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ABSTRACT

Although public-key cryptography is a fundamental and extensively used technol-
ogy, its security relies on unproven assumptions much stronger than P # NP. One of
the ultimate goals of complexity theory is to establish secure public-key cryptography;
however, there is a long way to go. Impagliazzo (1995) proposed five possible worlds,
Algorithmica, Heuristica, Pessiland, Minicrypt, Cryptomania, which are consistent with
our current knowledge of complexity theory. These five worlds are classified according to
the truth of the following central open questions: P # NP, DistNP & AvgP, the existence
of a one-way function, and the existence of public-key cryptography. The open prob-
lems are listed in increasing order of the strength of the hypothesis, and the converse

dlrectlons are 1mp0rtant open problems in complex1ty theory; that is, True Lp # NP

= DistNP Z AvgP = Jone- -way functions = Jpublic-key cryptography. By establishing
one implication, one possible world is excluded from Impagliazzo’s five worlds. And if
the four implications are proved, it is concluded that our world is Cryptomania, i.e.,
computationally-secure public-key cryptography exists.

There are significant obstacles to resolving these open questions. For example, any

proof showing that P % NP = DistNP ¢ AvgP (which corresponds to excluding Heuris-
tica) must be a non-relativizing proof technique, and must overcome the limits of black-
box reductions unless the polynomial-time hierarchy collapses.

In this thesis, we focus on the central problems in complexity theory called Mini-
mum Description Length Problems (MDLPs), and overcome one of the aforementioned
obstacles. Minimum Description Length Problems ask the minimum length of a “pro-
gram” that compresses a given string. One instantiation of minimum description length
problems is called the Minimum Circuit Size Problem (MCSP), which asks for com-
pressing a given string by a truth table of a circuit. Another instantiation is called the
Minimum Time-bounded Kolmogorov Complexity Problem (MINKT or MKTP), which
asks for compressing a given string by an efficient Turing machine. We establish the
equivalence between the worst-case and average-case complexity of an approximation
version of these problems. This is shown by a non-black-box reduction technique, and
under some plausible assumptions, our results overcome the limits of black-box reduc-
tions. Our results can be seen as a new approach towards excluding Heuristica: In order
to establish the equivalence between the worst-case and average-case complexity of NP,
it suffices to prove the NP-hardness of approximation versions of minimum description
length problems.

Next, we present various hardness results of MCSP. We show that MDLPs are hard
under average-case complexity conjectures such as the Planted Clique Conjecture and
Random 3SAT, thereby strengthening evidence that MCSP ¢ coNP. We also show
that every auxiliary-input one-way function can be inverted with MCSP oracles, which
improves the SZK (statistical zero knowledge) hardness of MCSP shown by Allender and
Das (2017).

Then, as with the limits of black-box reductions, we show that current reduction
techniques have a certain limit that prevents us from improving the SZK-hardness to NP-
hardness of MCSP: Specifically, we introduce the notion of oracle-independent reductions,
observe that most of the current reductions to MCSP are oracle-independent, and show
that an oracle-independent reduction technique is not likely to be used to establish NP-
hardness of MCSP.

In light of this barrier, we turn our attention to MCSP for restricted circuit classes.
Masek (1979) proved the NP-hardness of MCSP for DNF formulas, that is, the minimum
circuit size problem for depth-2 circuits. It was open for nearly four decades to obtain
NP-hardness of MCSP for any circuit class more expressive than DNF formulas, despite
the fact that the question is recognized as important. We resolve this open question by
establishing NP-hardness of MCSP for DNF o XOR circuits.

We also present several additional results including: Strong evidence against Allen-
der’s conjecture (2012), which roughly states that a computability-theoretic analogue of
MCSP is not NP-hard under polynomial-time nonadaptive reductions; The first natu-
ral NP-intermediate problems supported by weak complexity-theoretic assumptions; Im-
proved connections between hardness of MCSP and circuit lower bounds; Unconditional



circuit lower bounds for MCSP.
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Chapter 1

Introduction

Computational Complexity Theory aims at understanding what computa-
tional problems can or cannot be solved efficiently by an abstract model of com-
putational devices, such as Turing machines or logic circuits. The main focus of
computational complexity is to prove limits of computation. One of the most

?

central open questions is the P 75 NP problem, which intuitively asks whether
verifying the correctness of a proof efficiently is harder than finding a proof effi-
ciently. Not only mathematically challenging and interesting is to prove such a
nonezistence of an efficient algorithm, it is also the theory that supports modern
cryptography widely used to protect secret information in our daily life.

Public-key cryptography is a fundamental technology that enables us to com-
municate securely without revealing secret information to an eavesdropper. De-
spite the fact that public-key cryptography is widely used, no public-key cryp-
tography is proved to be secure.

For example, one of the most commonly used public-key cryptosystems is
RSA, developed by Rivest, Shamir, and Adleman [RSA7R]. The cryptosystem
is based on intractability of integer factorization, and RSA is secure only if one
cannot solve integer factorization efficiently. It should be noted that integer
factorization is a problem in NPNcoNP, and thus there is not so strong complexity-
theoretic evidence supporting why integer factorization should be intractable. In
the breakthrough work of Shor [Sho99], it was shown that a quantum computer
can solve integer factorization in polynomial time; thus RSA is not secure against
quantum computers. Because of Shor’s quantum algorithm, there have been a
lot of work done in order to construct post-quantum cryptography — that is,
cryptography secure even against quantum computers.

Even worse, if P = NP, then essentially all cryptographic primitives can be
broken by a classical computer. This is intuitively because NP is the complexity
class of problems whose YES instances have a certificate that is efficiently check-
able; in order to build a meaningful cryptographic primitive, it is required that a
legitimate user who has a secret key (i.e., a certificate) must be verified efficiently.
More formally, the existence of a one-way function (OWF) is often considered as a
minimal complexity assumption to build cryptography [IL8Y]. Roughly speaking,
a one-way function is a function f such that f is easy to compute but no efficient
adversary can invert f on average; it is easy to see that any one-way function can
be inverted with NP oracles. Thus the security of cryptographic primitives must
be based on intractability of some NP problem, and hence proving P # NP is the
first step towards the construction of secure cryptography.

However, there is a huge gap between P % NP and public-key cryptography.
This gap was already discussed in the seminal work of Diffie and Hellman [DH76],
which introduced public-key cryptography. The main problem is that traditional



complexity classes such as P and NP measure the performance of an algorithm
with respect to the worst-case input; therefore, the statement P # NP only
tells us that there exists some hard input on which a polynomial-time machine
cannot solve some NP problem; however, it does not tell us how to generate such
a hard input efficiently. In contrast, for the purpose of cryptography, we need
to efficiently generate a secret key randomly so that an adversary cannot find
the secret key in a reasonable amount of time. Thus we need to understand the
average-case complexity of NP: that is, how much time on average does it take
to compute NP problems on efficiently generated random inputs?

1.1 Impagliazzo’s Five Worlds

In the very influential survey on average-case complexity of Impagliazzo
[ImpY5], the gap between P # NP, average-case complexity of NP, and the exis-
tence of cryptographic primitives was clearly addressed. He explored five possible
scenarios that are consistent with our current knowledge on complexity theory,
and named each possible world as follows: Algorithmica (where NP is easy on the
worst-case; e.g. P = NP), Heuristica (where NP is hard on the worst-case, but
easy on the average-case; e.g. P # NP and DistNP C AvgP), Pessiland (where NP
is hard on average, but there is no one-way function), Minicrypt (where a one-
way function exists, but no public-key cryptography exists), and Cryptomania
(public-key cryptography exists). Most of us believe that we live in Cryptomania,
but we do not know the truth yet. The five worlds are classified according to the
four central open questions in complexity theory, and exactly one of the possible
worlds corresponds to our world.

What is known about Impagliazzo’s five worlds? The list of the five worlds
is known to be in “decreasing order” of the power of polynomial-time machines;
that is, dpublic-key cryptography = Jone-way functions = DistNP ¢ AvgP
= P % NP. The converse directions of these implications are important open
questions in complexity theory; that is, True p # NP ~ DistNP Z AvgP 2
Jone-way functions i dpublic-key cryptography. By establishing one implica-
tion, one possible world is excluded from Impagliazzo’s five worlds. And if the
four implications are proved, it is concluded that our world is Cryptomania, i.e.,
computationally-secure public-key cryptography exists.

Since all these questions are the central open questions in complexity theory
and cryptography, a lot of work has been done for each open question in order to
understand why current proof techniques are not likely to resolve the questions.
For example, in order to resolve P # NP (or, in other words, to exclude Algo-
rithmica from the possible worlds), it is known that one needs to develop a new
proof technique that overcomes the relativization barrier [BGS7H], the algebriza-
tion barrier [AW0NY], and the natural proof barrier [RRY7] simultaneously. It is
known that P # EXP by the time hierarchy theorem [HS6H], but such a proof
technique is known to be relativizing, i.e., P4 # EXP4 for every oracle A. How-
ever, Baker, Gill, and Solovay [BGS75] showed that P4 = NP4 for some oracle
A (and moreover PB # NPP for some oracle B), and thus a relativizing proof
technique is not enough to resolve P % NP. One of the main non-relativizing
proof techniques in complexity theory, called algebrization, is developed through
the study of interactive proof systems and the PCP theorem [ALMTO]], but
it turned out that the proof technique also has a limit as shown by Aaronson
and Wigderson [AW0Y]. In 1980s, combinatorial approaches for showing limits
of constant depth circuits have been quite successful, culminating in exponen-
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Figure 1.1: Impagliazzo’s Five Worlds and Central Open Questions.

tial circuit size lower bounds for AC? circuits [HasS6] and AC°[p] circuits for a
prime p [Raz87, SmoR7]. It turned out that such an approach has a limit as well:
Razborov and Rudich [RRY7] proposed a natural proof barrier, and showed that
“natural” proof techniques are not likely to prove a lower bound for TC?, i.e, the
class of constant-depth circuits with threshold gates.

Similarly, in order to exclude Heuristica (e.g., P # NP = DistNP Z AvgP),
one needs to develop a new proof technique that overcomes a relativization bar-
rier (as shown by Impagliazzo [Impll]) and limits of black-box reductions. One
of the most prevailing proof techniques for showing intractability of a problem
in complexity theory is by means of reductions, that is, we compare hardness
of two different computational tasks by reducing one task to another. However,
(black-box) reductions have certain limits and are not likely to be able to ex-
clude Heuristica, as shown by Feigenbaum and Fortnow [FFY3] and Bogdanov
and Trevisan [BTO6K]. More specifically, any nonadaptive black-box reduction
technique cannot reduce any worst-case problem outside NP /poly NcoNP /poly to
an average-case problem in NP.

At this point, a natural question is how to tackle the challenging open ques-
tions. The main theme of this thesis is that meta-computational problems asking
for compression of a given string might be a key to overcoming these barriers.
Here “meta-complexity” refers to the complexity of problems that encode ques-
tions about algorithms or computations. Historically, complexity theory was ad-
vanced together with improved understanding of meta-computational problems.
A canonical example of meta-computational problems is the satisfiability problem
(SAT): Given as input a representation of an algorithm A in a certain form such
as 3CNF formulas or Boolean circuits, the task is to decide whether there is an
input on which the algorithm A outputs “YES”. SAT has had major impacts on
complexity theory: For example, SAT was one of the first problems identified as
an NP-complete problem by Cook and Levin [Coo7T, [Lev73]; the celebrated PCP
theorem shows inapproximability of SAT [ALMTAR]; more recently, a connection
between circuit lower bounds and non-trivial SAT algorithms was established by
Williams [WAilT3, WilT4], whose proof technique is an important candidate that
overcomes the natural proof barrier.



1.2 Minimum Circuit Size Problem (MCSP) and Its Variants

Another meta-computational problem in some sense dual to SAT is the Min-
imum Circuit Size Problem (MCSP): Given the entire truth table of a Boolean
function f: {0,1}" — {0,1} and a size parameter s € N, the task is to decide
whether f can be computed by a circuit of size at most s. While SAT asks a
property of a Boolean function succinctly encoded by an algorithm, MCSP asks
whether a Boolean function represented in a lengthy way can be compressed into
a small circuit. It is easy to see that MCSP &€ NP, but its precise complexity is not
well understood. This is despite the fact that MCSP has attracted researchers
of the Soviet Union as early as 1950s, as surveyed in an informative account
of Trakhtenbrot [[Ira84]. It is also reported in [AKRRTI] that Levin delayed his
publication of SAT [Lev73] because he hoped to show NP-completeness of MCSP.
Nearly half century going to pass, no one has found an NP-completeness proof,
nor has any strong evidence against NP-completeness of MCSP been found.

Problems of minimizing time-bounded Kolmogorov complexity are often re-
garded as variants of MCSP. MINKT (Minimum Kolmogorov Time-bounded
Complexity [Ko91)) asks the minimum program size to output a given string x
within a given time bound ¢: specifically, given a string x and integers ¢, s rep-
resented in unary, it asks whether there is a program of size < s that outputs
x within ¢ steps. Another variant called MKTP [ABKT06h, AHKTY] asks for
minimizing s + ¢, i.e., the program size plus the time it takes to output x by
a random access machine. It was shown by Ko [Ka9T] that a relativizing proof
technique is not enough to resolve NP-completeness of MINKT.

Common to these problems is to ask for compression by algorithms: Given a
string x, the task is to check whether x can be compressed into a short description
of an algorithm that outputs x. In short, MCSP is the problem of compressing a
given input by the truth table of a circuit; MINKT and MKTP is the problem of
compressing a given input by an efficient Turing machine. It is often the case that
it is easier to compress a string by a program than a truth table of a circuit; thus
every known hardness result for MCSP works for MKTP and MINKT, but there
are several results for MKTP and MINKT that are not known to hold for MCSP.
We call these problems as Minimum Description Length Problems (MDLPs).

Why do we think that studying MCSP and its variants is valuable? The
reason is that MCSP is arguably one of the central meta-computational problems
in complexity theory. We show in that the problem lies in a central
position of Impagliazzo’s five worlds.

The fundamental relationship between MCSP and cryptography was found in
the natural proof framework of Razborov and Rudich [RRY7]. Roughly speaking,
a natural property (useful against the general circuit class) is an efficient algorithm
that solves MCSP well on average. It was shown in [RRY7] that such an algorithm
is able to break every pseudorandom function generator (PRFG) constructed by
Goldreich, Goldwasser and Micali [GGMSR6] based on any pseudorandom gener-
ator (PRG). Hastad, Impagliazzo, Levin and Luby [HILL9Y] constructed a pseu-
dorandom generator from any one-way function. Combining these constructions,
the relationship can be stated as the implication “d one-way functions = 3
MCSP ¢ BPP”.

Dual to cryptography is learning theory. While cryptography aims at con-
structing an efficiently computable function f that does not reveal any secret,
learning theory aims at learning such a function f by a small circuit. A connec-
tion between MCSP and learning theory was clearly established by Carmosino,
Impagliazzo, Kabanets, and Kolokolova [CIKKT6, CIKKT7]. They showed that
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Figure 1.2: Impagliazzo’s five worlds, MCSP, and our results. Here we ignore the
details such as P and BPP and MCSP and its approximation version.

learning small circuits under the uniform distribution can be done with ora-
cle access to any natural property (and in particular MCSP), by breaking a
complexity-theoretic pseudorandom generator. In particular, they were able to
establish the first quasi-polynomial-time learning algorithm for AC°[p], because
the circuit lower bound proofs of Razborov [Raz&87] and Smolensky [Smo87] yield
a natural property useful against AC[p| circuits.

Based on the natural proof framework, Kabanets and Cai [KCO0O] named
the problem as MCSP and reawoke interest in MCSP. Since then many ef-
forts have been made to understand the complexity of MCSP (e.g., [ABKT06H,
AHMTOR, AKRRIT, ADT7, MW7, HPTH, HWT6, CTKKT6, OST7, HST7, AHT?,
AGvMTIR, IKVI8 HOSIR, HirlR]). However, it is still a long-standing open
question whether MCSP is NP-hard. The open question is depicted in
as the implication “NP # P = MCSP ¢ P.” (Recall that a problem L is NP-hard
under polynomial-time Turing reductions if NP C PX. We can state it equiva-
lently as NP € P = L ¢ P for every oracle R. The unrelativized implication
NP Z P = L ¢ P gives rise to the weakest notion of NP-hardness.)

