = g1 @ g2. Note that it is important to consider the order of the
operands if and only if & = —.

Observe that there exists a straightforward deterministic logarithmic-space algorithm that
decides whether an input tuple is a valid O-circuit.

The Set Computed by a Circuit For an O-circuit C with unassigned input gates g1 <
s < gpoand Xq,..., X, € Pan(N), let C(X,...,X,,) be the integer circuit that arises from C
by modifying the labeling function « such that g; — X; for every 1 < i < n.

For an O-circuit C = (V, E, g¢, o, ) without unassigned input gates we inductively define
the set I(g; C') computed by a gate g € V:

I(g;C) = a(g) if g has indegree 0,
T 0 e Ig".C) it g=g @ g’ for some @ € O.

The set computed by the circuit is denoted by I(C') and defined to be the set computed by the
output gate I(gc; C).

We use the following abbreviations assuming no confusions will arise: for an integer circuit C'
without unassigned input gates and a gate g of C' we write g or I(g) for I(g; C) if C is apparent
from the context; moreover, we write C for I(C).

Basic Constructions for O-Circuits We often construct or modify circuits successively.
For that purpose we introduce some modes of speaking. Let C' = (V,E, g¢c,«,3) and C' =
(V',E' gor,d/, B") be O circuits.

By saying that we add (or insert) C’ into C' we mean that we unify the circuits and let go be
the new circuit’s output gate, i.e., we first renumber the nodes of C’ such that V" is disjoint to V'
and then create the new circuit (VUV/, EUE’, go,o”, ") with o”: VUV’ — OU{0} UPsn(N)
given by = — «a(x) for z € V and x — o/(z) for x € V' and 8”: EUE" — {l,r} defined
analogously. We denote the circuit obtained this way by C' = (V, E, g¢, a, B) as well. Note that
this operation can be performed by a deterministic logarithmic-space Turing machine.

Moreover, we use the self-explaining phrase “add (resp., insert or introduce) nodes (and
edges) into C' such that there is a gate g = F(g1,...,9,)” where g1,..., g, are gates in C and
F' is an expression built up from the gates given as arguments, the operations from O, and
parentheses. Instead of this, we may also use the less precise phrase “add (resp., insert or
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introduce) a node g = F(g1,...,gn) (into C')” even though there might be more than one node
to add in order to obtain such a node.

Example As an example, consider the following circuit

where each node is given by its number and its label and node 6 is the unique output gate. Node
1 is an unassigned input node, which is marked by the symbol [J. Observe that the output gate
computes the set {1} if and only if I(3;C) is a set of the form {2°,2%,22 ... 2"} for some r € N
(a more general statement will be proven later in detail).

The Main Problems Now we define the problems this chapter focuses on.
Definition 4.1.4 Let O C{A,—,U,N,+,-} and define

BC(O) ={C| C is an O-circuit with n € N unassigned inputs and there exist
X1,..., Xn € Pan(N) such that I(C(Xy,...,X,)) is balanced}.

Moreover, for an O-circuit C with n € N unassigned input gates we call X1, ..., X, € Pan(N) an
assignment (for C). Furthermore, an assignment for a circuit is called balancing if the circuit
1s balanced under this assignment.

Note that formally BC(O) must be defined as a set of words or natural numbers. Nevertheless,
as has been announced before, we ignore this technical detail here. Moreover, note that we will
use shortcuts like BC(—, -) instead of BC({—,-}).

The following proposition holds as by definition, BC(O) is a projection of a decidable set.

Proposition 4.1.5 For O C {A,—,U,N,+,-} it holds BC(O) € RE.

In this thesis we focus for the most part on the problems BC(O) for O C {—,-}. In order to
prove BC(-) to be <8 _hard for NL, we will make use of the following problem investigated by
McKenzie and Wagner [MWO07], which they show to be Sﬁg—complete for NL.2

MC(N) = {(C,b) | C is an {N}-circuit whose inputs are all assigned and have labels
from {X CN||X|=1},be I(C)}.

The following lemma follows from Definition 4.1.4.
Lemma 4.1.6 For O C O’ it holds BC(O)<SEBC(O).

Therefore, each lower (resp., upper) bound for a problem BC(Q) implies the same lower (resp.,
upper) bound for all problems BC(Q') with O’ D O (resp., O’ C O).

2We define the problem within the notions and notations we have introduced above and which are not precisely
the same as those of McKenzie and Wagner. Nevertheless, the NL-completeness of the problem MC(N) (defined
the way we do it) with respect to <!°¢ follows from their paper.
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4.2 Set Difference and Multiplication Lead to Undecidability

In this section we prove this chapter’s main result: the undecidability of BC(—,-). As a trivial
corollary we obtain that BC(A,U, ) and BC(A, N, -) are undecidable as well. Indeed, all these
problems are even <-complete for RE.

We briefly introduce the notion of multivariate polynomials. Let x1,xs,... be fixed symbols,
which we call indeterminates in the context of multivariate polynomials.
For m,ai,...,am € NT,neN, and d;j e Nfori=1,...,mand j=1,...,n we call
m n d
i=1 j=1
a multivariate polynomial. We also write p(z1,...,x,) for the multivariate polynomial p. Each
a; - H?:1 x?i’j is called a multivariate monomial. We identify each multivariate polynomial
doimyai - [T x;li’j with the multivariate polynomial Y ", a; - H;‘;Lll x;li’j if dj pt1 = 0 for all
i. Hence for the above polynomial p we may also write p(z1,...,x,) where r is an arbitrary

natural number > n. Regarding the encoding the multivariate polynomial p can be considered
as the tuple

(na ag, 7d1,17° . 'adl,n7a27d2,1v B 7d2,n) s 7am7dm,ly' . 'adm,n)

where we choose n = max({j | Jief1,...m} dij > 0}) (so roughly speaking, we ignore redun-
dant variables, which only occur with exponent 0). For the encoding of tuples we refer to the
paragraph about encodings in Section 2.3.2.

For each m > n a multivariate polynomial p(x1,...,z,) induces a function N™ — N defined
by (a1,...,am) — p(ai,...,an) where p(ay,...,ay) is the natural number that we obtain when
replacing in p each occurrence of z; with a; and evaluating the expression generated this way over
N. In the context of functions we call the indeterminates variables. We identify a multivariate
polynomial with its induced functions and hence we may use the terms “indeterminate” and
“variable” interchangeably.

An equation p(z1,...,z,) = q(z1,...,x,) for multivariate polynomials p(z1,...,z,) and
q(x1,...,xy,) is called a Diophantine equation and (ai,...,a,) € N is a solution of the Dio-
phantine equation if p(a1,...,a,) = q(a1,...,a,).> According to the Matiyasevich-Robinson-
Davis-Putnam theorem [Mat70, DPR61] the problem of determining whether there is a solution
for a given Diophantine equation is RE-complete with respect to <;,. It can be derived by
standard arguments that the following problem is <;,-complete for RE as well.

DE = {(p,q) | p(x1,...,2,) and q(x1,...,2,) for some n € NT are multivariate polynomials,
3al,,..,aneNJr p(ala cee >an) = Q(ala ce 7an)}'

Reducing this problem to BC(—,-) will prove the following theorem.

Theorem 4.2.1 BC(—,") is <j,-complete for RE.

The remainder of this section is almost completely dedicated to the purpose of proving this
theorem. The proof consists of several lemmas.

3Note that the problem of determining whether a Diophantine equation has a solution is known to be <!98-
equivalent to the corresponding problem when Diophantine equations and their solutions are defined over the set
of integers instead of the set of natural numbers. The reduction <% follows from Lagrange’s four-square theorem
and the opposite reduction can be shown by replacing each integer variable with the difference of two “natural
variables”, expanding, and moving negative monomials to the opposite side.
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For the sake of brevity, we make use of intersection gates but note that A N B is just an
abbreviation for A—(A— B). Further abbreviated notations are A—J;"_; B; for (... ((A—B1)—

By)—...)~ By and A— (U B —{1}) for (... (A~ (Bi—{1}) ~ (Ba—{1})) -~ (B~ {1}).

In order to prove Theorem 4.2.1, we define a slightly different version of the problem BC(—, -),
which can be <,-reduced to the original version.

Definition 4.2.2 For O C {A,—,U,N,+,-} we define the following problem.

BC'(0) = {(C’, Q)| C = (V,E, g, ,fB) is an O-circuit, ran(a) C Ps(NTYUOU{O}, Q CV,
Ixy, XePan vty (C(X1, .., X)) is balanced AVgeq I(K;C(X1, ..., X,)) = {1}) }

For the sake of simplicity, instances of BC'(O) are called O-circuits as well.

So the differences from BC(O) basically are that the assigned inputs of a circuit compute sets that
do not contain 0 and that we not only require the existence of some balancing assignment, but
the existence of a balancing assignment under which two additional requirements are satisfied,
namely (i) all assigned inputs compute sets not containing 0 and (ii) the nodes in the designated
set of vertices all compute {1}.

Lemma 4.2.3 For {—,-} CO C{A,—,U,N,+,-} it holds BC'(O) <,, BC(O).

Proof We described the required reduction function. Let C be a partially assigned O-circuit
with n € N unassigned input gates and an output node go. Let @ be a subset of the nodes of
C'. Without loss of generality, we assume that g¢ is not an input node of the circuit (otherwise,
introduce new nodes and edges such that there is a new output o = g¢ - {1}) and that 0 ¢ a(g)
for all assigned input gates g (otherwise, (C,Q) ¢ BC'(O) and we can map (C, Q) to some fixed
circuit that is not in BC(O)). Our reduction has to address (i) the nodes in @ and (ii) the
fact that for the membership in BC'(O) we only care about assignments X1, ..., X, € Pg,(NT).
Starting with the circuit C, we build a new circuit as follows and denote this modified circuit
with C”:

1. For each unassigned input node g:

(a) Add a node ¢’ = g — {0}.
(b) Except for the edge from g to ¢, let all outgoing edges of g start in ¢’ instead.

2. Insert nodes and edges such that there is a new output node gor = g¢ - HKEQ (K K- K)

It remains to show that (C, Q) € BC'(O) if and only if " € BC(O).

Assume (C, Q) € BC'(O) and choose an assignment Xj ..., X, € Pg,(NT) such that in the
circuit C(X1,...,X,), the set g¢ is balanced and K = {1} for all K € Q). Let us consider the
circuits C(X, ..., X,) and C'(Xy,...,X,). Note that except for the unique assigned input gate
in C’ that computes {0}, there is no gate in one of the two circuits that computes a set containing
0. In particular, ¢’ = g for each unassigned input g. Hence all nodes in the circuit C’ that are
also contained in C' compute the same set in both circuits C'(X7,...,X,) and C'(X,..., X,).
Therefore, gor = g¢ is balanced.

Conversely, let C’ be balanced under some assignment Xi,...,X,, € Ps,(N). As steps la
and 1b “replace” each unassigned input g with a node computing g — {0}, we may assume that
X1,..., X, € Pan(NT) and thus every gate in C'(X,...,X,) computes a set in Pg,(NT). Let
us consider the circuits C'(Xq,...,X,) and C'(Xq,...,X,). As g = ¢ for all unassigned inputs
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g in C'(X1,...,X,), all nodes contained in the circuit C'(X7, ..., X,) compute the same set in
both circuits C'(Xy,...,X,) and C'(Xy,...,X,,), which is the reason why in the following the
set computed by some gate g may be denoted by g without specifying which of the two circuits
we refer to. Recall that gor = go - [] ke K 3 is balanced. Therefore, if K = {1} for all K € Q,
then go = ger is balanced (in both circuits), and hence (C, Q) € BC'(O).

For a contradiction, assume K # {1} for some K € Q. If K = (), then gor = 0, which
contradicts the fact that gor is balanced. Hence K # ) and as furthermore 0 ¢ K and K # {1},
we have max(K) > 2. By construction, gov = M - K - K - K for some M € Pgy(N). Thus the
second statement of Lemma 4.1.3 yields that go is unbalanced, a contradiction. O

Let O = {—,-} for the remainder of this section unless stated differently. In order to prove
Theorem 4.2.1, we introduce certain O-circuits which will be used extensively as components
of circuits expressing Diophantine equations. Recall that pairs (C, Q) for an O-circuit C' and a
subset @ of the nodes of C' are also called O-circuits (cf. Definition 4.2.2).

Lemma 4.2.4 Letn € NT. For every n-element set P = {p1,...,pn} C P there is an O-circuit
(Cp,Qp) that contains gates gi,p, ..., gn,p satisfying the following properties:

1. For every assignment with values from Pgn(NT)
(VKGQP K = {1}) = EImGN vi:l,...,n gi,p = {Lpia s 7p;n}

2. For each m € N there is an assignment with values from Pgn(NT) under which g; p =
{L,pi,...,p"} for alli and K = {1} for all K € Qp.

Proof We construct (Cp,Qp) as follows:

e For each p € P insert an input gate X, and gates h, = X, — (X, - {p}) and hj, =
({1,p} - X;,) — (X, —{1}). For all p € P put h, into Qp.

e Similarly, for each i € {1,...,n — 1} and k = p; - p;+1 insert an input gate X and gates
hi, = X, — (Xi - {k}) and h}, = ({1,k} - Xi) — (X — {1}). Add all nodes hy, into Qp.

e Foreachic {1,...,n—1} and k = p; - piy1 add a node . = hy, — ((hy, - hy,,, ) — {1}) and
insert it into @ p.

e Denote g; p = X,,.

For formal reasons choose an arbitrary gate as output gate. However, the circuits constructed
in this proof will only be used as components of other circuits which have output gates outside
of these components. Therefore, it is irrelevant which node we choose as output node. We now
argue that the two assertions of the present lemma are satisfied.

1. Choose an arbitrary assignment with values from P, (NT) and consider the circuit under
this assignment. Then no gate in the circuit computes a set containing 0. Assume K = {1} for
all K € Qp. Then in particular, for &« € {p1,...,pn,P1 - P2,D2 " D3y -+, Pn—1"DPn},

Xo = Xo-{a} = {1} (4.1)

and 1 € X,.

Assume there is some 8 € X, such that 3 is not a power of a. Let S be minimal with that
property. As /3 # 0, there are k € N and o > 2 with f = o - &/ and a t /. Due to (4.1) we
obtain § € X, - {a} and thus a | 8. If K = 0, we have 8 = o' and thus « | ¢/, a contradiction.
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If & > 0, then we obtain from 8 € X,, - {a} that a*~1 - o’ € X,,, which is a contradiction to the
choice of 8. Thus X, only contains powers of a.

Now choose k € N with o € X,. Then o = 1 or —in case k > 0— due to (4.1) we have
a® € X, - {a} and thus o~ ! € X,,. Hence each X, is of the form {1,q,...,a™} for some
mq € N. As a consequence, h!, = {1,a™a+1},

Let k = p; - piy1 for some i. As v = {1}, we obtain

1 1 m i+1 mz‘ +1
e = ({17pi Y L })>

which yields my, = m,,, = mp,,,. Thus there exists m such that for each i € {1,...,n} it holds
9i,p ={1,pis.... 0"}

2. Let m € N and choose the assignment with X, = {1,a,...,a™} for a € {p1,...,Dn,p1
P2, P2 D3y -« Dn—1 - Pn}. Consider the circuit under this assignment and observe that h, = {1}
and h!, = {1,a™*!} for all a. Consequently, for k = p;p;+1 with 1 <i <n — 1 it holds

1 1 1 1 1 1
which proves the second statement. O

Building upon this construction we extend these circuits and obtain the following lemma.

Lemma 4.2.5 Letn € NT. For every n-element set P = {p1,...,pn} C P there is an O-circuit
(Cp,Qp) with gates g%,g}g, ..., gp satisfying the following properties:

1. For each assignment with values from Pgn(N1) it holds

Viegp K={1} = foralli=0,...,n it holds that 1 € gb, |gb| = |gb|’,
and all prime divisors of numbers in g}; are in P.