1.3 Overcoming Limits of Black-Box Reductions

The main contribution of this thesis is to prove the first non-black-box worst-
case to average-case reductions: We prove that if MCSP is hard in the worst-
case sense, then its average-case version is also hard (depicted in as
“MCSP ¢ P = DistNP Z AvgP” informally). More specifically, we show that
if an approximation version Gap, MCSP is not in BPP then DistNP & AvgBPP.
Here Gap . MCSP denotes the problem of approximating the minimum n-variable
circuit size within a factor of 20=9" for a constant e > 0. (While the approxi-
mation factor is huge for MCSP, we obtain a much better approximation in the
case of MINKT.) MDLPs are conjectured to be outside NP /poly NcoNPpoly, and
thus our results overcome the limits of black-box reductions of [FE93, BT06z].

There are few problems in NP that are believed to be intractable and admit
worst-case to average-case reductions. In the seminal work of Ajtai [Ajt96], he



showed that the shortest vector problem admits worst-case to average-case re-
ductions; however, since the reduction is black-box, the problem is known to be
in NP N coNP [GGO0, ARDA]. The worst-case to average-case reduction led to a
construction of lattice-based public-key cryptosystems (e.g. [ADY7]), and these
are one of candidates for post-quantum cryptography. While our results do not
yield a construction of cryptographic primitives yet, the worst-case to average-
case reduction for MCSP can be regarded as a significant step towards secure
cryptography.

Crucial to our non-black-box reductions is the meta-computational property
of MCSP. To give a better sense, we briefly outline the idea. Usually, we say
that a computational problem A reduces to another problem B via a reduction
R if one can design an efficient algorithm R that solves A, assuming that B is
given as oracle. The correctness of most reduction techniques can be established
no matter how B is complex — such a reduction is called black-box in the sense
that B is regarded as a (potentially inefficient) black-box oracle, and we just care
about the input-output behavior of B. In contrast, in non-black-box reductions,
we must fail to prove the correctness of the reduction when B is an algorithm
that takes, e.g., a super-polynomial time.

How can this happen? The point is that, in our reduction, the problem A is
the meta-computational problem, i.e., (an approximation version of) MCSP. The
proof of the correctness of our reduction goes roughly as follows: We translate
a polynomial-time algorithm B into a polynomial-size circuit B’ by a standard
transformation, and then, using the polynomial-size circuit B’, we try to conclude
that a given truth table can be compressed by a small circuit that incorporates
the circuit B’. If B can be indeed implemented as a polynomial-size circuit, then
we can show that the reduction can compress the input into a small circuit. On
the other hand, if B cannot be implemented by a small circuit, the reduction
might not compress its input any longer, and thus it might fail to solve MCSP.
Thus the meta-computational property of A is indeed the key for overcoming the
limits of black-box reductions.

While our proof techniques are still subject to the relativization barrier, the
non-black-box reductions yield a new approach towards excluding Heuristica: NP-
hardness of Gap.MCSP implies that Heuristica does not exist, i.e., NP Z BPP
if and only if DistNP ¢ AvgBPP (cf. Figure 1.4). We thus propose a research
program of understanding Heuristica through the lens of MCSP. This thesis
contributes the research program by significantly improving our understanding of
MCSP and the landscape around Heuristica. Some of our results are summarized

in [Figure T.3.
1.4 Research Lines of MCSP

We proceed to reviewing research lines of MCSP, and highlight several con-
tributions of this thesis.

Hardness of MCSP

Razborov and Rudich [RRY7] showed that MCSP can be used to break cryp-
tographic primitives. By inverting one-way functions using MCSP oracles, Al-
lender, Buhrman, Koucky, van Melkebeek, and Ronneburger [ABKF06h] showed
various worst-case hardness results of MCSP. For example, MCSP is hard for
integer factorization and the discrete logarithm problem under randomized re-
ductions. Building on this, Allender and Das [ADT7] showed SZK-hardness of
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“A — B” means that there is no black-box reduction technique showing “A = B”
under reasonable complexity theoretic assumptions. The security of all cryp-
tographic primitives is with respect to an almost-everywhere polynomial-time
randomized adversary. “SZK ¢ BPP — JAIOWE” is due to [Osf9l], and
“FJPRG < JOWE” is due to [HILLYY).

MCSP (where SZK stands for statistical zero knowledge), which is the current
best worst-case hardness result for MCSP. The SZK-hardness provide strong
evidence for intractability of MCSP with respect to polynomial-time algorithms.
Unfortunately, it does not rule out the possibility that MCSP € NP N coNP be-
cause SZK C AM N coAM [For89, AHYT] and it is popular to conjecture that
AM = NP [KxM02].

In Chapter 3, we present evidence that MCSP ¢ coNP by relying on sev-
eral average-case complexity assumptions. For example, we show that MKTP is
Random 3SAT-hard, thereby presenting mild evidence supporting NP-hardness
of MKTP. We also show that every auziliary-input one-way function (AIOWF)
can be inverted by using MCSP oracles. Here an auxiliary-input one-way func-
tion is a weaker cryptographic primitive than the standard one-way function,
introduced by Ostrovsky and Wigderson [OWY3] in the study of zero-knowledge
proofs; for example, Ostrovsky [Ost9l] implicitly showed that SZK ¢ BPP im-
plies the existence of auxiliary-input one-way functions. The implication from the
existence of an auxiliary-input one-way function to MCSP ¢ BPP (cf. [Figure 1.3)
was already implicit in the work of [ABKT06h], but it was not explicitly shown
until the work of Allender and Hirahara [AHT7]. As a consequence, it gives a
simple and direct proof of the SZK-hardness of MCSP. Moreover, by combin-
ing non-black-box worst-case to average-case reductions that will be presented
in [Chapter 4, we obtain a construction of hitting set generators (HSG) from the
existence of auxiliary-input one-way functions.

Non-Hardness of MCSP

Kabanets and Cai [KCO0] explained the reason why it is difficult to prove NP-
hardness of MCSP: They showed that NP-hardness of MCSP cannot be resolved
by using a “natural” reduction technique unless another important open question
is resolved simultaneously. For example, NP-hardness of MCSP under natural
polynomial-time many-one reductions implies that there exists an exponential-
time computable function that requires circuits of super-polynomial size, the
latter of which is an important open question in complexity theory. (Here a
reduction is called natural if the size parameter of the output of the reduction
depends only on the input size.) The basic idea is that MCSP is intimately
related to circuit lower bounds, and thus in order to prove hardness results for
MCSP, we should be able to understand circuit lower bounds well. A lot of work



has been devoted to pushing this direction further (e.g., [KCO0O, MW7, AHKTY,
HPTS, AHT7, HW16]).

For example, Murray and Williams [MWT7] removed the technical condition
of the naturalness in Kabanets and Cai’s result: NP-hardness of MCSP under
polynomial-time many-one reductions implies ZPP # EXP. We will improve their
results to the case of a polynomial-time Turing reduction, that is, a reduction that
makes an adaptive query to an oracle, and show that NP-hardness of Gap MCSP
under polynomial-time Turing reductions for every ¢ > 0 implies NEXP Z P /poly
in Chapter 7.

More importantly, the line of work does not explain why it is difficult to
prove NP-hardness of MCSP under randomized reductions. It should be noted
that the SZK-hardness of MCSP is proved by using randomized reductions, and
hence one may wonder whether such a proof technique leads us to NP-hardness
of MCSP. We show in that there are inherent limits on the current
reduction technique: Specifically, we introduce the notion of oracle-independent
reductions that capture almost all current reduction techniques, and show that
oracle-independent reductions are not likely to be able to reduce any problem
outside AM N coAM to MCSP. In particular, the SZK-hardness of MCSP is likely
to be the best worst-case hardness result under our current proof techniques.

NP-hardness of MCSP for restricted circuit classes

Given these barriers for proving hardness results for MCSP, we consider
MCSP for a restricted circuit class €. That is, instead of general circuits, we con-
sider the task of finding the minimum size of €-circuits. Masek [Mas79] proved
in 1979 that MCSP for DNF formulas is NP-hard. However, no NP-hardness re-
sult for MCSP for any circuit class more expressive than DNF formulas has been
known for nearly four decades, despite the fact that the question is recognized
as an important open question [AHMT0R]. In Chapfer 9, we resolve this open
question by proving NP-hardness for DNF o XOR circuits.

Related Work

We mention in passing several problems related to MCSP: One natural version
of a circuit minimization problem is called the Minimum Equivalent € Expression
Problem: Given a €-circuit C, find the smallest €-circuit D that computes the
same function with C'. It is easy to see that (the decision version of) this problem
is in X5 = NPNP. In the case when ¢ = DNF, it was shown to be ¥ P-complete
by Umans [Uma(l], and for a constant depth formula, Buchfuhrer and Umans

[BUTT] resolved the Y5-completeness.
Another variant related to learning theory is the following: Given a sample
of points (x1,---,x) and a function value (f(z1),---, f(x¢)) for some unknown

partial Boolean function f, the task is to find a smallest circuit C' that is con-
sistent with f. A similar question is studied in the literature of learning theory.
For example, Alekhnovich, Braverman, Feldman, Klivans, and Pitassi [ABET0S)|
showed that learning DNF formulas by using OR-of-thresholds is NP-hard.

1.5 Organization and Our Contributions

We outline the organization of this thesis and our contributions below.



— Preliminaries

We start with introducing notation and the problems we consider throughout
this thesis. Then we review fundamental properties of Kolmogorov complexity
and Kolmogorov randomness. Of particular importance is the interplay between
Kolmogorov-randomness and pseudorandomness: every hitting set generator is
not secure against any dense set of Kolmogorov-random strings. This property
of Kolmogorov complexity plays a crucial role throughout this thesis.

— Hardness Based on Average-Case Complexity

We investigate the average-case complexity of MDLPs. The main technique
of this chapter is based on the interplay between Kolmogorov complexity and
pseudorandomness. Specifically, we make use of the property of a dense subset of
Kolmogorov-random strings, and show that almost all cryptographic primitives
can be broken with MINKT oracles. In particular, we show that every auxiliary-
input one-way function can be inverted under any MCSP oracle. The result
appeared in [AHT7].

We then show that MDLPs are hard under popular conjectures about average-
case complexity such as the Planted Clique Conjecture and Random 3SAT; these
results provide evidence that MDLPs are not likely to be in NP /polyNcoNP/poly.
Most of these results are presented in [HST7], but the result about Planted Clique
is shown here not only for MKTP but also for MCSP.

— Non-Black-Box Worst-Case to Average-Case Reductions

We present the first non-black-box worst-case to average-case reductions
within NP. It was shown by Bogdanov and Trevisan [BTOGH] that any problem
outside NP /polyNcoNP /poly cannot be reduced to an average-case problem within
NP via a (nonadaptive) black-box reduction. Here we show that Gap MCSP and
GapMINKT are reducible to their average-case versions; since these problems are
conjectured to be outside of NP /polyNcoNP /poly, our results overcome the limits
of black-box reductions unless the conjectures fail. The results of this chapter ap-
peared in [HirTR], and received the Machtey Award for Best Student Papers in the
59th Annual IEEE Symposium on Foundations of Computer Science (FOCS’18).

— Black-box Reductions to Dense Subsets of Random Strings

While the proofs of seem to be non-black-box, it might be pos-
sible that there could be an alternative proof that yields a black-box reduc-
tion, and then, combining limits of black-box reductions, we could conclude that
Gap MCSP € coNP/poly, which would refute several conjectures about average-
case complexity. Thus it is desirable to clarify in what sense our reductions are
non-black-box (instead of just relying on several conjectures). For this purpose,
we continue the line of work showing the limits of black-box reductions, and show
that black-box reductions to any oracle avoiding any hitting set generator can
be simulated in AM N coAM, i.e., without the advice “/poly”. We will discuss
that the reductions of are inherently non-black-box unconditionally in
a certain formal sense. These results are based on an unpublished manuscript
with Osamu Watanabe.



— Reductions to the Set of Kolmogorov-Random Strings

We consider a computability-theoretic analogue of MCSP: the set Ry, of
(resource-unbounded) Kolmogorov-random strings. It was conjectured by Allen-
der [ATTZ] that nonadaptive deterministic polynomial-time reductions to Ry,
exactly characterizes BPP in some sense; his conjecture can be seen as non-NP-
hardness of the computability-theoretic analogue of MCSP under such reducibil-
ity notions (unless NP C BPP). In this chapter we disprove his conjecture under
the assumption that the exponential-time hierarchy does not collapse to BPEXP.
This chapter is based on an unpublished manuscript of the author.

— Hardness of MCSP Implies Circuit Lower Bounds

Thanks to the non-black-box reductions of Chapter 4, in order to exclude
Heuristica, it suffices to prove NP-hardness of Gap MCSP. Unfortunately, we
present several barriers for proving NP-hardness of Gap MCSP. Here we show
that NP-hardness of MCSP under deterministic reductions implies circuit lower
bounds; thus it is extremely difficult to prove NP-hardness of MCSP under such
reductions. These results first appeared in [HWT6], but some of them are im-
proved.

— Oracle-Independent Reductions

While the results of explain why a deterministic reduction is not
likely to be used to prove NP-hardness of MCSP, it does not explain why it is dif-
ficult to prove NP-hardness of MCSP via a randomized reduction. Here we argue
this by introducing the new notion of oracle-independent reductions to MCSP.
We say that a reduction to MCSP is oracle-independent if the reduction can be
generalized to MCSP# for every oracle A. We show that most reduction tech-
niques are oracle-independent, and prove that such reduction techniques cannot
reduce any language outside AM N coAM to MCSP. These results appeared in
[HWTH].

— NP-hardness of MCSP for DNF-XOR Circuits

Given the barriers for proving NP-hardness for MCSP, we turn our attention
to MCSP for restricted circuit classes. It was already shown by Masek [Mas74]
in 1979 that it is NP-hard to solve MCSP for DNF formulas. Nearly four decades
later, no NP-hardness result of MCSP for a circuit class more expressive than DNF

formulas was known. In this chapter, we make the first progress by establishing
NP-hardness of MCSP for DNF o XOR circuits. The result appeared in [HOSTS].

— Hardness under Local Reductions

We show that the complexity class DET is reducible to MKTP via a local
reduction such that each output bit of the reduction depends only on a constant
number of input bits. In contrast, a previous result of Murray and Williams

under DTIME(n%49) reductions. Our results highlight that the nonuniformity is
important for reductions to MKTP. Using similar techniques, we also obtain an
equivalence between hardness of MKTP# and circuit lower bounds for some class
of oracles A, thereby presenting a partial converse to [Chapter 1. These results
appeared in [AHTY].
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— Natural NP-Intermediate Problems

A problem in NP is called NP-intermediate if it is neither solvable in P nor
NP-complete. It has been known since the work of Ladner [Lad7d] that some
NP-intermediate problem exists under the weakest assumption that P # NP.
However, to the best of our knowledge, no natural NP-intermediate problem
that is supported by a reasonable complexity-theoretic argument was known.
MCSP is also a prominent candidate for “an NP-intermediate status”, in the
sense that there is strong evidence against MCSP ¢ P, but we do not know any
NP-hardness proof for MCSP. Motivated by this, we present the first natural NP-
intermediate problems under very weak assumptions such as NP Z P/poly or the
existence of auxiliary-input one-way functions. Specifically, approximating the
minimum n-variable circuit size within a factor of 21— and approximating
the maximum clique of an n-vertex graph within a factor of nt=°(1) are shown to
be NP-intermediate under P/poly-Turing reductions. These results appeared in
[AHTT).

— Unconditional Lower Bounds

It is widely believed that solving MCSP is hard. Indeed, under cryptographic
assumptions, one cannot solve MCSP in polynomial time. However, due to our
poor understanding of unconditional circuit lower bounds, it does not necessarily
mean that we can prove an unconditional lower bound for MCSP. Here we show
several non-trivial circuit lower bounds for MCSP and MKTP. Specifically, we
show that MCSP cannot be solved by a de Morgan formula of size N2=°(1) and
MKTP cannot be solved by ACO[p] circuits on average for any prime p. These
results appeared in [HSTT].

— Conclusions

Finally, we conclude this thesis by highlighting some important open questions
and perspective. We will also discuss several subsequent work.

11



Chapter 2

Preliminaries

In this chapter, we review several notations that will be used throughout this
thesis, background on complexity theory, and basic properties of Kolmogorov
complexity. We refer the reader to standard textbooks such as [AB0OY, LVOR,
Vol99, VadT?] for further background.

2.1 Basic Notion

For an integer n € N, let [n] denote {1,--- ,n}. For a string x € {0,1}", we
denote by z; € {0,1} the ith bit of x for every i € [n], and x,4; is defined as L
(i.e., a special stop symbol). We denote by |z| the length of a string z.