2. For each m € N7 there is an assignment with values from Pgn(NT) under which for all
i=1,...,m, (i) |gb| = m’, (ii) 1 € g%, (iii) all prime divisors of numbers in g% are in
P, and (iv) K = {1} for all K € Qp.

Proof Let (Ch,Q%) and g1,p,...,gn p satisfy the properties specified in Lemma 4.2.4. Add
nodes g%,g};, ..., gp such that g% = {1} and gfp = g};l -gi,p for i =1,...,n. We call the circuit
obtained this way (Cp,@p) (for formal reasons an arbitrary gate can be chosen as output gate;
however, the circuits constructed in this proof will only be used as components of other circuits
with output gates outside of these components).

Consider the circuit Cp under an arbitrary assignment under which there exists m € NV
such that for all i = 1,...,n it holds g; p = {1,p;, ... ,p;.”_l}. For ¢% = {1}, trivially 1 € ¢%,

lg%| = |gb|", and the numbers in g% do not have any prime divisors at all. A simple induction
shows that for all i = 1,...,n, (i) all prime divisors of numbers in gj are in {p1,...,pi}, (ii)
951 = 195 1 - lgi,p| = lgp|' = m’, and (iii) 1 € gp.

Thus the first statement follows from Vgcg, K = {1} and Lemma 4.2.4.1 and the second
statement is implied by Lemma 4.2.4.2. O

By Lemma 4.2.3, it suffices to show the reduction DE <, BC'(—,-) in order to prove The-
orem 4.2.1. Instead of showing this reduction directly we define an intermediate problem, the
cardinality circuit problem

cC={(C,Q,s,t) | C=(V,E,gc,a,p) is a {—, - }-circuit, @ C V, s,t € V, and there exists
an assignment with values from Pg,(N') under which (i) |s| = |¢| and
(ii) K = {1} for all K € Q}.
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For the sake of simplicity, tuples (C,Q, s, t) are also called {—,-}-circuits. In the following we
do not only reduce DE to CC but we reduce it in a way such that the reduction function solely
maps to circuits with some additional properties. The class SC of these circuits is defined as
follows:

SC={(C,Q,s,t)|C = (V,E,gc,a,3) is a {—, -}-circuit, @ C V, s,t € V, under all
assignments with values from Pg,(N*) it holds: if Vxeq K = {1}, then

1. |s| > |t],
2. 1 esnt, and

3. all prime divisors of numbers in s Ut are greater than 3}.

In order to prove Theorem 4.2.1, we show
(i) (DE,DE) <m (CCNSC,CCNSC) and
(i) (CCNSC,CCNSC) < (BC/(—,-),BC(—,")).
The function composition of the two reduction functions yields a reduction DE <., BC'(—, ).

Lemma 4.2.6 (DE,DE) <, (CCNSC,CCNSC).

Proof We present an algorithm that accomplishes the required reduction.
Let g(z1,...,2,) and ¢'(z1,...,x,) be multivariate polynomials. Then for all yi,...,y, €
NT, it holds

AWty Un) = Ytse e Un) S aWr, )+ Y1ee e Un) =2 a1, Yn) -4 W1s e Un)

and
41, yn)® 4 W un)? 22 a(yn - n) -4 (YY)
Therefore, we may assume that the algorithm is given multivariate polynomials q(z1,...,z,)
and ¢'(z1,...,2,) as inputs which satisfy
Yoy ogment QWis - yn) = 4 (Y1, yn)- (4.2)
Let m,m/,a1,...,am,d},...,a, , € NT and dij,d,; € Nfori=1,....,m, k=1,...,m', and
7 =1,...,n such that
m n p m’ no
q(x1,...,xn) = Zai . Ha:j” and ¢ (z1,...,2,) = a; ij”.
i=1 J=1 i=1 j=1
Moreover, for j = 1,...,n define e; = max({d1j,...,dm,d j, - .,d;n,jj}), i.e., e; denotes the

maximal exponent of the variable ; occurring in a monomial of ¢ or ¢.
We now successively build up the output circuit (C,Q, z4, 2¢) and initially let C = Q =0
(the nodes z, and 2z, will be introduced in the following algorithm).

1. For each variable x;, choose an ej-element set P; = {pj1,...,Dje;} C P>3 such that
P;N Py = for j # j, insert a circuit (Cp;,@p;) having the properties specified in
Lemma 4.2.5 into C, and insert the nodes of Qp, into Q.

We make use of the notation of Lemma 4.2.5, in particular, we refer to the nodes
..
9pyr-- - 9P,

Intuition: the cardinality of g};j 1s supposed to describe the value of ‘T;
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2. (a) Choose a prime m > 3 not used before and insert gates such that for alli =1,...,m
there is a gate h; = {1,7,..., 7% 1} . | g;lfj’j.

Intuition: the cardinality of h; describes the value of the i-th monomial of q.

(b) For i = 1,...,m choose a prime m; > 3 not used before and insert a node h, =
({1, 7} - hi) = (hi — {1}).
Intuition: as addition is supposed to be expressed by union, we need to make sure that
the sets standing for distinct monomials are (almost) disjoint. Still, for a technical
reason we have to keep 1 in each set. So the idea is to let h); consist of 1 and a copy
of h; multiplied with an additional prime factor.

(c) For i =1,...,m add an unassigned input node z,. Finally, add m + 1 nodes z;, —
(UL, b — {1}) and hf — (24 — {1}) for i = 1,...,m and insert all these nodes into
Q.
Intuition: zq describes the value of the polynomial ¢ + 1 as it is the union of the h
(fori=1,...,m).

3. Do the same as in step 2 but for ¢’. In particular, an unassigned input node z, is added.

4. Return (C,Q, 24, 24 ).

First, observe that the function (¢, ¢") — (C,Q, 24, z¢) is computable. In order to show

(¢,4) € DE = (C,Q,24,2¢) €ECCNSC  and (q,q¢') ¢ DE = (C,Q,2q,2y4) € CCNSC,
we make the following central observations.

Claim 4.2.7 1. For all y1,...,y, € NT there is an assignment of the unassigned inputs of
C with values from Pgn(NT) under which Vxeg K = {1} and Vj=1,. n |gll3j| =y;.

2. If under some assignment with values from Pan(NT) it holds Vkeg K = {1}, then under

this assignment (i) 1 € zq N zy N7, glljj, (i) |zg] = 1+ q(lgp,l,-- - lgp, 1), (iii) |zg] =
1+4'(lgp,l,---lgp 1), and () all prime divisors of numbers in zq U zy are > 3.

Proof 1. According to Lemma 4.2.5.2 the unassigned inputs of the circuits (Cp,,Qp;) can be
assigned with sets from Pg,(N*1) such that

e K = {1} for all K € Qp, and
e for each j € {1,...,n} and each i € {0,...,e;} it holds ]g};j] = y]Z and 1 € g}}j.

Note that although we have not defined the assignment completely yet, the sets computed
by the gates h),...,hl, are already fixed. Now extend this assignment such that z, is assigned
with the set | JI"; h; and observe that under the (now completely specified) assignment it holds
Vi:l,...,m 1€ h; and thus Vi—1 ., 1€ h;

We have already seen that K = {1} for all such nodes K which the algorithm adds into @ in
step 1. Moreover, by the assignment of z; and V=1, 1 € hf, all nodes added into @ in step 2¢
compute {1}. The analogous holds for the nodes inserted into @ in step 3. This completes the
proof of the first statement.

2. We focus on the statements for the gate z,. Consider the circuit under an assignment
with values from Pg,(NT) such that K = {1} for all K € Q. Then 1 € z,,

Vi1 . .m1l¢€ h;, (4.3)

=1,...,
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and .
zg = | J 1] (4.4)
=1

as zg — (UL B —{1}) = {1} and K} — (2 — {1}) = {1} fori=1,...,m.