Given two strings z,y € {0,1}*, we define the pairing function as (z,y) :=
11#l0zy. This is one of the most common ways to encode two strings into one
string. We often write (z,y) instead of ((x,y)) when a detail about how to
encode a pair is not important. We also abbreviate (z, (y, z)) as (z,y, z). Note
that | (z,y) | = 2|x| + |y| + 1.

We often represent Boolean functions as strings via the truth table mapping.
Given a Boolean function f: {0,1}"™ — {0, 1}, the truth table tt(f) of f is defined
as the 2"-bit string f(1,,)f(2,) - f(2%,) € {0,1}*", where i, denotes the ith
string of {0,1}" in the lexicographic order. Conversely, the inverse function of
tt is denoted by fn. We often identify a Boolean function with its truth table.

For a Turing machine M, we denote by M (z) the output of M on input
xz €{0,1}".

2.1.1 Distribution

For a distribution D, we indicate by x ~ D that x is a random sample from
the distribution D. For a finite set A, we indicate by z ~ A that z is a random
sample chosen from A uniformly at random.

We denote by U := {Uy, } nen the ensemble of the uniform distributions U, on
strings of length n € N.

2.1.2 Time Bounds

For a function t: N — N, we say that t is efficiently computable if t(n) is com-
putable in time polynomial in n, that is, there exists a polynomial-time machine
M such that M (1™) = t(n) for every n € N. We say that ¢ is a polynomial if t is
efficiently computable and there exist constants ¢ and ¢ such that 0 < ¢ < ¢ and
n¢ < t(n) < n¢ for all sufficiently large n.
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2.1.3 Circuit and Its Size

A circuit on n variables is a directed acyclic graph such that each internal
node is labelled with AND, OR, or NOT, and a node with in-degree 0 is called
input gates and labelled with z1, 22, -+, or x,,. A circuit C naturally computes a
Boolean function f: {0,1}" — {0,1}, and we often identify C' with the function
f computed by the circuit C. There are several ways to measure the “size”
of a circuit — the number of gates, wires, or the description length. For each
different size measure, we obtain potentially different MCSPs. For concreteness,
we define the size of a circuit as the number of gates. For a Boolean function
f:{0,1}" — {0,1}, let size( f) denote the minimum size of a circuit that computes
f. Abusing notation, for a string = € {0,1}2", let size(z) denote the minimum
size of a circuit whose truth table is «.

2.1.4 Languages and Promise Problems

A set L C {0,1}* of strings is called a language or oracle. We identify L with
its characteristic function L: {0,1}* — {0,1} such that L(z) = 1 iff x € L for
every x € {0,1}*. For an integer n € N, let L=" denote L N {0,1}".

A promise problem is a pair (Ilygg, IIno) of languages Iygs, [Ino € {0, 1}* such
that Ilygs N Ilxo = &, where Ilygg and Ilyo are regarded as the set of YES and
No instances, respectively. If ITygs = {0, 1} \ IIxo, we identify (Ilygs, [Ino) with
the language ITygs C {0,1}*. We say that a language A solves a promise problem
(ITygs, no) (or satisfies the promise of (Ilygs, [Ino)) if Hyes € A C {0, 1}*\ IIno.
For a complexity class € such as ZPP and BPP, we denote by Promise-€ the
promise version of €.

2.2 Complexity Classes

We refer the reader to [AB0Y, Val9Y9] for background and more complete def-
initions of the standard circuit complexity complexity classes such as

NCY € AC® € ACY[p] € TCY C NC! C P/poly,

as well as the standard complexity classes L C P C NP C AM C PH C PSPACE C
EXP C NEXP. E denotes DTIME(20()); EXP denotes DTIME(27°"”). The no-
tation i.0.SIZE(s(n)) denotes the class of all languages A such that, for infinitely
many lengths n € N| there is a circuit of size at most s(n) accepting the strings in
A=". Similarly, for an oracle B, i.0.SIZE”(s(n)) denotes the class of all languages
A such that, for infinitely many lengths n, there is a B-oracle circuit (that is,

?
a circuit that can have oracle gates that answer a query ¢ € B) of size at most
s(n) accepting the strings A=". The counting hierarchy CH [Tor9l] consists of

the classes PP, PPPP, PPPPPP, ete.

2.2.1 Reductions

Let € be either a class of functions or a class of circuits. We say that A <¢ B
if there is a function f € € (or f computed by a circuit family in €, respectively)
such that x € A iff f(z) € B. The more powerful notion of Turing reducibility
also plays an important role in this thesis. Here, € is a complexity class that
admits a characterization in terms of Turing machines or circuits, which can be
augmented with an “oracle” mechanism, either by providing a “query tape” or
“oracle gates”. We say that A g% B (or A € &8 if there is an oracle machine in
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¢ (or a family of oracle circuits in €) accepting A, when given oracle B. Turing
reductions that are “nonadaptive” — in the sense that the list of queries that are
posed on input x does not depend on the answers provided by the oracle — are
called truth table reductions, nonadaptive reductions, or reductions with parallel
queries. In this case, we write A <& B or A € QE. For example, BPPf denotes
the class of languages solvable by a randomized polynomial-time nonadaptive
machine with oracle access to R.

2.3 Kolmogorov Complexity

We refer the reader to a text by Li and Vitanyi [LVOR] for background of Kol-
mogorov complexity. Here we review several variants and important properties
of Kolmogorov complexity.

In order to introduce all the variants of Kolmogorov complexity in a unified
way, we fix some efficient universal random access Turing machine U. That is, U
efficiently simulates every Turing machine which has random access to its input
tape. More specifically, for every random access Turing M, there exists a string
dyr € {0,1}* (which encodes a source code of M) such that, on input (dys, ),
U outputs M (x) within time O(tlogt) when M outputs x in ¢ steps, for every
x € {0,1}* (cf. [ABKT06h] and the references therein).

The standard (resource-unbounded) Kolmogorov complexity is defined as fol-
lows.

Definition 2.1 (Kolmogorov Complexity). The Kolmogorov complezity of a
string x € {0,1}* is defined as

K(z) :=min{|d| | U(d) ==z }.

Kolmogorov complexity defines the notion of randomness of a finite string in
terms of compressibility.

Definition 2.2 (r-random). Let 7: N — N be a function, and let K, be any
variant of Kolmogorov complexity. We say that a string x is r-random with
respect to K, if K, (x) > r(|z|).

A fundamental property of Kolmogorov-randomness is that almost all strings
are random:

Fact 2.3 (A uniformly random string is Kolmogorov-random). For any type of
Kolmogorov complexity K, the number of all the strings x € {0,1}* such that
K(z) < k is at most 2F+1,

Proof. Any string x with K(x) < k can be described by some string d of length
k (that is, U(d) = ). Thus the set {z € {0,1}* | K(z) < k} is a subset of
{U(d) | |d| <k}, and this set is of size at most Zf:o 21 < ok+1 O

2.3.1 Time-Bounded Kolmogorov Complexity

By restricting the running time of U to a parameter t, we obtain the notion
of time-bounded Kolmogorov complexity.

Definition 2.4 (Time-bounded Kolmogorov complexity). For any string x €
{0,1}* and any integer t € N, the Kolmogorov complexity of x within time t is
defined as

Ki(x) :=min{ |d| | U(d) =z in t steps }.
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There are several variants of time-bounded Kolmogorov complexity. KT-
complexity was proposed in [ATIOT, ABKT06H] in order to model circuit complex-
ity in terms of time-bounded Kolmogorov complexity: it is known that KT (tt(f))
and the minimum circuit size of f are polynomially-related to each other, by sim-
ulating a circuit by a random access machine and vice versa. The KT-complexity
of a string x is the minimum of |d| 4 ¢, where d is a string describing z in time ¢.
More formally:

Definition 2.5 (KT-complexity [ATI0N, ABKT06L]). The KT-complexity of x is
defined as

KT(z) :=min{|d|+t| U(d,i) = x; int steps for anyi € [n+1] }.

The fact that the machine U is allowed to have random access to the bits of
the description d makes it easier to implement certain algorithms than using the
hardware formalisms of circuit complexity. This is why there are some results for
MKTP that are not currently known to hold for MCSP.

There is an exponential-time analogue of time-bounded Kolmogorov complex-
ity introduced by Levin [Lev&4].

Definition 2.6 (Levin’s Kolmogorov Complexity [Lev&4]). The Levin’s Kol-
mogorov complexity Kt(z) of a string = is defined as

Kt(z) := min{ |d| + logt | U(d) outputs = in time t }.

2.4 Minimum Description Length Problems

2.4.1 MCSP
We now define MCSP formally.

Definition 2.7 (Minimum Circuit Size Problem [KCO0]). The Minimum Circuit
Size Problem, abbreviated as MCSP, is defined as follows:

MCSP := { (tt(f),s) € {0,1}* x N |size(f) < s }.

It is also convenient to define a parameterized version of MCSP, i.e., a version
whose size parameter is fixed.

Definition 2.8 (Parameterized Minimum Circuit Size Problem). Let s: N — N
be a function. The Minimum Circuit Size Problem with parameter s, abbreviated
as MKTP[s], is defined as follows:

MCSP([s] := {tt(f) € {0,1}* | size(f) < s(n) for f: {0,1}" — {0,1} }.
We also define an approximation version of MCSP.

Definition 2.9 (Approximation version of MCSP). For any function e: N —
[0, 1], the promise problem Gap MCSP is defined as (Ilygs, lINo) such that

Mygs := { (tt(f), s) | size(f) < s},
Txo == { (tt(f),s) | size(f) > 207" ). 51
where n denotes the number of variables of f.

When € = 1, Gap MCSP is equivalent to MCSP.
There is a natural search version associated to the promise problem.
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Definition 2.10 (Search version of GapMCSP). For any function e: N — [0, 1],
the search version of Gap.MCSP is defined as follows: Given as input a function
f:{0,1}" — {0,1} represented by its truth table, the task is to output a circuit
C such that C' computes f and |C| < 207" )" . size(f).

Fact 2.11 (Decision reduces to search for MCSP). Let e: N — [0,1] be any
efficiently computable function. If there exists a randomized algorithm solving
the search version of Gap. MCSP, then Gap MCSP € Promise-RP.

Proof Sketch. Here is an algorithm for the decision version. On input (f, s), run
the search algorithm on input f to obtain some circuit C'. Accept if and only if
C computes f and the circuit size of C' is at most 20=€2")n . g, ([

2.4.2 MKTP

A minimum time-bounded Kolmogorov complexity problem closely related to
MCSP is called MKTP.

Definition 2.12 (Minimum Kolmogorov Time-bounded Complexity Problem).
The Minimum Kolmogorov Time-bounded Complexity Problem, abbreviated as
MKTP, is defined as follows:

MKTP :={(z,s) € {0,1}* x N| KT (z) < s }.
Let s: N — N be a function. The parameterized version of MKTP is defined as
MKTP[s] := {2z € {0,1}" | KT(x) < s(|z]) }.
Similarly, we will consider an exponential-time analogue of MKTP:
Definition 2.13 (Minimum Kt-Complexity Problem).

MKtP := { (z,5) € {0,1}* x N | Kt(z) < s }.

2.4.3 MINKT

MINKT is a problem asking for the time-bounded Kolmogorov complexity of
z on input z and a time bound ¢.

Definition 2.14 (Ko [Ko91]). Define
MINKT := { (z,1%,1%) | Ki(z) < s }.

We also define an approximation version of MINKT, parameterized by ¢ and
T.

Definition 2.15 (An aproximation version of MINKT). Let o,7: Nx N — N
be any functions such that o(n,s) > s and 7(n,t) > t for any n,s,t € N.
Gap,, ,MINKT is a promise problem (Ilygs,IINo) defined as follows.

My = { (2,14, 1%) | K¢(z) < s},
IIno = {(:IZ, 1t, 18) | KT(‘$|7t)(a:) > 0'(|$‘,S) }

When o(n,s) = s and 7(n,t) = t, the promise problem Gap, ,MINKT coincides
with MINKT.
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2.4.4 Oracle Versions

There are natural oracle versions for each problem and each version of Kol-
mogorov complexity. For example, for any oracle A, the time-bounded Kol-
mogorov complexity of a string = in time ¢ under oracle A is defined as

KA(z) := min{|d| | U4(d) = z in t steps }.
Then we define an oracle version of MINKT as
MINKTA := { (z,1%,1%) | Ki*(z) < s }.

Similarly, for every oracle A, we write oracle versions of MCSP and MKTP by
MCSP4 and MKTP4, respectively.

2.5 Hitting Set Generators

A hitting set generator (HSG) is a notion weaker than a pseudorandom gen-
erator (PRG). A survey on pseudorandomness can be found in [Vadl2].

Definition 2.16 (dense). Let A be a set, v € [0, 1], and D be a distribution. We
say that A is v-dense over D if Pry..plw € A] > ~v. We abbreviate D when D is
the uniform distribution on {0,1}" and A C {0,1}".

A hitting set generator is defined as follows.

Definition 2.17 (Hitting set generators). Let v: N — [0,1] be a function. Let
G ={G,: {0,1}*") — {0, 1}, o\ be a family of functions. A promise problem
(ITygs, no) is said to y-avoid G over an ensemble of distributions D = {Dy, }nen
if for all sufficiently large n € N,

o Gn(2) € Ilno for any z € {0,1}*™) and
e Pry.p,[w € lygs| >v(n) (i.e., llygs is y(n)-dense over Dy, ).

By default, we consider the uniform distribution over {0, l}t(”) as the distribution
Dy. A function family G is called o hitting set generator v-secure against a

complexity class € if there is no promise problem (Ilygs,Ino) € € that v-avoids
G.

For a hitting set generator, we measure the time complexity with re-
spect to the output length t¢(n); that is, we say that a family of functions
G = {Gn: {0,135 — {0,1}*™M}, oy is efficiently computable if there exists
a polynomial-time algorithm that, on input z € {0,1}*(™, computes G,(z) in
time poly(#(n)) for all large n € N.

Natural properties, introduced by Razborov and Rudich [RR97], can be cast as
algorithms avoiding a particular hitting set generator. The hitting set generator
is defined as follows.

Definition 2.18 (Circuit interpreter). Let s: N — N be a function. Let
Gint,s — {Gignt,s: {07 1}O(S(Z)logs(€)) N {0, 1}22}661\]

denote the family of circuit interpreters Gient’s with parameter s, defined as follows:
G'ent’s takes as input a description z € {0, 1}0(3(2) logs(0) of 4 circuit C, of size
at most s(¢) on £ inputs, and outputs the truth table of the function computed by
C,.
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Definition 2.19 (I'-natural property). A promise problem (Ilygs, Ino) is called
a natural property useful against SIZE(s(¢)) with largeness ~ if (Ilygs, [Ino)
y-avoids the circuit interpreter G'"* with parameter s. If, in addition,
(ITygs, lIno) € Promise-I' for a complexity class I such as P, BPP or NP, then
(ITygs, no) is called a T-natural property.

It is easy to see that there exists a PMESP_natural property. In fact, it can be

shown that a natural property useful against SIZE(s(n)) is essentially equivalent
to an errorless heuristic algorithm for MCSP[s] (cf. Cemma4736).

A natural property can be defined for restricted circuit classes. Razborov and
Rudich [RRY7] observed that from almost all circuit lower bound proofs against
a circuit class €, one can naturally extract a P-natural property useful against €.
For example, by inspecting circuit lower bound proofs for showing PARITY ¢ AC®
[H5s86] and MAJORITY ¢ AC[p] [Raz87, SmoR7], Razborov and Rudich obtained
P-natural properties useful against AC’ and ACO[p]. On the other hand, there
exists a “pseudorandom function generator” computable in TCY conjectured to
be secure [NE04] (in our terminology, there exists a hitting set generator Gt
secure against P/poly, where G takes a description of TCY circuits and outputs
the truth table of the function computed by the TC? circuit); thus there is no
natural property useful against TC? assuming the security of the pseudorandom
function generator. This explains the natural proof barrier and why no strong
circuit lower bound for TC? is known.

2.6 Kolmogorov Complexity and Pseudorandomness

There is a fundamental relationship between Kolmogorov complexity and
hitting set generators: Pseudorandomly generated strings are mnot Kolmogorov-
random. Indeed, take any computable generator G: {0,1}* — {0,1}" with s < n
that purports to extend a seed z € {0,1}* to a longer sequence G(z) that looks
random. Then, for every z € {0,1}°, the output G(z) of the generator G can
be described by using the seed z and the program that computes G, and hence
K(G(z)) < s+ O(1); therefore, G(z) is not Kolmogorov-random.

A similar relationship holds for time-bounded Kolmogorov complexity. We
claim that any efficiently computable hitting set generator is not secure against
a polynomial-time algorithm with one-query oracle access to MINKT: For any
efficiently computable hitting set generator G and any seed s, G(s) can be de-
scribed by s and an efficient algorithm in time ¢, and thus K;(G(s)) is small.
On the other hand, for a random r ~ {0, l}t(”), the simple counting argument
of Eact23 shows that K(r) is large with high probability. Thus the set of all
the Kolmogorov-random strings avoids the hitting set generator G. (In fact, the
same argument works for any dense subset of Kolmogorov-random strings.)

We formally state this fact in the next theorem. It will be convenient to ob-
serve that any hitting set generator associated with not only the uniform distribu-
tion but also any distribution with sufficiently large min-entropy can be avoided
by the set of Kolmogorov-random strings. Here recall that for a distribution D,
the min-entropy of D is defined as min{ — log Pr,p|x = x¢] | z¢ € supp(D) }.

Theorem 2.20 (Pseudorandomness is not Kolmogorov-random). Let G =
{Gr: {0,135 = {0,1}"}nen be any family of functions computable in time
t(n), where s: N — N is an efficiently computable function. Let v: N — [0,1)
and k: N — [0,00) be arbitrary functions. Let II = (Ilygs, IINo) be the promise
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problem defined as

Myo == {2 € {0, 1}* | Ko () < s(jal) + 3log|a] },
Mygs = {2 € {0,1}" | K(2) > k(le]) — 1 — log(1/(1 — 5(|]))) ).

Then II v-avoids G over any ensemble of distributions D = {Dp, }nen, where Dy,
is a distribution on {0,1}"™ with min-entropy k(n).

Proof. Since Gy,(z) can be described by its seed z € {0,1}*(™) and an integer
n € N in time poly(n), we have K;(Gy(2)) < s(n) + 2logn + O(1). (Here we
used the fact that a pair of n and z can be encoded as a binary string of length
2logn + s(n) + O(1).) Therefore, for a sufficiently large n € N, it holds that
Ki(Gn(2)) < s(n) +2logn + O(1) < s(n) + 3logn, and thus G, (z) € Iyo.

It remains to claim that Ilygg is «y(n)-dense with respect to D,, that is,
Pry~p,[w € llygs] > v(n). Indeed, for every n € N,

Pr [w & ygg)

w~D,,

< =
< > Brlw=uwl
wo E{O,l}"\HYES

< gR(m)Hlog(l=9(n) L 9=k(n) — 1 _ y(p),

where, in the last inequality, we used the fact that the min-entropy of D,, is at
least k(n), and that |[{wy € {0,1}* | K(wo) < k' }| < 28+ (by EaciZ3). (|
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Chapter 3

Hardness Based on Average-Case
Complexity

In this chapter, we show hardness of MDLPs based on average-case com-
plexity. The main technique is based on the fact that MDLPs can be used as
a distinguisher for an efficiently computable pseudorandom generator. In Becd
Eion—31, we show that every auxiliary-input one-way function can be inverted by
a randomized polynomial-time algorithm with oracle access to MCSP. In partic-
ular, MCSP is intractable unless every auxiliary-input one-way function can be
inverted. In Becfion 39, we present several hardness results based on popular
conjectures about average-case complexity.

3.1 Auxiliary-Input One-Way Functions and MCSP

In this section, we investigate the relationship between cryptographic primi-
tives and MCSP. In particular, we show that every auxiliary-input one-way func-
tion can be inverted with MCSP oracles. The proof is based on a sequence of con-
structions of cryptographic primitives and security proofs. Here is an overview:
Hastad, Impagliazzo, Levin and Luby [HILL9Y] constructed a pseudorandom gen-
erator from any one-way function. Goldreich, Goldwasser and Micali [GGMS6]
showed that any pseudorandom generator can be used to construct a pseudo-
random function generator. Razborov and Rudich [RRY7] showed that a natural
property can be used to break any pseudorandom function generator. Combining
these results, any auxiliary-input one-way function can be inverted with oracle
access to any natural property (and in particular MCSP).

Roughly speaking, a one-way function (OWF) f is a polynomial-time com-
putable function such that f is hard to invert on average: no efficient al-
gorithm can find 2’ € f~!(f(z)) with high probability over a random input
z. An auxiliary-input one-way function (AIOWF) f is a family of functions
f = {fz}zefo,1}+ such that, for every efficient algorithm A, there exists an infinite
index set T4 C {0,1}* such that A fails to invert f, on average for every x € I.

Definition 3.1 (Auxiliary-input function). An auxiliary-input function is a fam-
ily of functions f = {f, : {0,1}P(=) — {0,1}‘1(”‘)}3;6{0,1}*, where p and q are
polynomials. We say that f is polynomial-time computable if there exists a
polynomial-time algorithm A such that A(x,y) = f(y) for every x € {0,1}* and
y € {0,130,

Definition 3.2 (Auxiliary-input one-way function (AIOWF)). We say that
a randomized algorithm A inverts an auziliary-input function f = {f.
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{0, 13200 — {0,1}9U0=D} with success probability 6: N — [0, 1] if

[A(z, fo(y)) € £ (fo())] = 6(|2])

Pr
A, y~{0,1}r(=D)

for every x € {0,1}*, where the probability is taken for y and the internal coin
flips of A.

A randomized algorithm A is said to weakly invert f if A inverts f with success
probability 1/r(n) for some polynomial r(n). Similarly, A is said to strongly
invert f if, for every parameter t > 0, A(-, 1) inverts f with success probability
1 —1/t. We say that an auziliary-input function f is weakly (resp. strongly)
one-way if there is no randomized polynomial-time algorithm A strongly (resp.
weakly) inverts f.

It is possible to construct some strongly one-way function from any weakly
one-way function f by amplifying the hardness of f. We define f’ as the direct
product of f, that is, f'(y1, -+ ,v) := (f(y1), -+, f(y:)) for some appropriately
chosen parameter t. Intuitively, in order to invert f’, one needs to invert ¢ copies
of f simultaneously, and thus it is much harder to invert f’ than f. Indeed, it
can be shown that given any oracle weakly inverting f’, one can strongly invert
f efficiently:

Lemma 3.3 (3 strong OWF < 3 weak OWF; Yao [Yao82]). Let f = {f; :
{0, 132020 — {0,1}902D} be any polynomial-time computable auziliary-input
function. Define an auziliary-input function f' as

foreyry - y) = (fw), - fye)

for every (y1,---,y:) € ({0,130t and t € N. There exists a randomized
polynomial-time oracle machine M such that M2 strongly inverts f for any oracle
A that weakly inverts f'.

A pseudorandom generator is a function G such that G(z) for a random seed
z and the uniform distribution are indistinguishable by any efficient algorithm:

Definition 3.4 (Distinguisher and pseudorandom generator (PRG)). Let G =
{G,, : {0,1}*™) — {0,1}"} be a family of functions. For a function §: N — [0,1],
a randomized algorithm A is called a é-distinguisher for G if s(n) < n and

| A(G(2) =1] = [A(w) = 1]| = 6(n)

Pr Pr
A, z~{0,1}5() A, w~{0,1}"

for all but finitely many n € N. We often abbreviate § and simply say that A
distinguishes G (from the uniform distribution) if A is a 1/r(n)-distinguisher for
G for some polynomial r(n).

G is called a pseudorandom generator if there exists no randomized
polynomial-time algorithm that distinguishes G.

We mention that in the context of cryptography, it is more common to define
the security of cryptographic primitives with respect to an algorithm that works
infinitely often; that is, G is called a pseudorandom generator secure against
infinitely often adversaries if there is no randomized polynomial-time algorithm
that distinguishing G, for infinitely often n. However, for our purpose, it is more
natural to consider a pseudorandom generator secure against almost everywhere

adversaries as in [Definifion 3 4.
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Hastad, Impagliazzo, Levin and Luby [HILL9Y] constructed a pseudorandom
generator GMEL(H) from any one-way function f, thereby establishing the equiv-
alence between the existence of a pseudorandom generator and that of a one-way
function. The proof goes by showing a reduction from weakly inverting a one-way
function to distinguishing a pseudorandom generator. Moreover, the reduction
carries over to the setting of auxiliary-input one-way functions.

Lemma 3.5 (3 OWF < 3 PRG; Hastad, Impagliazzo, Levin and Luby [HILL99)).
Let f be any polynomial-time computable auzxiliary-input function.  Then,
there exists a polynomial-time computable auziliary-input function GHLLU) —
{GEILLU) - {0, 1}20=D) — {0, 1322} satisfying the following: For any polyno-
mial r(n), there exists a randomized polynomial-time oracle machine M such that
MA weakly inverts f for any oracle A such that A(x,-) 1/r(|z|)-distinguishes GI
for every x € {0, 1}*.

Goldreich, Goldwasser and Micali [[GGNMS6G] showed how to construct a pseu-
dorandom function generator (PRFG) from any pseudorandom generator. A
pseudorandom function generator F'is a function that takes a seed z and returns
a function F, such that any randomized polynomial-time oracle algorithm with
oracle access to F, cannot distinguish F, from a truly random function when the
seed z is chosen uniformly at random. The truth table of F' gives us a pseudoran-
dom generator GESM such that each bit of GEGM(2) is efficiently computable.
Specifically, for any pseudorandom generator G : {0,1}" — {0,1}?", let Go(z)
be the first n bits of G(z), and let G1(z) be the second n bits of G(z), so that
G(z) = Go(2)G1(z). Let k € N be an arbitrary parameter. Define a function F,
so that F.(w) is the first bit of G, (Guy (- -+ (G, (2)) -+ +)) for every w € {0, 1}*.
Then we define GEM(z) € {0,1}2" as the truth table of the function F,. By a
standard hybrid argument (cf. [RRY7]), it can be shown that GSM is a pseu-
dorandom generator if G is a pseudorandom generator. Moreover, since each
bit of GE“M(2) is polynomial-time computable given z and an index, there ex-
ists a universal constant ¢ such that size(GE“M(z)) < (n + k)¢ + ¢. (Here note
that a string GYGM(2) is interpreted as a truth table of a function.) In partic-

ular, for any constant ¢ > 0, we can take a large enough k¥ = O(logn) so that
size(GEGM(2)) < 2¢k,

Lemma 3.6 (3 PRFG < 3 PRG; Goldreich, Goldwasser and Micali [GGMS6];
Razborov and Rudich [RRY7]). For any constant € > 0, there exists an efficiently
computable function k: N — N with k(n) = O(logn) satisfying the following: For
any polynomial-time computable auziliary-input function G = {G, : {0, 1} —
{0,132P0=DY | there exist a polynomial-time computable auziliary-input function
GEGM — [GGGM . 1o 11p(eD) — (0, 1}2k(‘x|)} and a randomized polynomial-time
oracle machine M such that MA(QS‘, -) distinguishes Gy for every x and every
oracle A that distinguishes GSSM. Moreover, size(GSM(z)) < 2¢%(=D) holds for
every = € {0,1}* and every z € {0, 1}P(2D),

Combining these ingredients mentioned above, we obtain the following;:

Theorem 3.7 (Inverting any AIOWF under a natural property oracle). Let f be
any polynomial-time computable auziliary-input function. Letc € N and e € [0,1)
be arbitrary constants. There exists a randomized polynomial-time oracle machine
M satisfying the following: For any natural property R C {0,1}* useful against
SIZE(2°") with largeness 2~°", M® strongly inverts f.
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Proof. We construct a candidate auxiliary-input pseudorandom generator G as
follows: First, as in Cemma 33, we define f’ as the direct product of f. Second,
by using Cemma 31, we construct a candidate pseudorandom generator GHILL(S )
from the candidate one-way function f’. Finally, by using Cemma 3@, we con-
struct a candidate pseudorandom function generator G := (GHILU))GGM from
GHILL(f").

We now argue that the natural property R 2~<*(")_distinguishes G: On one
hand, by Cemma 38, we have size(G,(z)) < 22D for every z € {0,1}* and
z € {0,1}?0=D; thus G,(2) ¢ R. On the other hand, by the largeness of R, we

have PrwN{O 1y2k(leD) [we R] > 2-ck(lz])  Therefore, we obtain
Pr [w c R] — Pr [G(Z) c R] > 2—Ck(|x|)
w~{0,1}2¢(1=D) 2~{0,1}(D)

By Cemma~3#, we obtain a randomized polynomial-time algorithm M; such
that M{ distinguishes GHFU) Using M{? as an oracle A in Cemma 33, we
obtain a randomized polynomial-time algorithm My such that M4 weakly inverts
f'. Similarly, using MQR as an oracle A in Cemma 33, we obtain a randomized
polynomial-time algorithm M3 such that M?f;é strongly inverts f. (I

Since any MCSP oracle can be used as a natural property, we obtain the
following immediately:

Corollary 3.8. If MCSP € BPP then there exists no auziliary-input one-way
function.

Ostrovsky and Wigderson [OW9Y3] showed that CZK Z BPP implies the exis-
tence of auxiliary-input one-way function, where CZK (2 SZK)) denotes the class
of problems with a computational zero knowledge proof system. Similarly, Ostro-
vsky [Ost91] implicitly showed that SZK Z BPP implies the existence of auxiliary-
input one-way function. Thus by Corollary 3.8, MCSP is harder than SZK in the
sense that MCSP € BPP implies SZK C BPP. More precisely, in the context of
MCSP, it was first shown by Allender and Das [AD17] that SZK C BPPMCSF,
Based on Mhearem 374, their result follows from the earlier work of Ostrovsky.

Lemma 3.9 (implicit in Ostrovsky [Ostd1]; explicitly stated in Vadhan [Vad06]).
For every problem 11 in SZK, there exist a polynomial-time computable auxiliary-
input function f and a randomized polynomial-time oracle machine M such that,
for any oracle A strongly inverting f, M4 solves I with high probability.

By Cemma=39 and Thearem 374, we immediately obtain an alternative proof
of SZK-hardness of MCSP.

Corollary 3.10 (Allender and Das [AD17]). SZK C BPPMCSE,

This is the best worst-case hardness result for MCSP. We mention that
SZK C AM N coAM [Ear8Y, AHYT], and under the standard derandomization
hypothesis [KvM02], we have AM = NP and thus SZK C NP N coNP; therefore,
the SZK-hardness cannot be regarded as evidence that MCSP ¢ coNP.

Open Question 3.11. Provide evidence that MCSP ¢ coNP under any worst-
case complexity assumptions.
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We mention that there is a fundamental reason why any approach based on
MTheorem 37 is not likely to resolve Open Question 3.11: Akavia, Goldreich,
Goldwasser, and Moshkovitz [AGGM06, AGGMI(] showed that a randomized
polynomial-time nonadaptive black-box reduction from any worst-case problem
L to inverting any one-way function can be simulated in AM N coAM, and thus
L € AM N coAM. In the next section, we will sidestep this issue by starting from
average-case complexity assumptions, and thereby we will present evidence that

MCSP ¢ coNP.

3.2 Average-case Complexity and MDLPs

In this section, we establish hardness of MDLPs based on popular hypotheses
on average-case complexity of various problems. Previously, Rudich [Rud97] con-
jectured that there is no NP/poly-natural property useful against P/poly (and,
in particular, that MCSP ¢ coNP/poly). His conjecture is based on a pseudo-
random generator constructed by using some average-case hardness of the subset
sum problem [INYG]. Here we investigate hardness of MDLPs based on other
popular conjectures on average-case complexity.

3.2.1 Planted Clique Hardness of MCSP

The planted clique problem is one of well studied average-case complexity
problems. The problem was suggested independently by Jerrum [Jerd2] and
Kucera [KucYs]. Let n be the number of vertices, and k be the size of a planted
clique. The input is a random graph with a planted clique of size k: that is, we
pick an n-vertex Erdds-Rényi random graph G (i.e., a random graph where every
edge is added with probability % independently), pick the set S of k vertices from
the n vertices uniformly at random, and add the clique supported on S to the
graph G. The task is to find a clique of size k in polynomial time.

A search version of a planted clique conjecture asserts that there is no ran-
domized polynomial-time algorithm that solves the planted clique problem for
any parameter k with 2logn < k < /n with high probability (over the choice
of a planted random graph and internal coin flips of the randomized algorithm).
Indeed, despite intense effort (e.g. [Kuc95, AKSIR, FKO(]), the state-of-the-art
polynomial-time algorithm of Alon, Krivelevich and Sudakov [AKS9R| works
only for k = ey/n for any constant ¢ > 0. Moreover, it is known that several
types of polynomial-time algorithms cannot solve the planted clique problem for
k = n'/279 for any constant § > 0 (cf. [Terd2, BHKT16]).