Moreover, according to Lemma 4.2.5.1 for each j = 1,...,n and every ¢ = 0,...,¢; it holds
that 1 € g};j, | gﬁgj| = g}gj |, and all prime divisors of numbers in g};j are in Pj. As PN Py =)

for j # j' and the prime 7 > 3 chosen in step 2a is not contained in the set U?Zl P;, we obtain

n
Vi1, m |hil = ai - [ ] lgb, 1™ (4.5)
j=1
and that for i = 1,...,m all prime divisors of numbers in h; are in {7} UJ;_; P;. Hence by

(4.3) and because all primes 7; chosen in step 2b are not contained in {7} U{J’_; Pj, we obtain
Vie1,.m hy = {m}-h; U{1}. (4.6)

By that, V;y m; # 7y, and as the primes 7; are not contained in {m} U U?Zl P;, it holds
Vigr YOIl = {1}, (4.7)

Hence

@4 |
2g] = ‘ U hi
=1

(4.7) “ (4.6) “ (4.5) = “ -
D (VR R T = BR[| T
=1 =1 =1 j=1

1 1
= 1+4q(gpl,---,lgp,D)-
We have seen above that for ¢ = 1,...,m all prime divisors of numbers in h; are in {7} U

U;L:1 pP; C P>3. Together with Viz1,..m T > 3, (4.6) and (4.4) this yields that all prime divisors
of numbers in z, are > 3 as well.

Now we have proven the statements for the gate z,. The proof of the corresponding state-
ments for z, is analogous. This finishes the proof of Claim 4.2.7. O

Claim 4.2.8 1. If(q,q¢') € DE, then (C,Q, zq,24) € CCNSC.
2. If (q,q') ¢ DE, then (C,Q, z¢, z4) € CCNSC.

Proof Observe that (C,Q, zg, zy) € SC by (4.2) and Claim 4.2.7.2. Hence it remains to show
(i) (¢,¢") € DE = (C,Q, zq, zy) € CC and (ii) (¢,q') ¢ DE = (C,Q, 24, 24) € CC.

Let us argue for (i). Assume (¢,¢’) € DE. Then there are yi,...,y, € NT with
a1, .- yn) =4 (Y1, -+, yn). Claim 4.2.7.1 yields that there is an assignment of the unassigned
inputs of C' with values from Pg,(NT) under which Vixeg K = {1} and Vj=1__, \g}pj\ =y;. By
Claim 4.2.7.2, under this assignment

12q] = 1+q(lgp, |- - lgp, D) = 1+a(yr, - yn) = 1+ (W1, - - - yn) = 144 (Igp, |, - - - l9b, ) = |2,

which shows (C, Q, zq, 24) € CC.

Now we argue for (ii) and prove the contraposition. Assume (C,Q,zq,24) € CC. Then
there is an assignment of the unassigned inputs of C' with values from Pg,(NT) under which
Vireg K = {1} and |z4| = |z¢|. By Claim 4.2.7.2, under this assignment

a(lgp ;- lgp,]) = lzgl =1 = l2¢| = 1=d'(lgp|, -, lgp,])
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and 1 € g}Dj for all j = 1,...,n, which yields \g};j\ € N* for all j =1,...,n. Thus (¢,¢) € DE,
which finishes the proof of Claim 4.2.8. O

This finishes the proof of Lemma 4.2.6. O

Let us now prove the second reduction.
Lemma 4.2.9 (CCNSC,CCNSC) <, (BC'(—,-),BC/(—,")).

Proof The following algorithm computes the reduction function. The comments in italics are
supposed to give intuition.

1. Let a circuit (C, @, s,t) be given. We construct a circuit (C’, Q") by successively updating
the given circuit. So we start with ¢/ = C and Q' = @ and use C’ and Q' as program
variables.

2. Add new unassigned input gates X and X’. Insert the following nodes into C’ and add
them into Q':

{1,2} - s — (X — {1}), (4.8)
{1,2} -t — (X — {1}), (4.9)
{1,2}- (X —s) = (X' U(X —s)) —{1}), (4.10)
X' — {2} (X —s). (4.11)

The basic idea is as follows: X is supposed to be an interval with X O sUt and max(X) >
max(sUt) and X' is supposed to be the set {1} U{2}- (X —s), which implies X' Nt = {1},
since t does not contain any even numbers. Then as |s| > |t|, the set X' Ut = {2}-(X —s)Ut
contains max(X')/2 + |t| — |s| < max(X")/2 elements and thus is subbalanced. But if |s| = |t|,
then X'Ut is almost balanced. Adding the element max(X')+1 would make the set balanced.
Such an element is generated in the next step.

3. Let p1 = 2 and py = 3. Add a circuit (Cyp, po}s Qpy po}) according to Lemma 4.2.4. Insert
all nodes of Qyy, .1 into Q. Add a node g = (92 (p, po} - {1,3}) — (92,{p1 903 — {1})-

Now g consists of 1 and some power of 3. If X, X', and g have been chosen such that
X ={1,2,...,(max(9)-1)/2} D {1,2} - (sUt) and X' = {1} U{2} - (X — s) and moreover,
it holds |s| = [t|, then X" Ut U g is balanced. Otherwise, the set is subbalanced or has an
even mazximum. So the set X' Ut U g has the desired properties and in the next step we
introduce a new unassigned output node which is supposed to compute this set.

4. Add a new unassigned input node O. Then introduce the following four nodes into C” also
add them to Q'

0-((x'utug) - {1}),
X' - (O - {1})7
t—(0—{1}),
9—(0—{1}).
5. Modify C’ such that O is the output node of C’. Return (C’, Q).

In order to finish the proof of Lemma 4.2.9, it remains to prove (C,Q,s,t) € CCN SC <
(C',Q") € BC'(—,-). We split this statement into two claims.
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Claim 4.2.10 If (C,Q, s,t) € CC N SC, then (C',Q') € BC'(—, ).

Proof Let (C,Q,s,t) € CCNSC. As (C,Q,s,t) € CC, there is some assignment with values
from Pg,(N') under which |s| = |t| and K = {1} for all K € Q. Let us consider C' under this
assignment. (C,Q,s,t) € SC yields that 1 € sNt¢ and all prime divisors of numbers in s Ut are
> 3. Now consider the circuit C’ under the same assignment and extend this assignment in the
following way such that the unassigned inputs of Cy,, .y, X, X " and O are assigned with an
element of Pg,(NT):

e Assign the unassigned inputs of Cy,, .1 with values from Pg, (NT) such that (i) g2 1p, po} =
{1,3,3%,...,3™1} for m € NT minimal with 4 - max(sUt) < 3™ and (ii) K = {1} for all
K € Qp, p,}- Such an assignment exists by Lemma 4.2.4.2.

e X ={z|1<z<B"-1)/2}.
o X' ={1}U{2} - (X —59).

e O=X'UtUg= ({2} (X —s))Utu{3™}. For the second equation note g = {1,3™} and
recall that 1 € ¢ was observed above.

Now the assignment is defined for all unassigned inputs of C’ and for the remainder of the proof
of the present claim we consider the circuit under this assignment.

In order to see that K = {1} for all K € (', it suffices to consider the nodes added into @’ in
steps 2 and 4 as the nodes added into @’ in step 3 compute {1} by the choice of the unassigned
inputs of Cyp, p,}- So we have to prove that the nodes in (4.8), (4.9), (4.10), (4.11), (4.12),
(4.13), (4.14), and (4.15) all compute {1}.

By the choice of m and by 1 € sNt, it holds max(X) = 3™-1)/2 > 2-max(sUt) > max(sUt),
which shows that the nodes defined in (4.8) and (4.9) compute {1},

max(X') = 2 - max(X), (4.16)

and
max(0) = max(g) = 3™. (4.17)

The choice of X’ immediately implies that the node defined in (4.11) computes {1}. It holds
(1,2} (X =) — (XU (X = 8))— {1}) = {1,2} - (X =) — ({1,2} - (X — ) — {1}) = {1} and
hence the node defined in (4.10) also computes {1}.

The nodes defined in (4.12), (4.13), (4.14), and (4.15) compute {1} by the choice of the
assignment (in particular, recall 1 € ON X' NtNg). Thus K = {1} for all K € Q'.