We now present a reduction from the planted clique problem to MCSP.

Theorem 3.12 (Planted Clique Hardness of MCSP). There is a randomized
polynomial-time oracle machine that, given a parameter 1, solves the planted
clique problem with oracle access to MCSP with probability at least 1 — 1/t.

Proof. Juels and Peinado [IP0O0] proposed a simple one-way function based on
a variant of the planted clique conjecture: A candidate one-way function f,
is defined as f,(G,S) := (the union of G and the clique supported on S) for a
graph G and a set S of k vertices (For simplicity, we abbreviate it as G U S
below). By MThearem 37, there exists a randomized polynomial-time machine
M with an MCSP oracle that can strongly invert f. Note that the distribution
fn(G,S) where G and S are chosen uniformly at random corresponds to the input
distribution of the planted clique problem. Therefore, given a random planted
clique f,(G,S), the algorithm MMOSP(f (G, S), 1Y) outputs (G’,S’) such that
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GUS = G'U S’ with probability 1 — 1/t. This means that S’ is a clique of size
k in the graph G.

We note that the argument above ignores the detail that (G, S) may not be ex-
actly encoded as a binary string. (And thus it is not clear how to define a Boolean
function f,,.) This can be easily fixed as follows: While it may not be possible to
sample the input distribution of the planted clique problem exactly, for any given
parameter 1¢, one can sample a distribution 27 *-close to the input distribution
by using random poly(¢,n) bits in polynomial time. (Here the closeness is in the
sense of the statistical distance: we say that two distributions D1, Dy are e-close
if, for every function A: {0,1}* — {0, 1}, it holds that |E[A(D;) — A(D2)]| < e.)
Thus the same argument works with an additional failure probability of 27¢. [

To the best of our knowledge, there is no coNP algorithm that solves the
planted clique problem. Thus Mheorem 3T can be also seen as some evidence
that MCSP ¢ coNP.

3.2.2 Random 3SAT Hardness of MKTP

Random 3SAT is another widely investigated problem in the literature of
average-case complexity. The problem is defined as follows:

Definition 3.13 (Random 3SAT). Let m: N — N be a function. Let DR3SAT =
{DR3SATY N be an ensemble of the following distributions DE3SAT of 3CNF for-
mulas: Let n be the number of variables, and m = m(n) be the number of clauses.
The distribution DE3SAT samples a random n-variable m-clause 3CNF formula
@ by choosing each clause independently and uniformly at random from all the
possible 23 (g‘) width-3 clauses on n variables. Given a 3CNF formula, the task
of Random 3SAT is to accept every satisfiable formula, and reject most formulas
sampled from DR3SAT,

Note that a simple probabilistic argument shows that, for m = An where
A is a sufficiently large constant, most formulas are unsatisfiable. Thus it is
trivial to solve Random 3SAT by an algorithm that is allowed to err by simply
rejecting every formula. The definition above does not allow such an algorithm,
by requiring that the algorithm never makes any error on satisfiable formulas.

Feige and Ofek [FO0O7| presented a deterministic polynomial-time algorithm
that solves Random 3SAT for m > O(n®?). In the case of a nondeterministic
polynomial-time algorithm, a much better algorithm is known: Feige, Kim and
Ofek [FKOD6] showed a coNP algorithm that solves Random 3SAT for m >
O(n"/%). However, it is still far from the case of a linear number of clauses (i.e.,
m = 0(n)).

Ryan O’Donnell (personal communication; cf. [BGSVIA]) conjectured that
there is no coNP algorithm solving Random 3SAT with m = An clauses for a
sufficiently large constant A. We will show that, under this conjecture, MINKT &
coNP and moreover MKTP ¢ coNP.

Random 3SAT and a Hitting Set Generator

We observe that any algorithm solving Random 3SAT can be regarded as
avoiding some hitting set generator. Indeed, we can define a hitting set generator
GPR3SAT 5o that the image of GR3SAT contains all the satisfiable formulas.
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Proposition 3.14. There exists an efficiently computable family of functions
GR3SAT _ {G71;{3SAT . {0’ 1}n+fm(n) 10g(7(§))'| N {0’ 1}(m(n) log(S(g))‘\ }nEN

such that the image of GE3SAT contains all the satisfiable n-variable m(n)-clause
8CNF formula. (Here we regard the output of GR3SAT as an encoding of a SCNF
formula.)

Proof. Fix any n € N, and fix any satisfiable n-variable m(n)-clause 3CNF
formula ¢. Let a € {0,1}" be some satisfying assignment of ¢. We claim
that ¢ can be described by the assignment a and some auxiliary information
d € {0,1}/™™ log(7(3))1, (GR3SAT (g, d) is defined as the output of a description
procedure below.)

Indeed, given a satisfying assignment a of ¢, there are (23 — 1)(’;) possible
clauses that are satisfied by a. More specifically, fix any 3 variables of a clause;
then there are 7 ways to negate these variables so that the resulting clause is
satisfied by a. (For example, if the assignment a is {1 — 0,29 — 1,23 — 0},
then x1 V —xe Vg is the unique clause that is not satisfied by a.) Therefore, each
clause of ¢ can be described with 10g(7(§)) bits, and hence ¢ can be described
with some auxiliary information d of length m(n)log(7(})). O

Theorem 3.15 (Random 3SAT and GR3SAT), Let IT = (Ilygs, Ino) be any
promise problem that ~-avoids GR3SAT over the distribution DR3SAT . Then the
complement (Ilxo, Ilygs) of I solves Random 3SAT: that is, every satisfiable for-
mula is in no, and a y(n)-fraction of all formulas is in ygs.

Proof. Fix any n € N. By [Proposition 3.14, for any satisfiable n-variable formula
@, there exists a description (d,a) such that GE3SAT(d a) = ¢; since II avoids
G®3SAT - we obtain ¢ € IIno. On the other hand, since II y-avoids GR3SAT
¢ € Ilygs holds with probability at least v(n) over the choice of a random formula
© ~ DTPLBSAT. O

Since any efficiently computable hitting set generator can be avoided by using
a MINKT oracle, as a corollary we obtain Random 3SAT-hardness of MINKT
for some m(n) = O(n).

Corollary 3.16 (Random 3SAT-hardness of MINKT). Let A be any constant
such that A > 1/1log(8/7) ~ 5.19. There exists a polynomial-time oracle algo-
rithm that, given oracle access to MINKT, solves Random 3SAT of m(n) clauses
with, probability 1 — 2= for m(n) = An.

Proof. Recall that, by MTheorem 220, any hitting set generator can be avoided
by the set of Kolmogorov-random strings. We thus define R := {x € {0,1}" |
Ky(op(x) > n + [m(n)log(7(3))] + 3logn }, where t(n) is the time it takes to
compute GE3SAT: note that R is reducible to MINKT via a one-query polynomial-
time reduction. Let y(n) be some parameter chosen later. Since DE3SAT ig a
uniform distribution, its min-entropy k(n) is m(n)log(8(3)); hence R satisfies
the promise of II in if

m(n)log(8 (g)) —1—1log(1/(1 —~(n))) >n+ [m(n) log(?(?))] + 3logn.
This inequality is satisfied if log(1/(1 — v(n)) < (Alog(8/7) — 1)n — O(1) =

Q(n). Therefore, R ~-avoids GR3SAT as long as v(n) < 1 — 272, Thus by
MThearem 3 TH, R solves Random 3SAT. O
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Hardness of MKTP

With some extra work, the Random 3SAT-hardness of MINKT can be ex-
tended to the case of MKTP. It is also possible to extend it to a “robust” version
of Random 3SAT proposed by Feige [Eeil2]: Feige’s hypothesis states that there
is no polynomial-time algorithm that rejects most formulas, and accepts (not only
every satisfiable formula but also) every formula for which all but em clauses are
satisfiable (henceforth, such a formula is called (1 — €)-satisfiable).

Hypothesis 3.17 (Feige [Feil?]). For every fized ¢ > 0 and for a sufficiently
large constant A, there is no polynomial-time algorithm that accepts every (1—¢)-
satisfiable formula, and rejects most formulas.

Note that the robust version of Random 3SAT is harder than the original
version of Random 3SAT (and the original version corresponds to the case when
e = 0), and is more robust with respect to how to generate a random 3CNF

formula (cf. [Fei02]). Here we show that the robust version can be refuted under
an MKTP oracle.

Theorem 3.18 (Robust Random 3SAT-hardness of MKTP). There ezists a
polynomial-time algorithm with oracle access to MKTP that refutes
515 0. 1.

Proof. The main idea is that the hitting set generator GR3SAT of Proposition 3.14
can be modified so that KT(GR?SAT(2)) is small for every seed z, that is, each
bit of GR3SAT () is efficiently computable. Moreover, we can modify GR3SAT so
that every (1 — €)-satisfiable formula is in the range of GR35AT. In other words,
we will show that, for some appropriately chosen threshold 6, KT(yp) < 6 for
every (1 — e)-satisfiable formula ¢, whereas KT(¢’) > 6 with high probability for
a random 3CNF formula ¢'. Thus our reduction is a many-one reduction that
maps ¢ to (¢, 0).

Define § := mlog(8(%)) — m/2b for some constant b specified later. We first
claim that KT(¢) > 6 with high probability over the choice of a random 3CNF
formula ¢. Indeed, the number of formulas ¢ such that KT(y) < @ is at most 20+!
by a simple counting argument (cf. FacE23). Since a random 3CNF formula ¢ is
chosen uniformly at random out of the space of cardinality (23 (g))m — 90+m/2b,
the probability that KT(p) < @ is at most 2-™/2+1,

The rest of the proof is devoted to proving every (1 — €)-satisfiable formula is
of low KT-complexity:

Claim 3.19. Let € > 0 be a sufficiently small constant and A be a sufficiently
large constant. Then, for all sufficiently large n and any (1—e€)-satisfiable formula
© on n variables with m = An clauses, we have KT(p) < 6.

In order to claim that the K'T-complexity of ¢ is small, we need to implement
an efficient procedure that, given an index, outputs the clause of ¢ specified by
the index, with random access to a description of . We will describe ¢ by using
a (1 — e)-satisfying assignment a € {0,1}", a subset S € ([;'%]) of the clauses not
satisfied by a, (1 — €)mlog(7(3)) bits to describe the clauses satisfied by a, and
emlog(8(3)) bits to describe the clauses not satisfied by a.

In order to describe each clause of ¢ efficiently (i.e. in time polylog(m)), there
are two issues for which we need ideas from succinct data structures. One is an
efficient representation of S. Information theoretically, S can be described in

log () < emlog(em/em) = melog(e/e) bits. However, a naive representation
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?
of S may not enable us to answer a query ¢ € S efficiently; thus, we need the
following result.

Lemma 3.20 (Brodnik and Munro [BM9Y]). Let € > 0 be a constant. There
exists an algorithm M such that, for every m € N and every S € ([m}), there

€m

exists a string dg of length log (") +o(log (') such that, given an index i € [m]
?
and random access to dg, M answers a query i € S in time polylog(m).

The other issue is the use of the ceiling function (cf. [Pat0R, AGvMT1R]). Each
clause satisfied by a can be described by [log(7(5))] bits, which is not necessarily
sufficiently smaller than log(8 (g)) bits. We thus group consecutive b clauses of ¢
into one block for some constant b so that each block encodes b clauses by using
at most [blog(7(%))] bits. (In Proposition 3.14, we grouped all the clauses into
one block and represented these clauses by using [mlog(7(%))] bits; however,
this representation may not enable us to describe each clause efficiently given
random access to the description.) Let b be some universal constant such that
[blog(8(%))] — [blog(7(3))] > 4 for all large n € N.

Overall, we can describe a (1 — €)-satisfiable formula ¢ by using the following
information: (1) A (1 — €)-satisfying assignment a € {0,1}"; (2) A string dg of
that represents a subset S € (m) of the clauses not satisfied by a;
(3) [blog(7(%))] bits to describe each group of b clauses such that all the clauses
in the block are satisfied by a; (4) [blog(8(%))] bits to describe each group of b
clauses such that some clause in the block is not satisfied by a. Note that there are
[%] blocks in total, and there are at most em blocks which contain some clause
not satisfied by a. Given the information, by inspection, one can observe that
each clause of ¢ can be described in polylog(m) time. Thus the KT-complexity
of ¢ is at most

o (1) +otm) + ([5] = ean) - o10gr (3 )| +em- [p1outs (3 )]

The last two terms can be rewritten as

(71 frosts (3] - (751 -em) - ([rsts ()] - s ()]

n m m
< — _—
< mlog(8(3))+ 2 + o(m) 5% 4,

where, in the last inequality, we take € small enough so that [5'] —em > Z.
Overall, we obtain

KT(¢) <n+log (::n> + mlog(8 <g>) — % + o(m)
< T+ metog(e/) + mloggs () = -+ ofm)
< mlog<8(§)> - <,
for a sufficiently small e > 0 and a sufficiently large A. O
It should be noted that our proof does not seem to carry over to the case of

MCSP. The gap between the KT-complexity of satisfiable formulas and random
formulas is smaller than o(]p|), and it is not clear how to construct a small
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circuit which simulates the random access machine with an additive overhead
smaller than o(|p|). We leave as an open question to extend Theorem 318 (and
Corollary 3.16) to the case of MCSP.

Open Question 3.21. Is MCSP Random 3SAT-hard?

3.2.3 Hardness of MCSP under Alekhnovich’s Hypothesis

While we were not able to prove that MCSP is Random 3SAT-hard, we
can refute a strong hypothesis about average-case complexity proposed by

linear equations under a noise e. Let A be an m X n matrix over GF(2). Let
Dy (A) be the distribution of a random vector Av+e, where v is a uniform sample
from GF(2)"™ and e € GF(2)" is a uniform sample from the vectors of Hamming
weight k (i.e. the number of ones in e is k). Alekhnovich conjectured that there is
a matrix such that it is infeasible to distinguish Dy (A) from Dy1(A) efficiently.

Hypothesis 3.22 (Alekhnovich [ATeTT, Conjecture 4.5]). For every m(n) =
O(n), there exists a family of m(n) X n matrices {Apnen such that, for every
function k(n) which satisfies n® < k(n) < n'=¢ for some constant € > 0, for every
efficient algorithm M and every polynomial p(n),

| Pr[M(Dy(An)) = 1] = Pr[M(Di41(An)) = 1]| < 1/p(n),
for all sufficiently large n.

Theorem 3.23. There is a polynomial-time algorithm with oracle access to
MCSP that refutes [Hypothesis 3.22.

Proof Sketch. Alekhnovich showed that [Hypothesis 3.2 implies the existence of
a cryptographic pseudorandom generator ([Alell, Lemma 4.14]). On the other
hand, by Thearem =37, one can invert any auxiliary-input one-way function, and,
in particular, one can distinguish the pseudorandom generator from the uniform
distribution in polynomial time under an MCSP oracle. (Indeed, a pseudorandom
generator G can be distinguished by inverting G' and finding a seed of G.) O
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Chapter 4

Non-Black-Box Worst-Case to Average-Case
Reductions

In this chapter, we show that the worst-case and average-case complexity of
MDLPs are equivalent. As shown in [Chapter 3, MDLPs are conjectured to be
outside NP N coNP (or even NP /poly N coNP /poly). On the other hand, there are
significant obstacles to establishing an equivalence between the worst-case and
average-case hardness of NP: Several results suggest that black-box worst-case
to average-case reductions are not likely to be used for reducing any worst-case
problem outside coNP to a distributional NP problem.

The results presented in this chapter overcomes this barrier. We present the
first non-black-box worst-case to average-case reduction from a problem conjec-
tured to be outside coNP to a distributional NP problem. Specifically, we show
that there exists a zero-error randomized polynomial-time algorithm approxi-
mating the minimum time-bounded Kolmogorov complexity K;(x) within an ad-
ditive error O(y/K(z)) if its average-case version admits an errorless heuristic
polynomial-time algorithm. We also show that, Gap . MCSP € BPP if and only if
its average-case version is easy.

Based on our results, we propose a research program towards excluding
Heuristica, i.e., establishing an equivalence between the worst-case and average-
case hardness of NP through the lens of MDLPs.

Organization

This chapter is organized as follows. After reviewing background in Becd
Eion 41, we state the main results, proof ideas, and our perspective in Section 42.
In Becfion 43, we present the results about MINKT, and then we present the
results about MCSP in Becfion 474,

4.1 Background

4.1.1 Levin’s Average-case Complexity Theory

A traditional complexity class such as P and NP measures the performance of
an algorithm with respect to the worst-case input. However, such a worst-case
input may not be found efficiently, and may never be encountered in practice.
Average-case complexity, pioneered by Levin [Lev86], aims at analyzing the per-
formance of an algorithm with respect to random inputs which can be easily
generated by an efficient algorithm. Here we review basic definitions and results
on average-case complexity. A survey on average-case complexity can be found
in [[mpY5, BTO6A)].
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We consider a distributional problem, which is a pair of a worst-case problem
L and an ensemble of distributions D = {D,, } men, where m means an instance
size and Dy, is a distribution on {0, 1}*. (We do not require that D,, is supported
on {0, 1}™; in other words, an instance of size m may not be encoded as a string
of length m.)

Definition 4.1 (Distributional Problem). A pair (L, D) is called a distributional
problem if L C {0,1}* and D = {Dp,}men, where each Dy, is a distribution on

{0,1}*,

Throughout this chapter, we always use m to denote an instance size.

What kind of distributions should we consider? The original Levin’s theory
concerns a distribution such that its cumulative probability is computable in
polynomial time. The scope of the average-case complexity was later widened
by Ben-David, Chor, Goldreich, and Luby [BCGIL92] to the case of an efficiently
samplable distribution.

Definition 4.2 (Efficiently Samplable). An ensemble of distributions D =
{Dm}men is said to be efficiently samplable if there exists a randomized
polynomial-time machine M such that, on input 1™, M outputs a string x ac-
cording to the distribution D, for every m € N; that is,

PA’/}“[M(lm) =x0| = Pr [z = 0]

for every m € N and every xg € {0,1}*.

Note that this definition captures the fact that it is important to be able to
sample a hard instance efficiently for the purpose of cryptography. In fact, if there
is no complexity bound on the distributions, it can be shown that there exists a
distribution on which the worst-case and average-case complexity of NP coincide
(cf. [LVY2]). We thus restrict our attention to efficiently samplable distributions.

Definition 4.3 (Distributional NP). An average-case version of NP is called a
distributional NP (denoted by DistNP ), and is defined as follows:

DistNP := { (L,D) | L € NP and D is efficiently samplable }.

The performance of an algorithm for a distributional problem (L, D) is mea-
sured with respect to the average-case behavior of A on input chosen according
to D, for each m € N. There are two possible definitions here: One is the
errorless heuristic notion (AvgP), under which an algorithm is not allowed to
make any error (in the sense that the algorithm can output “I don’t know”). It
can be shown that this definition is equivalent to the original notion of Levin
(cf. [lmpY95, BT064]), under which the performance of an algorithm is measured
with respect to the expected running time over a random input. Another is the
heuristic notion (HeurP), under which an algorithm is allowed to make errors.
We use the former notion.

Definition 4.4 (Errorless Heuristic Algorithm). Let L C {0,1}* be a language,
D = {Dy }men be an ensemble of distributions, and 6: N — [0, 1]. We say that an
algorithm A is an errorless heuristic algorithm for (L, D) with failure probability

5 if
o A(x) outputs either L(x) or the special failure symbol L for every x €
{0,1}*, and
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e Pr..p, [A(z) = L] < d(m) for every m.

AvgsP denotes the class of distributional problems (L, D) such that there exists an
errorless heuristic deterministic polynomial-time algorithm for (L, D) with failure

probability 6. Define AvgP := () oy Avg,,—cP.

Similarly, for other complexity classes such as BPP and coNP/poly, the corre-
sponding classes of errorless heuristic algorithms (AvgBPP and Avg-coNP/poly,
respectively) can be defined. We defer a formal definition of AvgBPP to Definid
Elon 433 of Becfion 44,

An example of distributional NP problems is Random 3SAT. By us-
ing the terminology reviewed in this section, Random 3SAT is formally de-
fined as the distributional problem (3SAT,DR3SAT)  where 3SAT := {¢ |
¢ is a satisfiable 3CNF formula } and DR3SAT s the distribution defined in DeH
mition 3 13 of Biihsection 32 9.

It is not known whether Random 3SAT is “DistNP-complete”. Still, as in the
case of the traditional NP-completeness theory, there exists some distributional
NP problem complete for DistNP (see, e.g., [Lev86, BCGIL92, IL90]). In this
sense, we have a problem that is most difficult to solve within DistNP, but the
question is: How hard is DistNP itself? Note that if NP = P we trivially have
DistNP C AvgP. The central open question in the average-case complexity theory
is whether the converse direction holds, which would conclude that the average-
case complexity of NP is essentially the same with the worst-case complexity of
NP.

4.1.2 Worst-case to Average-case Reductions

In certain settings, such an equivalence between worst-case complexity and
average-case complexity is known. We review two of them.

For Complexity Classes Beyond the Polynomial-Time Hierarchy

There is a general technique based on error-correcting codes for showing
the equivalence between worst-case complexity and average-case complexity.
We briefly describe the technique below: Take any “locally-decodable” error-
correcting Enc: {0,1}V — {0, 1}V " with the following property: There exists
a local decoding procedure that, given any index ¢ € [N] and random access to a
string y that is close to Enc(z), computes x;. Then, given any worst-case problem
f:{0,1}" — {0, 1}, by applying the error-correcting code to the truth table of f,
we can obtain a distributional problem (fn(Enc(tt(f))),U) as hard as the worst-
case problem f: Indeed, for any heuristic algorithm M solving fn(Enc(tt(f))) on
average, tt(M) can be regarded as a string y that is close to Enc(tt(f)), and thus
by combining M with the local decoding procedure, we obtain another efficient
algorithm M’ that solves f. (The reader is referred to [FF93, BENWI3, STV{T]
for more details; a nice exposition can be found in the survey of Vadhan [VadT?]).
The technique can be applied to complexity classes above the polynomial-time hi-
erarchy such as PSPACE and EXP, since there exists an error-correcting code such
that f € PSPACE implies fn(Enc(tt(f))) € PSPACE. Unfortunately, the same
technique cannot be applied to any complexity class within the polynomial-time
hierarchy [Vio0OH)].
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For Problems within NP N coNP

Problems based on lattices admit worst-case to average-case reductions from
some problems in NP N coNP to distributional NP problems. In a seminal paper
of Ajtai [Ajt96], it is shown that an approximation version of the shortest vector
problem of a lattice in R™ admits a worst-case to average-case reduction. The
complexity of approximating the length of a shortest vector depends greatly on
an approximation factor. A worst-case - to average-case reduction is known when
an approximation factor is larger than O(n) [Mic04, MR0O7]. Note that Heuristica
does not exist if this approximation problem is NP-hard; however, this is unlikely
because approximating the length of a shortest vector within a factor of O(y/n) is
in NP N coNP [GGUOU, AROG). Some NP-hardness is known for an approximation
factor of nO(1/leglogn) [HRTY],

4.1.3 Limits of Worst-Case to Average-Case Reductions within NP

The worst-case to average-case connections mentioned above are all estab-
lished by means of reductions. Namely, in order to show that a distributional
problem (B,D) is at least as hard as a worst-case problem A, we start with
assuming that there is a hypothetical heuristic algorithm B’ that solves B on
average; then we construct an efficient algorithm (a reduction R) that queries
to B’ and solves A. Almost all reduction techniques are “black-box”: that is, a
proof of the correctness of the reduction R does not rely on the efficiency of B'.

It turned out that the power of such a black-box reduction technique is very
limited. A line of work showed significant obstacles to establishing worst-case to
average-case reductions for NP-complete problems (e.g., [FEY3, BTO6H, Vio0H,
AGGMOE, BBI5] and [Chapter §): Building on the work of Feigenbaum and
Fortnow [FEY93], Bogdanov and Trevisan [BT06H] showed that if a language L
reduces to a distributional NP problem via a black-box nonadaptive random-
ized polynomial-time reduction, then L € NP/poly NcoNP/poly. Here, the advice
“/poly” is mainly used to encode some information about the distributional prob-
lem, and can be removed in some cases such as a reduction to inverting one-way
functions [AGGMO6, BBTH] or avoiding hitting set generators (cf. [Chapfer 3).
Therefore, in order to reduce any problem outside NP N coNP to a distributional
NP problem, it is likely that a non-black-box reduction technique is needed.®

Gutfreund, Shaltiel and Ta-Shma [GST07] developed a non-black-box tech-
nique to show a worst-case to “average-case” reduction; however, the notion of
“average-case” is different from the usual one. They showed that, under the as-
sumption that P # NP, for every polynomial-time algorithm A trying to compute
SAT, there exists an efficiently samplable distribution D4 under which A fails to
compute SAT on average. The hard distribution D4 depends on a source code of
A, and hence it is not necessarily true that there exists a fixed distribution under
which SAT is hard on average.

4.2 Overview

The main results of this chapter are the first non-black-box worst-case to
average-case reductions that overcome the limits of black-box reductions. Specif-
ically, we show that approximation versions of MCSP and MINKT are reducible

! Here we implicitly used a popular conjecture that AM = NP [KM02). It should be also
noted that an adaptive black-box reduction could be used to overcome the barriers.
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to their average-case versions. In this section, we state the main results and
explain its importance and proof ideas.

4.2.1 Results about MCSP

In the case of MCSP, we show that the search version of Gap MCSP is re-
ducible to the distributional NP problem (MCSP[2"],U/) for some constant € > 0.
Namely, the distributional problem asks, given as input a random truth table
tt(f) ~ {0,1}?", to decide whether size(f) < 2" or not. In fact, it can be shown
that the existence of an errorless heuristic algorithm for this problem is equivalent
to that of a natural property.

Theorem 4.5. The following are equivalent.
1. Gap . MCSP € Promise-BPP for some e > 0.

2. There exists a randomized polynomial-time algorithm solving the search ver-
sion of Gap MCSP for some € > 0.

3. (MCSP[2"],U) € AvgBPP for some constant € € (0,1).
4. There exists a BPP-natural property useful against SIZE(2¢").

We note that the approximation factor of Gap MCSP is 2(0-9"  which is
only slightly smaller than a trivial approximation factor 2" (indeed, since the
maximum circuit size for n-variable functions is at most 2", there exists a trivial
polynomial-time algorithm that solves Gap,MCSP unconditionally).

4.2.2 Results about MINKT

While the quality of the approximation for MCSP is quite bad, we are able
to obtain a much better approximation in the case of MINKT. We consider a
problem of deciding whether x is r-nonrandom string with respect to K, where
a random instance (z,1') of size m € N is chosen by sampling ¢ ~ [m] and
x ~ {0,1}™t. More formally, we consider a parameterized version of MINKT
such that the threshold of randomness is fixed to r: N — N.

Definition 4.6 (Parameterized MINKT). For a function r: N — N, define
MINKT[r] := { (z,1") | K¢(z) < 7(|z]) }.

We consider the following distribution on a pair (z,1?) of a binary string and
a unary string.

Definition 4.7 (Uniform distribution with auxiliary unary input). Define an
ensemble of distributions DXT = {DETY ., where, for each m € N, DET s
defined as the output distribution of the following algorithm: Pick t ~ [m] and
x ~ {0,1}™t randomly. Output (z,1%).

DKT

By this definition, it is obvious that is efficiently samplable.? Therefore:

Fact 4.8. (MINKT[r], DXT) € DistNP if r: N — N is efficiently computable.

2 A minor detail is that a randomized machine cannot sample ¢ ~ [m] exactly when m is not
a power of 2, because a coin flip of a randomized machine is usually defined as a binary string.
However, it is possible to efficiently sample a distribution exponentially close to DXT, and thus
this detail can be safely ignored with an exponentially small error.
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The main technical result of this chapter is that if there exists a polynomial-
time errorless heuristic algorithm A that solves (MINKT[r], DXT) for r(n) ~ n,
then one can compress any given string z into an efficient program M, of almost
shortest length K¢(z) + O(y/K¢(z)) for every input (z,1%) in polynomial time.
The reason why our reduction is non-black-box is that the efficient program M,
incorporates the heuristic algorithm A. In particular, when A is not an efficient
algorithm, there is no guarantee that the output M, of the compression algorithm
is an efficient program. We state it more formally:

Theorem 4.9 (Compression Under DistNP C AvgP). Let r: N — N be any
function such that for some constant ¢ > 0, for all large n € N, n — ¢y/nlogn <
r(n) < n. Assume that (MINKT[r], DKT) ¢ Avgy/6mP.  Then, there ezists a
zero-error randomized polynomial-time algorithm that, on input (z,1%), outputs a
program M of size < Ky¢(z) +O((log |z|)/K¢(x) + (log |z])?) such that M outputs
x in poly(|z|,t) steps.

It should be noted that the compression algorithm works for every input
(x,1%). As a corollary of Mheorem 49, an approximation version of MINKT
admits a ZPP algorithm under the same assumption:

Corollary 4.10. Under the same assumption with [Theorem 4.9, there exists
some o(n,s) = s+ O((logn)y/s+ (logn)?) and some polynomial T(n,t) such that
Gap, .MINKT € Promise-ZPP.

We note that the approximation error ¢ is so small that the Random
3SAT-hardness holds for Gap,  MINKT. Indeed, one can easily see that the
proof of Random 3SAT-hardness of MINKT (Corollary 3.1G) also works for
Gap, ,MINKT for any o such that o(n,s) < s+ o(s/logs) + o(n/logn). More-
over, our proof can be seen as a non-black-box nonadaptive reduction from
Gap, ,MINKT to (MINKT[r], DXT), and thus our proof cannot be made black-
box unless Gap,, , MINKT € coNP/poly (and in particular unless Random3SAT €
Avg-coNP/poly): indeed, otherwise by the result of Bogdanov and Trevisan
[BTO6H], we would obtain Gap, ,MINKT € coNP/poly.

4.2.3 Perspective: An Approach Towards Excluding Heuristica

We propose a research program towards excluding Heuristica through the lens
of MCSP or MINKT. Note that if NP <BPP Gap, -MINKT then we obtain the
following by Mhearem 49: If NP ¢ BPP then DistNP & AvgP, which means that
Heuristica does not exist.

Unfortunately, there are still several obstacles we need to overcome in order
for this research program to be completed. Although our proofs overcome the
limits of black-box reductions, our proofs do relativize. And there is a relativiza-
tion barrier for excluding Heuristica: Impagliazzo [ImpI1] constructed an oracle
A such that DistNP4 C AvgP4 and NPANcoNP4 ¢ P4 /poly. Under the same or-
acle, it follows from a relativized version of [(hearem 479 that Gapg7TMINKTA is
not NP4-hard under P4 /poly-Turing reductions. Thus it requires some nonrela-
tivizing technique to establish NP-hardness of Gap,, ,MINKT even under P/poly-
Turing reductions. (Previously, Ko [Ka91] constructed a relativized world where
MINKT is not NP-hard under P-Turing reductions.)

We also mention that there are a number of results showing that proving NP-
hardness of MCSP is extremely difficult or impossible under reducibility notions
stronger than P/poly-Turing reductions. However, few is known for weaker re-
ducibility notions such as NPNcoNP reductions. We conjecture that the following
is a feasible research question.
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Open Question 4.11. Prove the following (or explain why it is difficult to
resolve): Let 0,7 be arbitrary parameters as in Thearem 29. Gap,, ,MINKT is
NP-hard under coNP/poly-Turing reductions. That is, NP C coN PA/poly for any
oracle A that satisfies the promise of Gap,, , MINKT.

Note that the choice of reducibility is somewhat subtle: The relativization barrier
applies to P/poly reductions, but it is not known whether a similar barrier applies
to coNP/poly reductions. Ko [Ka91)] also speculated that MINKT might be NP-
complete under NP N coNP reductions. We mention that there is nonrelativizing
proof techniques to prove PSPACE-completeness of a space-bounded version of
MINKT under ZPP-Turing reductions and EXP-completeness of an exponential-
time version of MINKT under NP N coNP-Turing reductions (cf. [ABKT06h]).
A positive answer to Open Question 4.17 implies the following: If NP ¢
coNP/poly, then DistNP & AvgP. This will base the hardness of DistNP on a
plausible worst-case assumption of NP, and in particular, an assumption that the
polynomial-time hierarchy does not collapse. Currently, no worst-case hardness
assumption on the polynomial-time hierarchy is known to imply DistNP & AvgP.

4.2.4 Proof Overview

Our starting point is the Nisan-Wigderson generator [NWY4]. They presented
a (complexity-theoretic) pseudorandom generator NW/ secure against small cir-
cuits, based on any “hard” function f (in the sense that f cannot be approximated
by small circuits, that is, Pry[f(z) = C(z)] < 3 + € for some small e > 0 and any
small circuit C).