Recall that ¢ contains only such numbers whose prime divisors are > 3 and that max(s) <
max(X ). Hence the three sets {2} (X —s), t, and {3} are pairwise disjoint and it holds s C X.
Thus

(4.16) max(X")

0] = H2} - (X —=s)|+[t|+1=max(X)— |s|+ [t| + 1 =max(X)+1 = T—i—l
(417) max(0) + 1
B 2

So O is balanced. Together with the above observation that K = {1} for all K € @’ this shows
(C’,Q") € BC'(—,-), which completes the proof of Claim 4.2.10. O

Claim 4.2.11 If (C,Q,s,t) € CCNSC, then (C',Q") € BC'(—,").
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Proof For a contradiction, assume that (C,@Q,s,t) € CCNSC and (C,Q") € BC'(—,-). Then
there is an assignment of the unassigned inputs of C’ with values from Pg,(NT) under which O
is balanced and all K € @' satisfy K = {1}. For the remainder of the proof let us consider C’
under this assignment and C' under the restriction of this assignment to the unassigned inputs
of C. As C’ can be considered as an expanded version of C, each gate in C' computes the same
set in both circuits C' and C’. Hence for each gate g that is in one of the two circuits C' and C’,
we may write g for the set computed by g without specifying which of the two circuits we refer
to.

Since the nodes defined in (4.8) and (4.9) compute {1}, we obtain 1 € s and X 2 ({1,2} -
sU{1,2} - t) — {1}. As the node defined in (4.10) also computes {1}, it even holds X D
{1,2} - sU{1,2} - t. In particular,

sUtC X (4.18)

and 1 < max(s) < 2-max(s) < max(X). Due to that inequality and {1,2} - (X —s) — ((X’ U
(X —s)) — {1}) = {1} (cf. (4.10)) it holds 2 - max(X) = 2 - max(X — s) € X’. Since the node
defined in (4.11) computes {1}, we obtain X’ C {1} U{2} - (X — s). In particular,

max(X') = 2 - max(X). (4.19)

The fact that the nodes defined in (4.12), (4.13), (4.14), and (4.15) all compute {1} implies
leOnX'ntngand O = X'UtUg. Furthermore, as by construction Qg »,3 € Q' and
thus K = {1} for all K € Qqp, p,}, Lemma 4.2.4.1 yields that gy 1, p,3 = {1,3, 32,...,3m 11 for
some m € Nt and thus g = {1,3™}. Because of that, X’ C {1} U{2} - (X —s), and 1 € ¢, it
holds that

O=X'UtugcC ({2} (X —s))Utu{3m} (4.20)

As O is balanced, Lemma 4.1.1 implies that max(O) is odd. As by (4.19) the maximum of
X' is even,
max(0) > max(X’). (4.21)

As (C,Q,s,t) € SC and K = {1} for all K € @, it holds |s| > [t|. Hence as —by assumption—
(C,Q,s,t) ¢ CC but K = {1} for all K € @, it even holds

|s| > |¢]. (4.22)
Putting things together, we obtain

4.20

(4.20)
0] < X —s| 4+t +192Y

(4.22)
< max(X) — |s| +[t|+1 < max(X)+1
(4.19) max(X') +2 (421) max(0) + 1

2 - 2 ’
which contradicts the assumption that O is balanced and thus completes the proof of
Claim 4.2.11. O
This completes the proof of Lemma 4.2.9. O

As has been announced before, we now can easily prove Theorem 4.2.1, which is the present
section’s main result and states that the problem BC(—, ) is <j,-complete for the set RE of all
computably enumerable problems.

Proof of Theorem 4.2.1 The Lemmas 4.2.6 and 4.2.9 show that

(DE,DE) <m (CCNSC,CCNSC) <y (BC'(—,-),BC'(—,)),
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ie., DE <, BC'(—,). As BC'(—,-) <, BC(—,") by Lemma 4.2.3, we obtain DE <,, BC(—,").
Thus BC(—, ) is <yy-hard for RE. Moreover, Proposition 4.1.5 yields BC(—, ) € RE. O

In the following we apply this result for circuits disallowing set difference but allowing sym-
metric difference. In these circuits all operations are commutative, which is the reason why such
circuits get along without order functions specifying for each inner node which is the left and
which is the right direct predecessor. Hence such circuits can be defined as quadruples instead
of quintuples.

Corollary 4.2.12 BC(A,N,+) and BC(A,U,-) are <p-complete for RE.

Proof The two problems are in RE according to Proposition 4.1.5. Thus by Theorem 4.2.1, it
suffices to show BC(—,-) <,, BC(A,N,:) and BC(—,-) <, BC(A,U, ). These assertions hold
as A— B=(AAB)N A= (AUB)AB for arbitrary A, B C N. O

This shows that even if set difference, the only non-symmetric operation, is disallowed, one
arithmetic operation is still sufficient to gain undecidability.

4.3 Smaller Sets of Operations Lead to Problems in NP

Having proven BC(—, -) to be undecidable, the obvious question is whether even a proper subset
of {—, -} suffices to gain undecidability. So we investigate the computational complexity of the
problems BC(-) and BC(—) and for the sake of completeness, we also consider the almost trivial
problem BC(()), whose membership in L follows from Proposition 4.1.2 as in each (-circuit the
output node is an input node. Thus in this section we study all problems BC(O) for O C {—,-}
and it turns out that they are all in NP. More precisely, each of the problems is shown to be
g}[ﬁg—complete for one of the classes L, NL, and NP.

4.3.1 Allowing Multiplication Only

This subsection’s purpose is to prove the NL-completeness of BC(-). First, we use theorems
by Ford [For08a, For08b] and Koukoulopoulos [Koul4] in order to show that A - B for sets
A and B with sufficiently large maxima is subbalanced. Second, this result is exploited by a
nondeterministic logarithmic-space algorithm which accepts BC(-). Finally, we prove the giﬁg-
hardness of the problem for NL, which is a straightforward corollary of a result by McKenzie
and Wagner [MWO7].

In order to make use of the mentioned results by Ford and Koukoulopoulos, we introduce
some notation.

Definition 4.3.1 Define A: Nt x Nt — N via
(N1, No) — }{nl ‘ng | np < Np,ng < No,ng,ng € N+}‘.
Moreover, we define a function H: NT x Q x Q — N wvia
(z,y,2) = [{n e NT |n <z, Jdent dn such that y < d < 2}

In other words and put more illustratively, A(Ny, N2) counts the numbers in the two-dimensional
multiplication table with side lengths N; and N, where the side lengths are allowed to be
different.

The following theorem formulates two statements. The first is a special case of a re-
sult by Koukoulopoulos [Koul4, Theorem 1.1]. Furthermore, Koukoulopoulos [Koul4] cites
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Ford [For08a, For08b] for a further theorem which contains the second statement as a special
case and can be found in the aforementioned article by Koukoulopoulos [Koul4, Theorem 1.2].
Note that Koukoulopoulos and Ford indeed prove significantly stronger results than we make use
of here. In particular, we only formulate the results for the two-dimensional multiplication table,
whereas [Koul4] contains analogous results for the k-dimensional table for arbitrary k > 2.

Theorem 4.3.2 ([For08a, For08b, Koul4]) There exist k1,ke € NT and 3 < pj,pu2 € N
such that the following statements hold.

1. For all natural numbers N1 and No with 1 < N1 < No,

A(N1,N3) < kj-H(Ny-Na,Ni/2,Ny).

2. For all natural numbers ps < x € N and pus <y € Q with 4y® < x,

€T
_ 1+4loglog2

(log y)l e2  (loglogy)3/?

H(xayaQy) S k2'

The following corollary basically formulates that the product of two sets with sufficiently big
maxima is subbalanced. It is not difficult to see that this corollary (and indeed even a signifi-
cantly stronger result) is implied by Theorem 4.3.2.

Corollary 4.3.3 There exists 1 € N such that for all sets A, B € Pgn(N) with p < max(A) and
p < max(B) the following holds:

1. A- B is subbalanced.
2. For all M € Pgn(N) the set A- B - M is not balanced.

Proof Let ki, p1, ko, and ps be the numbers guaranteed by Theorem 4.3.2. Choose p >
max(ki, p1, k2, p2) minimal with the property that loglog(u/2) > 3ki1ks. Let A, B, M € Pgn(N)
with « := max(A) > p and 8 := max(B) > pu.