Its security is proved by the following reduction: Given any statistical test T
that distinguishes the output distribution of NW7 from the uniform distribution,
one can construct a small T-oracle circuit C7 that approximates f. If T can be
implemented by a small circuit, then this is a contradiction to the assumption that
f is hard; thus the pseudorandom generator is secure. Such a security proof turns
out to be quite fruitful not only for derandomization [KyM0O2, W1, V07|, but
also for Trevisan’s extractor [Ire(Ta], investigating the power of Kolmogorov-
random strings [ABKT06H], and the generic connection between learning and
natural proof [CIKKTS].

Our proofs also make use of a security proof. It enables us to transform any
statistical test T for NW/ to a small circuit C7 that describes a (% +¢)-fraction of
the truth table of f. Moreover, as observed in [IW0OT], such small circuits can be
constructed efficiently. By using a list-decodable error-correcting code Enc, given
any statistical test 7' for NWF?*(®) one can efficiently find a short description for
z under the oracle T

We argue that there is a statistical test T’ for NWF2®) ynder the assumption
that DistNP C AvgP. Consider the distributional NP problem (MINKT|[r], DXT).
A crucial observation is that there are few nonrandom strings (i.e., compressible
by a short program); that is, there are few YES instances in MINKT[r]. Thus any
errorless heuristic algorithm solving (MINKT[r], DXT) must reject a large fraction
of random strings. This gives rise to a dense subset T € P of random strings,
and it can be shown that T is a statistical test for any hitting set generator.

As a consequence, we obtain an efficient algorithm that, on input x, outputs a
short program d describing x under the oracle T'. Since T can be accepted by some
polynomial-time algorithm (that comes from the errorless heuristic algorithm for
(MINKT[r], DXT)), we can describe = by using the description d and a source
code of the algorithm accepting T'. This is the crucial part in which our proof is
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non-black-box; we need a source code of the errorless heuristic algorithm in order
to have a short description for . We then obtain a randomized polynomial-time
search algorithm for Gap,  MINKT.

The proof sketch above enables us to find a somewhat short description, but
it is not sufficient to obtain a description of length (1+0(1))-K(z), nor to obtain
the Random 3SAT-hardness of Gap,  MINKT. To optimize the quality of the
approximation, we need to exploit an improvement of the Nisan-Wigderson gen-
erator (and Trevisan’s extractor), given by Raz, Reingold and Vadhan [RRV0?].

Finally, the randomized algorithm described above can be made zero-error;
indeed, if DistNP C AvgZPP, then any randomized algorithm can be made zero-
error (as mentioned in [[mp95] without a proof). This is because a Kolmogorov-
random string w can be found by picking a string uniformly at random, and one
can check whether w is Kolmogorov-random or not by using an errorless heuristic
algorithm for (MINKT[r], DXT); by using w as a source of a hard function and
invoking the hardness versus randomness framework again, we can derandomize
the rest of the randomized computation. (The zero-error algorithm may fail only
if no Kolmogorov-random string is found.)

Interestingly, we invoke the hardness versus randomness framework twice for
completely different purposes. On one hand, to derandomize a randomized com-
putation, it is desirable to minimize the seed length of a pseudorandom generator,
because we need to exhaustively search all the seeds. On the other hand, to obtain
a short description, it is desirable to minimize the output length of a pseudoran-
dom generator (or, in other words, to maximize the seed length); this is because
the efficiency of the security proof is dominated by the output length.

To prove a similar equivalence between worst-case and average-case hardness
of MCSP, there is one difficulty: An error-correcting code Enc may significantly
increase the circuit complexity of f. As a consequence, for a function f that can
be computed by a small circuit, the circuit complexity of the output of NWwEre(f)
is not necessarily small, and thus an errorless heuristic algorithm for MCSP may
not induce a statistical test for NWF2¢(): here, the circuit complexity of a string x
refers to the size of a smallest circuit whose truth table is x. Nevertheless, it is still
possible to amplify the hardness of f while preserving the circuit complexity of f.
Indeed, Carmosino, Impagliazzo, Kabanets, and Kolokolova [CIKKTH] established
a generic reduction from approximately learning to natural properties, by using
the fact that a natural property is a statistical test for NWA™P() where Amp(f)
denotes a hardness amplified version of f. We observe that their approximately
learning is enough to achieve the approximation factor stated in Theorem 473.
Moreover, as observed by Hirahara and Santhanam [HST7|, a natural property
is essentially an errorless heuristic algorithm for MCSP. By combining these
results, we obtain a search to average-case reduction for GapMCSP.

4.3 Worst-Case to Average-Case Reduction for MINKT

4.3.1 Preliminaries

We first introduce several notations. To explain a consequence of the secu-
rity proof of the Nisan-Wigderson generator, it is convenient to introduce an
approximation version of Kolmogorov complexity.

Definition 4.12 (Approximation version of Time-bounded Kolmogorov complex-
ity). For functions f,g: {0,1}* — {0,1}, define dist(f,g) := Pr, o1y [f(2) #
g(x)]. For a function f:{0,1}* — {0,1}, an integer t € N, and an oracle
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A C{0,1}*, define Kf(;(f) as the minimum length of a string d such that U%(d)
outputs tt(g) of length 2° within t steps and dist(f, g) < 1/2 — 6.

We next introduce the notation for a certificate for MINKT. Note that since
MINKT € NP, every YES instance has a certificate whose correctness can be
checked efficiently.

Definition 4.13 (Certificate for MINKT). For an oracle A C {0,1}*, integers
s,t € N, and a string x € {0,1}*, a string d € {0,1}* is called a certificate
for K (z) < s if UA(d) outputs x within t steps and |d| < s. A certificate for
K,‘;‘(;(x) =< s is defined in a similar way.

In this terminology, for proving Thearem 49, on input (z, 1?), we seek a certificate
for
Ky () < Kqi(x) + O((log |2])v/Ki(z) + (log |z])?)

for some ' = poly(|z|,t). Note here that “<” is just a symbol, and “K;(z) < s”

should be interpreted as a tuple (z,1%,1%), which is an instance of MINKT.
MTheorem 49 can be interpreted as solving a search version of Gap, . MINKT.

We formally define the search problem associated with Gap, MINKT below.

Definition 4.14. The search version of Gap, .MINKT is defined as follows.

o Input: A string x € {0,1}* and an integer t € N represented in unary.
e Output: A certificate for Ky (x) < o(|z|,K¢(x)) for any t > 7(|x|,1).

A randomized algorithm A is called a zero-error randomized algorithm solving the
search version of Gap, ,MINKT if, for every x € {0,1}* and t € N, A(z,1") out-
puts a certificate for Ky (x) < o(|z|, K¢ (z)) whenever A(x,1%) # L, and A(x,1t)
outputs L with probability at most %

We observe that this is indeed “the” search version of Gap, MINKT by
showing that the decision version is easier than its search version:

Fact 4.15 (Decision reduces to search). Let o,7: N x N — N be any efficiently
computable and nondecreasing functions. If there exists a zero-error random-

ized polynomial-time algorithm solving the search version of Gap, MINKT, then
Gap, .MINKT € Promise-ZPP.

Proof. The main point is that the zero-error randomized search algorithm does
not err in the sense that it outputs an approximately shortest certificate when-
ever it succeeds. Therefore, given a zero-error randomized algorithm M solving
the search version of Gap, .MINKT, the following algorithm solves the decision
version: On input (z,1%,1%), run M on input (z, 1%). If M outputs L, then output
1 and halt. Otherwise, M outputs some certificate d. Accept iff |d| < o(|z],s)
and U(d) outputs x in 7(|z|,t) steps.

We claim the correctness of this algorithm. If (x,1%,1%) is a YES instance of
Gap,, ,MINKT, then we obtain a certificate d for Ky (z) < o(|z|,Ki(z)) where
t' := 7(|z|,t) unless M outputs L; that is, U(d) outputs z in ¢ steps, and
|d] < o(|z|,K¢(x)) < o]z, s). Thus the algorithm above accepts with probability
at least 5. If (,1%,1%) is a No instance of Gap, ,MINKT, then we have Ky () >
o(|z],s) for t' := 7(|x|,t). Thus the algorithm rejects unless M outputs L. O

The following is a simple but crucial lemma in which our proof becomes non-
black-box:
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Lemma 4.16. Let T € P. Then there exists some polynomial p such that
Ky(z) < KF'(x) + O(1) for any x € {0,1}* and any t,t' such that t' > p(t).
Moreover, given a certificate for KI'(x) < s, one can efficiently find a certificate
for Ky(x) <= s+ O(1).

We will use this lemma for an errorless heuristic polynomial-time algorithm ac-
cepting T' (in Mhearem 49). Thus, the output of our non-black-box reduction
will be a certificate for Ky (z) which incorporates a source code of the errorless
heuristic polynomial-time algorithm.

Proof. Let My be a polynomial-time machine that accepts T'. Consider the fol-
lowing machine M: On input d € {0, 1}*, simulate U7 (d) using Mo; that is, if U
makes a query q to the oracle T', then run My on input ¢ and answer the query
q with My(q). Then M outputs what UZ(d) outputs.

Now suppose that U”(d) outputs z in ¢ steps. Then, by the definition, M (d)
outputs x in po(t) steps for some polynomial py (that depends only on the running
time of My); thus, U(M, d) outputs x in py (po(t)) steps, where py is the slowdown
of the universal Turing machine. Hence we obtain Ky (z) < K} (z) + O(|M]) for
' = p(t) == pu(po(t)).

To see the “moreover” part, given a certificate d for KI (x) < s, we may simply
output (M, d) as a certificate for Ky (x) < s+ O(|M]). O

4.3.2 Short Certificate Under a Dense Subset of Random Strings

In this subsection, we present an efficient algorithm that outputs a certificate
for GapMINKT, given an oracle that accepts some dense subset of random strings.
The existence of such an oracle will be justified in the next subsection under the
assumption that DistNP C AvgP. We introduce the notation for r-random strings.

Definition 4.17 (r-random strings). Let R:[r] denote the set of all r-random
strings with respect to Ky; that is, Ry[r] :=={x € {0,1}* | K¢(z) > r(|z]) }.

In particular, a set A C {0,1}"™ is said to be a d-dense subset of r-random strings
Rt[’f‘] if A - Rt[r] and |A| > 2M4.

The main idea is that a dense subset of random strings gives rise to a statistical
test distinguishing any pseudorandom generator from the uniform distribution.
Indeed, take any efficiently computable function G: {0,1}¢ — {0,1}™ where
d < r(m); then any range G(z) of G can be described by its seed z in polynomial
time; hence G(z) is not r-random since K;(G(2)) < d < r(m); thus a d-dense
subset T of r-random strings is a statistical test for G with advantage 6, i.e.,
‘PrwN{071}7n [w € T] = Pr, 1o134[G(2) € T]| > 5. We will use this fact to break
the Nisan-Wigderson generator.

We proceed to define the Nisan-Wigderson generator NW/. Originally, Nisan
and Wigderson [NW94] defined the notion of design as a family of subsets
S1,...Sm such that |S; N S;| is small for every distinct ¢, j € [m]. As observed by
Raz, Reingold and Vadhan [RRV0?], a weaker notion is sufficient for a security
proof of the Nisan-Wigderson generator. Our notion is, however, different from
the weak design defined in [RRV0Z] due to some technical details.

Definition 4.18. We say that a family S = (S1,...,Sm) of subsets of [d] is a
(¢, p)-design if |S;| = ¢ and 23;11 2190851 - m — i < pm for every i € [m].

There is an efficient way to construct such a family with nice parameters.
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Lemma 4.19 (follows from [RRV02, Lemma 15]). For any m,¢,d € N such
that d/¢ € N, there exists a ({,exp(£*/d))-design Spma = (S15-..,Sm) C ([z]).
Moreover, the family Sy, 04 can be constructed by a deterministic algorithm in
time poly(m, d).

Proof Sketch. Raz, Reingold and Vadhan [RRV02] showed how to construct,
in time poly(m,d), a family of subsets Si,...,S, C [d] of size ¢ such that
23;11 2190851 < (14 ¢/d)" - (i — 1) < exp(£?/d) - i for every i € [m]. (The fam-
ily is constructed by dividing [d] into ¢ disjoint blocks of size d/¢, and, for each
i € [m], choosing one random element out of each block and adding it to S;. The
construction can be derandomized by the method of conditional expectations.)
The same family satisfies the condition that Z;;ll 2150851 4 — i < exp(€2/d)-m
for every i € [m]. O

For a string z € {0,1}% and a subset S = {i; < --- <y} C [d], we denote by
zs € {0,1}* the string 2;, - - 2;,. To avoid introducing a new variable, we treat
d/¢ as if it is a variable.

Definition 4.20 (Nisan-Wigderson generator [NW94]). For a function
f:{0,1} — {0,1} and parameters m,l,d/¢ € N, define the Nisan-Wigderson
generator NWﬁ,d: {0,1}¢ — {0,1}™ as NWﬁ%d(z) = f(zsy) - f(zs,,) for every
z € {0,1}4, where (S1,...,Sm) = Sm.e.a-

Nisan and Wigderson [NW94] showed that if f is a hard function (i.e. f
cannot be approximated by small circuits) then Nme 4 1s a pseudorandom gen-
erator secure against small circuits. The security proof of the Nisan-Wigderson
generator transforms any statistical test for Nme 4 into a small circuit that ap-
proximately describes f. Moreover, as observed in [IW0OI], such small circuits
can be constructed efficiently. We now make use of these facts to obtain a short
description for f. Our proof is similar to the construction of Trevisan’s extractor
[Tre(Ta], but we need to argue the efficiency.

Lemma 4.21. There exist some polynomial poly and a randomized polynomial-
time oracle machine satisfying the following specification.

Inputs: A function f: {0,1}* — {0,1} represented as its truth table, parameters
m,d/¢,6~1 € N represented in unary, and oracle access to T C {0,1}™.

Promise: We assume that the oracle T is a statistical test for NWf; 4 with ad-
vantage §. That is,

2~{0,1}4 w~{0,1}™

Pr [T(ng,d(z)) - 1} — Pr [T(w) - 1]' > 4. (4.1)

Output: A certificate for KtT§/2m(f) < exp(£%/d) - m + d + O(log(md)), for any
t > poly(m, d, 2°).

Proof. We first prove Kza/m(f) < exp(£2/d) - m + d+ O(log(md)). We will then
explain how to obtain a certificate efficiently (with the small loss in the quality
d/m of the approximation).

The first part is proved by a standard hybrid argument as in [NW94]. Without
loss of generality, we may ignore the absolute value of (E0); more precisely, let

Ty(w) := T(w) @ b for some b € {0,1} so that K, ,, [Tb(Nan’d(z)) - Tb(w)] > 4.
For every i € [m], define a hybrid distribution H; := f(zs,) - f(zs,) Wit1 - wpm
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for z ~ {0,1}% and w ~ {0,1}™. As Hy and H,, are distributed identi-
cally to w ~ {0,1}™ and NW{n’d(z) for z ~ {0,1}¢, respectively, we have
E [Ty(Hy) — Tp(Ho)] > 9. Pick i ~ [m] uniformly at random. Then we obtain
Ei [Tb(Hz) — Tb(Hifl)] 2 5/m

We can exploit this advantage to predict the next bit of the PRG (due to Yao
[YaoR?]; a nice exposition can be found in [Vadl2, Proposition 7.16]). For each
fixed i € [m], ¢ € {0,1}, wyp 1 € {0,117, and 2 s, € {0, 1}4=¢, consider the
following circuit P* for predicting f: On input = € {0,1}¢, set zg;, = = and
construct z € {0,1}%. Output Ty(f(zs,) - f(2s, ) - € - Wiy1 - wp) e 1. A
basic idea here is that if ¢ = f(zg,) (= f(z)) then the input distribution of T is
identical to H; and thus T} is likely to output 1, in which case we should output
c for predicting f. By a simple calculation, it can be shown that Pr[PTé(z) =
f(z)] > %—F%, where the probability is taken over all i ~ [m], ¢ ~ {0, 1}, wpmp\ (i ~
{0, 1}, Zlans; ~ 10, 1}47¢ and z ~ {0,1}". In particular, by averaging, there
exists some i, ¢, Wi\ (3]s 2[q]\s; Such that Pr,_ro 1ye [PTo(z) = f(z)] > 5 + %.