1. Without loss of generality, « < . Then statement 1 of Theorem 4.3.2 implies that
|A-B| <1+ Ao, 8) <1+ k- H(a- B,a/2,a). The fact that a < 8 yields 4 - (o/2)? < a- 8
and thus Theorem 4.3.2.2 can be applied to H(« - 5, /2, ), which yields

. p<a, loglog(p/2)>3k1k
|AB‘§1+I€1]€2 Oéﬂ < 121+0676<0676.

1— 1+loglog 2 —
(log §)"~ T2 (loglog §)3/2 o2

2. If M € {0,{0}}, then A- B- M = M is not balanced. If max(M) > 1, then by the first
statement of the present theorem, |A-B-M| < |(AU{0})-B-(M—{0})| < [(AU{0})-B|-max(M) <
(af-max(M))/2 and thus A - B - M is subbalanced. O

Having built the foundation, let us now turn to the problem BC(-), which we show to be
giﬁg—complete for NL. We prove membership and hardness in two separate theorems and start
with the more complicated result.

Theorem 4.3.4 BC(-) € NL.
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Proof Let us start with the definition of the following auxiliary problem.

0={(A,r |A C (Pan(N)—{0,{0}}) x {1, 2} finite, Vsep,, av) (5,1) € A= (5,2) ¢ A4,
e [0, } ==

H (Sq)eA H;Zl S, and one of the following conditions holds:
e = is balanced.

e > 1 and ZU {0} is balanced.

e r > 2and Jpep, (v) = £ F is balanced.

e r =3 and Jpep, ()= F s balanced.}.

For reasons of clarity and comprehensibility we proceed in two steps. First, we show that there
is an f € FLNY such that C € BC(-) & f(C) € © for all {-}-circuits C. Second, we show © € L.

Claim 4.3.5 There is an f € FLNY such that C € BC(:) < f(C) € © for every {-}-circuit C.

Proof Let N ¢ © be fixed and let f be the function computed by the following algorithm,
in which we use A, r, and iys for certain M € Pg,(N) as program variables, where A and r
are global variables initialized with () and 0, respectively. The algorithm is given access to the
oracles GAP>y and GAP_y, for k € {1,2,3}, which are all in NL (cf. Section 2.3.3).*

1. Input: a {-}-circuit C = (V, E, gc, o, B).

2. If 3gev a(g) € {0,{0}} A (V. E, g,9c) € GAP>, then return N.

3. If J4ev with a(g) = {0,1} and (V, E, g,9¢c) € GAP>y, then let A =AU {({0,1},1)}.
4. For each M € Pgy(N) with max(M) > 2 and a(g) = M for some assigned input gate g:

(a) Let ipy = 0. For each assigned input gate g with a(g) = M:
i. If (V,E,g,9c) € GAP—y and iy < 3, then iy = ips + 1.
ii. If (V,E,g,9¢c) € GAP_9 and iy < 3, then ipy = ipr + 2.
iii. If (V, E,g,9c) € GAP>3, then iy = 3.
(b) If ips > 3, return N.
(c) Ifipr € {1,2}, then let A= AU{(M,in)}.

5. For each unassigned input gate g do the following:

(a) If (V,E,g,9c) € GAP>3 and r < 1, then r = 1.
(b) If (V,E,g,9c) € GAP—3 and r < 2, then r = 2.
(c) If (V,E,g,9c) € GAP—1, then r = 3.

6. Return (A4,7)

“More formally, we could view the six sets as subsets of N and use the following set as oracle

2
U ({62 + 2k | 2 € GAP> 41} U{62 + 2k + 1 |2 € GAP—411}).
k=0
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When given access to the aforementioned oracles, the algorithm can be implemented by a
deterministic logarithmic-space Turing machine. It remains to show C € BC(:) & f(C) € © for
all {-}-circuits C.

Let C = (V,E,gc,a, B) be a {-}—circuit with k € N assigned input gates g1 < -+ < g; and
n € N unassigned input gates hy < --- < hy,.

For two arbltrary gates g and h of C' let i, j, denote the number of paths from g to h. Recall
that by definition [[)_; A = {1} for all A € Pg,(N) and observe that by a simple induction,

lg] n ’Lh h

VX1, Xn€Pan () Vhev (B C(Xq, ..., X H H gj - H H X;. (4.23)

j=1j'=1  j=1j'=1

Recall that as the set computed by an assigned input ¢ is independent of the assignment, it
holds I(g; C(X)) = a(g) for all X € Pg,(N)™ and by convention, we just write g for this set.

As an abbreviation, for an arbitrary gate g we write 74 for 74 4.. Note that each input gate
not having any path to the output gate gco neither has any influence on the above algorithm’s
output nor on the circuit’s membership in BC(-). Therefore, we may assume that for each input
gate there exists some path to gc¢, i.e.,

Vie(t,..ky tg; >0 A Ve, n) th; > 0. (4.24)

If the algorithm returns N in step 2, then there is an assigned input gate g with a(g) €
{0,{0}} that is connected to the output and thus under every assignment it holds that go =
g € {0,{0}} is not balanced. Hence C' ¢ BC(:). If the algorithm returns N in step 4b, then
according to step 4a there is a set K € Pqp(N) with max(K) > 2 such that there are at least 3
paths from assigned inputs g with a(g) = K to the output go. Then by (4.23), it holds under
every assignment X € Py, (N)™ that g0 = M - K - K - K for some M € Pg,(N). But then the
second statement of Lemma 4.1.3 yields that g¢ is not balanced and hence C' ¢ BC(-). Thus, if
the algorithm terminates in step 2 or step 4b, then C' € BC(-) & f(C) € ©.

Consequently, for the remainder of the proof of the present claim we consider the case that
the algorithm terminates in step 6. Let (A, 7) denote the return value of the algorithm on input
C. Observe that then A is a finite subset of (Pgn(N) — {0, {0}}) x {1,2}, r € [0,3], and for all
S € Pan(N) it holds (S,1) € A = (5,2) ¢ A. Hence from now on we only need to consider the
four bullet points in the definition of © in order to determine whether (A,r) € ©. Let

—{EePumxNli= > i}

VIS RN a(gj):S

In other words, B consists of those pairs (.5,4) for which there exists some assigned input gate
g; that computes S (note that by (4.24), there exists a path from g; to the output gate) and 4
equals the number of paths from assigned inputs computing S to the output gate go. The first
equation below holds by the definition of B, whereas the second equation still has to be proven.

i 9j

HHQJ 11 HS— I1 HS (4.25)

j=15'=1 (S,i)eBi'=1 (Sp)eAi'=1

Let us now argue for the second equation in (4.25). Since the algorithm does not terminate in
step 2, it holds BNT = 0 for T = {0,{0}} x N and thus BNT = ANT. As the algorithm
does not terminate in step 4b, it holds for all (S,i) € B that (max(S) > 2 = i < 2). Due to
that and steps 4a and 4c, we have BNT' = ANT" for T = (Psn(N) — {0, {0}, {1},{0,1}}) x N.
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Therefore, it remains to consider the pairs in 7" = {{1},{0,1}} x N. The pairs in {{1}} x N
can be ignored. The algorithm either adds ({0,1}, 1) or no set from 7" at all into A and step 3
ensures that ({0,1},1) € A if and only if there exists ¢ > 0 with ({0,1},7) € B, which finishes
the proof of the second equation in (4.25).

Let us denote the set described by the three expressions in (4.25) with Z. By (4.23),

n Z'hj
=TT I %

j=1j/=1

le,...,XnEPﬁn(N) I(gC’; C(X17 s 7Xn))

and hence it remains to prove that

n 'y
(EIXl’m’XnE’pﬁn(N) =- H H X; is balanced) & (A,r)e0O. (4.26)
j=1j5'=1

“=7": Assume there exist X1,..., Xn € Pgn(N) under which =[]}, H;},szl X; is balanced.
By statement 2 of Lemma 4.1.3,

~Jjeqt,..ny (max(Xj;) > 2 A iy, > 3) (4.27)
By (4.24), it suffices to study the following cases.
e n = 0: In this case, Z is balanced and hence (A,r) € ©.
e n > 0AVjeq, . .my in;, = 30 Here, r = 1. (4.27) yields Vjcq, . ) max(X;) < 1 and as
=115, H;}f]zl Xj is balanced, even Vjc(; . ny max(X;) = 1. Hence =-[[7_; H;Zl X; €
E,2U{0}} and thus one of the sets = and = U {0} is balanced, which shows (4,r) € ©.
® 0> 0AYeq, . m} Th; = 2/ 3jeqr,..ny in; = 2: In this case 7 = 2. Let F' = [];_; X;. Then

F.-F= H?Zl H?,:l X; = H;L:1 H;},”: 1 Xj, where the second equation holds as 2 < ip,; for
all j and by (4.27), for all j € {1,...,n} with i5; > 2 we have max(X;) < 1 and thus

H?/:l X;= H;Zl Xj. Thus - F-F = E-]];_, H;Zl X is balanced and hence (4,r) € ©.

e n > 0AJjeq, . . nyin; = 1. Here, r = 3. For F = [[}_; H;Zl X, the set E- F =
T H;}f]:l X is balanced and hence (4,7) € ©.

[1]

“<”: Assume (A,r) € O.

If r = 0, then Z is balanced and n = 0 (if n > 0, then due to (4.24) the algorithm returns a
value r > 0). Thus the left-hand side of (4.26) is satisfied.

If 7 = 1, then E or ZU {0} is balanced, n > 1, and i, > 3 for all j = 1,...,n (if some
in; is < 3, then due to (4.24) the algorithm returns a value r > 1). If = is balanced, then we
choose X; = {1} for all j =1,...,n. If = is not balanced, then ZU {0} is balanced and we let
X;={0,1} forall j =1,....n. Then =- [}, [, X; is balanced.

If 7 = 2, then there exists F' € Pgy(N) such that =- F - F' is balanced and there is some
j€{l,...,n} withip, =2. Let X; = F and X = {1} for all j' # j. Then =-[[7_, H;],”Zl X; =
2. F - F is balanced.

If r = 3, then there exists ' € Pgy(N) such that = - F' is balanced and there is some j €
{1,...,n} withiy; = 1. Let X; = F and X = {1} for all j' # j. Then =-[}_, H;Zl X;=E-
is balanced. This shows (4.26) and finishes the proof of Claim 4.3.5.

O
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Claim 4.3.6 © € L.

Proof Let p be as specified in Corollary 4.3.3, i.e., for all A, B, M € Pg,(N) with 1 < max(A4) A
p < max(B) the set A- B- M is not balanced. We show that the following algorithm accepts O.

1. Input: a pair (A,r) such that A C (Pan(N) — {0,{0}}) x {1,2} is finite, r € {0,1,2,3},
and (S,1) € A= (5,2) ¢ Afor all S € Pg,(N) (if the pair is not of this form, reject).

2. If there are distinct (S, ig), (T,ir) € A with max(S) > p and max(T) > p, then reject. If
there is some (5,) € A with max(S) > p and 7 = 2, then reject.

3. f ACPO,...,u}) x {1,2}, then accept if (A,r) € © and reject otherwise.

4. If the algorithm executes this step, then there is exactly one pair (S,i) € A with max(S) > p
and for this pair i = 1 (otherwise, the algorithm would have rejected in step 2 or step 3).

(a) Compute the set M =[] seca_q(s.1)} H;Zl T.

(b) If (i) S € BALjs or (ii) r =1 A SU{0} € BALjy, then accept.

(c) For all F € P([0, u]): accept if (i) r =2A S € BALpyr.p.p or (ii) r =3A S € BALj.p.
(d) Reject.

Logarithmic space is clearly sufficient for the first two steps. In step 3, the test whether
(A,r) € O is only done if A is of constant size and thus logarithmic space suffices again. The fact
that the sets M, MU{0}, M-F-F, and M -F in step 4 are of constant size and Proposition 4.1.2
yield that step 4 can be implemented by a deterministic logarithmic-space Turing machine.

We show that on input (A, r),if the algorithm accepts, then (A,r) € ©, and if it rejects, then
(A,r) ¢ ©. We study cases depending on the step the algorithm terminates in.

Step 1: If the algorithm rejects in this step, then by definition (A,7) ¢ ©. Step 2: If the
algorithm rejects in this step, then (A,r) ¢ © by Corollary 4.3.3.2. Step 3: Here the algorithm
clearly accepts and rejects correctly.

Step 4: Let us assume that the algorithm terminates in this step. As argued above, due to
steps 2 and 3, there is precisely one pair (5,4) € A with max(S) > p and for this pair ¢ = 1. By
definition of ©, if the algorithm accepts in step 4b or in some iteration of the loop in step 4c, then
(A,r) € ©. Now study the case that the algorithm rejects in step 4d and for a contradiction,
assume (A,r) € ©. If r < 2, then S- M or S- M U{0} is balanced, which contradicts the fact that
the algorithm does not accept in step 4b. So r € {2,3} and there exists some F' € Pg,(N) such
that M -S-F or M -S-F-F is balanced. However, as the algorithm does not accept in step 4c,
it holds max(F') > p, in contradiction to Corollary 4.3.3.2, which implies that if max(F") > pu,
then M -S-F and M-S - F - F are not balanced. This finishes the proof of Claim 4.3.6. O

Claim 4.3.5 and Claim 4.3.6 yield an LN"-algorithm for BC(-). As LN* = NL according to
Proposition 2.3.2, the proof of Theorem 4.3.4 is complete. O

Theorem 4.3.7 BC(:) is <1o8-hard for NL.

Proof Recall that McKenzie and Wagner [MWO07] prove the problem MC(N) to be Sﬁg-complete

for NL. The following deterministic logarithmic-space algorithm shows MC(N)<12$BC(.).
Assume we are given as input a pair (C,b) where C = (V, E, gc, a, ) is a {N}-circuit with

(assigned) inputs g1 < --- < g, for n € Nt and b € N. Let o: V — Pg,(N) U {-} be the total
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function that maps each inner gate to -, each input gate g with b ¢ a(g) to {0}, and each input
gate with b € a(g) to {1}. Return C' = (V, E, gc, o/, B).
Note Vgev 1(g; C") € {{0},{1}}. An induction shows Vyey b € I(g,C) < I(g,C’) = {1}. O

Corollary 4.3.8 BC(:) is <1%5-complete for NL.

Proof The assertion follows from Theorems 4.3.4 and 4.3.7. d

4.3.2 The Problems Not Allowing Multiplication

We consider the two remaining problems and prove that BC(—) is giﬁg—complete for NP and
BC(0) is in L (and thus trivially <!%¢_complete for L).

In order to show that BC(—) is <I%8_hard for NP, we first define the circuit satisfiability
problem CSAT, which is the circuit version of SAT. For this purpose we define Boolean circuits.
The definition is similar to the definition of integer circuits.

A Boolean circuit C' is a quadruple (V, E, go, o) with the following properties:

(V,E,gc) is a circuit such that each node has indegree at most 2.

a:V —{0,-,A,V} is a total function.

For each node u with indegree 0 it holds a(u) = .

For each node u with indegree 1 it holds a(u) = —. Such nodes are called —-gates.

For each node u with indegree 2 it holds a(u) € {A,V}. Such nodes are called A-gates and
V-gates, respectively.

Note that we get along without assigned input gates, because these can be simulated by g A =g
and g V —g for an unassigned input g.

Let gy < -+ < g, for n € N* be the input gates of a Boolean circuit C' = (V, E, g¢, a).
Inductively, we define for each assignment a = (aq,...,a,) € {0,1}" and for each gate g which
of the values in {0,1} the gate g computes:

a; if g = g; for some i € {1,...,n}

1-1I,(q50C) if a(g) = — and ¢’ is the direct predecessor of g

I(g;C) = { min (Io(¢;C), Ia(¢9";C)) if a(g) = A and the nodes ¢’ and ¢” are the
source nodes of the two incoming edges of ¢

max (I,(¢;C),I.(¢9";C)) if a(g) = V and the nodes ¢’ and g” are the
source nodes of the two incoming edges of g

Note that the nodes ¢’ and ¢” in this definition are not necessarily distinct. Define

CSAT = {C | C = (V,E, g¢,a) is a Boolean circuit with n input gates for some n € N,
3a1,...,an€{071} Ia17-~~7an (905 C) = 1}'

CSAT is known to be §lrﬁg—complete for NP (proving the membership is straightforward, the
hardness can be obtained by a simple reduction from SAT for example). Regarding the encoding,
similar conventions as we have introduced for O-circuits result in a precise definition of the length
of a Boolean circuit.
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Theorem 4.3.9 BC(—) is <198-hard for NP.

Proof The following algorithm yields a reduction from CSAT to BC(—).
1. Input: a Boolean circuit C.

2. We successively transform C into an integer circuit C’. First introduce a new assigned
input gate computing {1}. Then for each inner gate g make the following modifications:

e If g is a —-gate with ¢’ as the direct predecessor, then change the label of g to — and
add one edge such that g = {1} — ¢'.

e If g is a A-gate such that ¢’ and ¢” are the (not necessarily distinct) source nodes of the
two incoming edges of g, then change the label of g to —, delete the two edges from ¢’
and ¢” to g, and add two nodes and six edges so that g = ({1} — ({1} —g¢")) — ({1} —g¢").

e If g is a V-gate such that ¢’ and ¢” are the (not necessarily distinct) source nodes of
the two incoming edges of g, then change the label of g to —, delete the two edges from
¢’ and ¢” to g, and add two nodes and six edges so that g = {1} — ({1} — ¢') — ¢").

3. Return C'.

Observe that the function defined by this algorithm is logarithmic-space computable.

Let us show C' € CSAT < C’ € BC(—). This equivalence holds if g¢ is an input. From now
on assume that gc is not an input gate. Note that both circuits C and C” have the same n € N*
unassigned input nodes. Let V' denote the set of nodes of C and V’ denote the set of nodes of
C’. Note V C V'. We obtain inductively that

v(ll»...,ane{o,l},Al,...7An€7)ﬁn(N),vg€V (Ial,...,an (;:C)=11€I(yg; C/(Al, o 7An))>~
Vie(1,...,n} (@i=1<1€A4;)

Together with the observation that I(g; C'(Ay,...,A4,)) C {1} for each assignment Ay, ..., A, €
Phn(N) and each inner gate g € V' this implies C' € CSAT < €’ € BC(-). O

Theorem 4.3.10 BC(—) € NP.

Proof We sketch an NP-algorithm that accepts BC(—).
1. Input: a {—}-circuit C' with output node g¢ and labeling function .

2. Starting from gc, go upwards in the circuit always taking the left direct predecessor.
Denote the input gate finally reached with g.

3. If g is assigned, then:
guess an assignment of the unassigned input gates with values from P(«(g)) and accept if
the output set is balanced under this assignment, otherwise, reject.

4. Note that now g is unassigned. Let M be the union of all sets computed by assigned
input gates and let m € N be the least number greater than all numbers in M. Guess an
assignment such that I(g) = {m} and each unassigned input either computes {m} or (). If
under this assignment go contains m, then accept.

5. Guess an assignment of the unassigned inputs such that each of them computes a set C M.
In case g¢ is balanced, accept. Otherwise, reject.
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Claim 4.3.11 If the algorithm accepts, then C' € BC(—).

Proof If the algorithm accepts in step 3, then clearly C' € BC(—). If it accepts in step 4, then
there is an assignment that maps each unassigned input either to {m} or to () such that m is in
the output set. Now change this assignment such that the sets mapped to {m} are now mapped
to {m+1,m+2,...,2m+1}. As no assigned input computes a set that contains a number > m,
it holds go O {m+1,m+2,...,2m+ 1} under the described assignment. By the choice of g, it
can be shown inductively that under every assignment it holds h 2 ¢ for each successor h of g,
particularly for h = go. Thus go =g ={m+1,m+2,...,2m + 1} under the aforementioned
assignment and hence C' € BC(—). Trivially, if C is accepted in step 5, then C' € BC(—). O

Claim 4.3.12 If the algorithm rejects, then C ¢ BC(—).

Proof If the algorithm rejects, then this happens in step 3 or step 5. We argue for the first case.
Here g is an assigned input gate. As argued above, under every assignment it holds go C g.
Hence it suffices to consider assignments that map all unassigned inputs to subsets of a(g). As
the algorithm rejects, g¢ is not balanced under all these assignments and thus C' ¢ BC(—).

It remains to argue for the case where the algorithm rejects in step 5. In this case, g is an
unassigned input and as the algorithm does not accept in step 4, there exists no assignment
under which the circuit’s output set contains a number ¢ M. Hence it is sufficient to consider
assignments that solely map to subsets of M. As the algorithm rejects, none of these assignments
yields a balanced output set and hence there exists no assignment at all under which the output
set is balanced. Therefore, C' ¢ BC(—). O

The observation that the algorithm can be computed in polynomial time by a nondeterministic
Turing machine completes the proof. O
Corollary 4.3.13 BC(—) is <1%8-complete for NP.

Proof The assertion follows from Theorem 4.3.9 and Theorem 4.3.10. d

Theorem 4.3.14 BC(0) € L.

Proof Let C be an (-circuit. Then the output node is an input node. If the output node is
unassigned, then C' € BC(()). Otherwise, C' € BC() if and only if the set computed by the
output node is balanced. Thus by Proposition 4.1.2, the proof is complete. O

4.4 Summary and Discussion

The following table summarizes our results, namely the lower and upper bounds for the com-
plexity of BC(O) with O C {—,-}. As each problem ¢ {0, 0} trivially is <1o8-hard for L, it is
not necessary to prove the mentioned lower bound for BC(().

BC(O) for O = <% hard for contained in

0 L L, Theorem 4.3.14
{-} NP, Theorem 4.3.9 | NP, Theorem 4.3.10
{} NL, Theorem 4.3.7 | NL, Theorem 4.3.4
{,—} undecidable, Theorem 4.2.1
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To our knowledge, in contrast to all results from previous papers on complexity issues con-
cerning decision problems for integer circuits (e.g., [MWO07, Tra06, Bre07, GHR*10, GRTW10,
BBD™20]) or related constraint satisfaction problems ([GJM17, Dos16]), a problem admitting
only one arithmetic operation is shown to be undecidable. Beginning with this problem, namely
BC(—, "), the problems BC(O) for O C {—,-} are systematically investigated and for each of
these problems the computational complexity is precisely characterized. It turns out that de-
creasing the size of the set of allowed operations yields problems that are in NP. In particular,
all these problems are §£g—complete for one of the classes L, NL, and NP.

As a side effect, we obtain as a corollary of our main result, the undecidability of BC(—,-),
that the problems BC(A, U, ) and BC(A, U, -) are undecidable as well.

As the complexity of the four problems is precisely characterized, this chapter is a complete
unit in some sense. Nevertheless, there arise new questions from our results:

1. Is there a set O C {—,U,N} such that BC(O U {+}) is undecidable?

2. BC(A,-) € REC?
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Boolean circuit, 110

cardinality, 27
Cartesian product, 27
characteristic function, 28
characteristic sequence, 28
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integer circuit, 92
O-circuit, 91
labeling function, 91
order function, 91
partially assigned circuit, 92
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complement of a set, 27
complete, 35
complexity class
complement class, 34
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LO, 34
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NLO, 34
NP, 33
NPO, 34
P, 33
PO, 34
PSPACE, 33
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computable, 30
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polynomial-space, 31
polynomial-time, 31
computably enumerable, 30
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tic polynomial-time oracle Turing ma-
chines, 32
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function, 28
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image, 28
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log x (logarithm function), 28

onto, 28

partial, 28
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range, 28

support, 28

total, 28

function class
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graph
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direct successor, 29
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directed multigraph, 29
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optimal, 36
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