Therefore, it is sufficient to claim that the circuit P has a small description.
Note that the value of f needed in the computation of P can be hardwired into
the circuit using 3, _, 2190551 bits. Given oracle access to T, we can describe the
(% + %)-fraction of the truth table of f by specifying m, ¢, d, b, ¢, i, i)\ (1], 2[d)\s;
and the hardwired table of the values of f. This procedure takes time roughly
poly(m, d) + poly(2%) (for computing the design and evaluating the entire truth
table of PT%). The length of the description is at most Zj<i2‘simsj| + (m —
i) + (d — £) + O(log(md)) < exp(¢?/d) - m + d + O(log(md)). Thus we have
Kga/m(f) < exp(£2/d) - m + d + O(log(md)).

To find a certificate efficiently, observe that a random choice of
(¢4, Wim)\[i]» Zd)\s;) 18 sufficient in order for the argument above to work. That
is, pick ¢ ~ {0,1}, i ~ [m], Wy ~ {0,1}™%  and 2[d)\S; ™~ {0,1}97*. Then
a Markov style argument shows that, with probability at least §/2m, we obtain
Pr, (01} [PTo(z) = f(z)] > L + %. By trying each b € {0,1} and trying the
random choice O(m/§) times, we can find at least one certificate for KZ:(S /Qm( f)
with high probability.

We will update Cemma 22T by incorporating a list-decodable error-correcting
code, so that we obtain a certificate for K () instead of K/ /Qm( f)-

Definition 4.22 (List-decodable error-correcting code; cf. [VadI?]). For every
n,m,L € N and e > 0, a function Enc: {0,1}" — {0,1}™ is called a (L,% —€)-
list-decodable error-correcting code if there exists a function Dec: {0,1}™ —
({0,1}™)E such that, for every z € {0,1}" and r € {0,1}™ with dist(Enc(z),r) <
3 — €, we have z € Dec(r). We call Dec a list decoder of Enc.

For our purpose, it is sufficient to use any standard list-decodable code such as
the concatenation of a Reed-Solomon code and an Hadamard code.

Theorem 4.23 (see, e.g., [STVOI] and [VadI?, Problem 5.2]). For any n € N
and € > 0, there exists a function Enc,(: {0,1}" — {0, 1}21Z with ¢ = O(log(n/e€))
that is a (poly(1/€), 3 — €)-list-decodable error-correcting code. Moreover, Enc,, .
and its list decoder Decy, . are computable in time poly(n,1/€).

In what follows, we implicitly regard a string Enc, ((x) € {0, 1}22 of length 2¢ as
a function on /-bit inputs.
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Corollary 4.24. K{}(z) < K{ (Enc,(x)) + O(log(n/e)) for any string x €
{0,1}*, any oracle A, and any t' > t + poly(n,1/€). Moreover, given any x and
any certificate for ng(Encn,e(ac)) < s, one can find a certificate for Ki(z) <
s+ O(log(n/e)) in time t + poly(n, 1/€) with oracle access to A.

Proof. Consider the following procedure M: Given input dy € {0,1}* and
n,e ! € N and index i € N, output the ith string of Decne(UA( dp)). By the
definition, there exists some description dy of length Ki* (Enc, ((x)) such that
U4(dp) outputs some string r within time ¢ and dlst(Encn e(z),r) <4 —e. Thus
there exists an index ¢ < poly(1/¢) such that the ith string of Decy, () is equal
to . Hence, we obtain K7 (z) < |do| + O(log(ni/e)).

The “moreover” part can be easily seen as follows. Given a target string x
and a description dy, compute Dec,, (U4 (dp)). Let i be the index of x in the list
Decy, (U4 (dp)). Output a description (M, dg,n,e™t,14). O

Now we combine Cemma 421 and the list-decodable error-correcting code.
Lemma 4.25. There exist some polynomial poly and a randomized polynomial-
time oracle machine satisfying the following specification.

Inputs: A string x € {0,1}* of length n € N, parameters m,d/¢,6~1 € N repre-
sented in unary, and oracle access to T C {0,1}™.

Promise: Let € := §/2m, and 2° := |Ency, ((x)|. We assume that T is a statistical
test for NWin;"’e(x) with advantage §. That is,

P [T @) =1 - pe [T =1]

B

Output: A certificate for KI (z) = exp(¢?/d) - m + d + O(log(nmd/§)) for any
t > poly(n,m,d,1/9).

Proof. Set f := Ency((z) € {0,1}2°. Then run the algorithm of Lomma 42T
with inputs f,m,d/¢,6~' and oracle access to T. The algorithm outputs a
certificate for Kg)’éﬂm(Encn,e(x)) =< exp(?/d) - m + d + O(log(md)), where
to = poly(m,d,2). By [Corollary 4.24, we may efficiently convert this certifi-
cate to a certificate for KI'(x) < exp(¢?/d) - m + d + O(log(nmd/¢)), where
t > to + poly(n,1/e). O

As a consequence of Cemma 427, for any x € {0,1}* and parameters with
d > (?, we may obtain a certificate of length ~ exp(¢%/d)-m+d ~ m+£*m/d+d
given a statistical test for NWEHC" <@ Setting d := ¢y/m, we obtain a certificate

of length ~ m + O(¢y/m). We now claim that m may be set to ~ Ki(x), by
showing that the output of the Nisan-Wigderson generator is not random in the
sense of time-bounded Kolmogorov complexity.

Lemma 4.26. There exists some polynomial poly satisfying the following: For
any n,e ' m,d/l €N, z € {0,1}* and x € {0,1}" (where 2° is the output length
of Ency, ¢ ), we have

Ky (NW29(2)) < K@) + d + O(log(nmdy/e))

for any t,t' € N with t >t + poly(n,1/e,m,d).
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Proof. Roughly speaking, the output of the Nisan-Wigderson generator can be
described by a description dy of = (which is of length K;(z)), and a seed z of
length d. More precisely, the following algorithm describes the output of the NW
generator: Inputs consist of parameters n, e~ m,d/¢ € N represented in binary,
a seed z € {0,1}¢, and a string dy € {0,1}*. The algorithm operates as follows.
Compute = := U(dp), f := Enc, (x), and the design S, 4. Output Nmed(z).

It is easy to see that the running time of this algorithm is at most t +
poly(n,1/e,m,d) < t’, where t denotes the time it takes for U(dy) to out-
put z. The length of the description is at most |dg| + |z| + O(log(nmd/e)) <
Ki(z) + d + O(log(nmd/e)). O

We now assume that an oracle T is a d-dense subset of r-random strings R¢[r].
By Cemma278, T is a distinguisher for NWE;;"’E(QJ) if K¢(z)+d < r(m). Thus by
Cemma 425 we may find a certificate for K, (z) 2 exp(¢2/d) -~ (K¢ (x) +d) +d.
A formal statement follows.

Theorem 4.27. Let r: N — N be any function. There exist some polynomial
poly and a randomized polynomial-time oracle machine satisfying the following
specification.

Inputs: A string x € {0,1}* of length n € N, parameters t,m,d/¢,6~* € N
represented in unary, and oracle access to T C {0,1}"™.

Promise: Let € := §/2m, and 2° := |Enc,, .(z)|. Assume that T is a 6-dense subset
of Ry, [r] for some t; > t+poly(n,m,d,1/§), and that Ki(z)+d+O0(log(nmd/d)) <
r(m).

Output: A certificate for K] (z) < exp(¢%/d) - m + d + O(log(nmd/§)) for any
lg > pO|Y(n7 m, dv 1/6)

Proof. By CLemma 278, we have
K, (NWE' <9 (2)) < Ky () + d + O(log(nmd/8)) < r(m)

for any z € {0,1}¢ and any t; > t + poly(n,m,d,1/5). Therefore, for any
z € {0,1}¢, the output NWEHZ"’E(I)(Z) is not r-random with respect to Ky ;
Enc"’e(x)(z) ¢ T'. On the other hand, Pr,,(o1}»[w € T] > d by

m,d
the assumption. Thus T distinguishes NW]TEnn;"’C(I) from the uniform distribution

with advantage at least 4. By running the élgorithm of Cemma 473 with input
x,m,d/¢,6~", and oracle access to T, the algorithm outputs a certificate for

in particular, NW

Kg; (z) < exp(£?/d) - m + d + O(log(nmd/5))

with high probability, where to > poly(n,m,d,1/9). O

By Chearem 27, for r(m) ~ m, we can set m ~ K;(x)+d; thus, we can find a
certificate of length ~ exp(¢?/d)- (K¢(z)+d)+d =~ Ki¢(z) +2K¢(x) /d+2d+¢%. By
setting d := £+/K;(x), we obtain a certificate of length ~ K (x)+O(£\/K;(z))+£2.
(Note here that we do not know a priori the best choice of d as well as K;(x);
however we can try all choices of d.) In the next corollary, we observe that the
same length can be achieved as long as m — O(y/mlogm) < r(m).

43



Corollary 4.28. Let 6~ € N be any constant. Let r: N — N be any function
such that m—cy/mlogm < r(m), for some constant ¢, for all large m € N. There
exist some polynomial poly and a randomized polynomial-time oracle machine
satisfying the following specification.

Inputs: A string x € {0,1}* of length n € N, a parameter t € N represented in
unary, and oracle access to T C {0,1}*.

Promise: For all large m € N, we assume that T=" is a §-dense subset of Ry, [r]
for some t; >t + poly(n).

Output: A certificate for Ki (z) < Ki(z) + O((logn)/Ki(z) + (logn)?) for any
ta > poly(n).

Proof. Without loss of generality, we may assume that O(logn) < Ki(z) <
n + O(1). Indeed, we may exhaustively search all the descriptions dy of length
O(log n) and check if U(dp) outputs x within time ¢; if such a description is found,
we may output dp as a certificate for K(x) < |dy| = O(logn). Moreover, when
Ki¢(z) > n+ O(1), then we may just output a trivial description for x of length
n+ O(1). In what follows, we assume O(logn) < Ki(x) < n+ O(1).

Here is the algorithm: For every m € {1,...,n + O(1)} and every d/{ €
{1,...,n+ O(1)}, run the algorithm of Thearem 427 on input z,t,m,d/l,5 1
and with oracle access to T=™. Output the shortest description found in this
way. (If none is found, output a trivial description for z of length n + O(1).)

We claim that, on some specific choice of (m,d/f), the algorithm of Thead
Eem 227 outputs a short description. Let £ := log |Enc,, 5/, ()| = O(logn). We
analyze the two cases depending on whether ¢ < /K;(x) or not. Consider the
case when ¢ < /Ku(z). Let d/¢ := \/Ki(z) and m := Ky(z) + d + O(logn) +
4cy/Ki(z) log K (z). Then we have d < K¢(x) and hence m < 4K;(x). Thus,

r(m) > m — cy/mlogm

>m — 2¢y/Ky(x) log 4Ky ()
> Ky(z) + d + O(log n),

which means the hypothesis of Thearem 427 is satisfied; therefore, with high
probability, the algorithm outputs a description dy for x such that |dy| <
exp(¢2/d) - m + d + O(logn) with high probability. Since £2/d < 1, the length of
the description is

|do| < (1+202/d)-m + d+ O(logn)

(1+20%/d) - (Ke(x) +d) + 3 - (O(logn) + 4ey/Ki(z) log Ky (z)) 4+ d + O(log n)
< Kt(H}) + O(f\/ Kt(x) + £2>
Next, consider the case when ¢ > \/Ki(x). In this case, let d/¢ := ¢ and
m := 4d. Then we have r(m) > m — ¢y/mlogm > 3d > Ki(z) + d + O(logn),

which confirms the hypothesis of MThearem 427. Thus the algorithm outputs a
description for z of length exp(1) - m + d + O(logn) = O(£?). O

<
<

4.3.3 Accepting a Dense Subset of Random Strings in Heuristica

Now we justify the hypothesis used in the previous subsection. We show that
a dense r-random string can be accepted by some polynomial-time machine if
(MINKT[r], DXT) € AvgP. For any oracle T C {0,1}* and any ¢t € N, let T;
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denote { z € {0,1}* | (x,1%) € T'}. The main idea here is that since there are few
r-nonrandom strings, an errorless heuristic algorithm must succeed on a dense
subset of r-random strings.

Lemma 4.29. Let r: N — N be any function such that r(n) < n for all large
n € N. If (MINKT[r],DXT) € AvgsP for §(m) := 1/6m, then there exists a
language T' € P such that T; " is a %—dense subset of Ry[r], for all large n € N
and every t € N.

Proof. Let M be the errorless heuristic deterministic polynomial-time algorithm
for (MINKT[r], DXT). We define T so that T'(x,1%) := 1 if M(z, 1) = 0; oth-
erwise T'(x, 1) := 0, for every x € {0,1}* and ¢t € N. By this definition, it is
obvious that 17" € P.

Fix any t € N. We claim that T} is a subset of r-random strings R;[r]. Indeed,
for any z € Ty, we have M (x,1%) = 0. Since M is an errorless heuristic algorithm,
we obtain K¢(z) > r(|z|); thus x € Ry[r].

We now claim that 7;-" is dense, i.e., Pry qo1}n[z € T}] > % for all large
n € N. In the next claim, we prove that M solves MINKT[r] on average even if
t is fixed.

Claim 4.30. For all large n € N and any t € N, we have

%grl}n [M(z,1") # MINKT[r](z, 1")] <

Cm»—t

Indeed, for m := n + t, using the definition of errorless heuristic algorithms,
we obtain

d(m)>  Pr  [M(z,1°) # MINKT[r](x, 1°)]
(z,1°)~DRT

> Pr||z| =n] - Pr[M(x,1%) # MINKT[r|(x,1°) | |z| = n]
1 t ¢
> — -Iwgﬁ}n [M(x,1") # MINKT[r](z,1")]
where in the last inequality we used the fact that, conditioned on the event
|z| = n, the distribution DXT is identically distributed to the distribution (z, 1*)
where 2 ~ {0,1}". Thus we have Pr,. g 1}n[M(x,1") # MINKT[r|(z,1%)] <
m - 6(m) < ¢. This completes a proof of CIaim 230,

We claim that M must output 0 on a large fraction of strings, which implies
that T is dense. Indeed, there are few r-nonrandom strings, so M must succeed on
a large fraction of random strings. More precisely, the number of r-nonrandom
strlngs of length n is at most ZT(n 2t < 27" thus, the probability that

(v,1%) € MINKT[r] over the choice of x ~ {0,1}" is at most 2"~ < 1 for all
large n € N and every t € N. Therefore, we obtain

Pr [zeT]
x~{0,1}"
= Pr [M(z,1") = 0 & MINKT[r|(z,1") = o]
= Pr[M(z,1") = MINKT[r](z,1")] — Pr[ =1 & MINKT[r](z,1") = 1]

T

2(=5)-35
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We will supply 7} to the algorithm of [Corollary 4.2§; then the algorithm will
output some certificate under the oracle 7;. The next lemma enables us to convert
the certificate to a certificate under the oracle T'.

Lemma 4.31. There exists some polynomial poly such that Kf. (z) < Kz;tl (x) +
O(loglogty) for any x € {0,1}*, any oracle T C {0,1}* and any t1,ts,t3 € N
such that t1 is a power of 2 and t3 > poly(ti,t2). Moreover, given t; € N and
a certificate for Kz;tl (x) < s, one can efficiently find a certificate for Kg;(x) =
s+ O(loglogty).

Proof. Consider the following algorithm M with oracle access to T: Given input
do € {0,1}* and logt; € N, simulate and output U”t1 (dy). Here, the oracle T}, is
simulated as follows: Given query ¢ to Ty, convert it into a query (g, 1%) to T.
If dy is a certificate for Kz;tl (x) < |dg|, then M7 (dy,logti) outputs z in time
poly(t1,t2). Thus (M,dp,logt1) is a certificate for K¢, (x) < |do| + O(loglogty).
O

In order to obtain a zero-error randomized algorithm for GapMINKT, we
prove that a Kolmogorov-random string can be used in order to derandomize
randomized algorithms. This can be proved by using the Nisan-Wigderson gen-
erator or the Impagliazzo-Wigderson generator (cf. [NW94, TW97, KxM0?2]); how-
ever, for our purpose, there is a much simpler construction of a pseudorandom
generator based on Cemma475. (Our construction is similar to the Sudan-
Trevisan-Vadhan pseudorandom generator [STVOT].)

Lemma 4.32. For any constant v > 0, there exist polynomials py,p, and a
constant ¢ € N satisfying the following: For all large m € N, let t :== py(m), n =
pn(m), and w € {0,1}" be a string such that Ki(w) > nY. Then, NWTEH?E”’E(w) is
a pseudorandom generator secure against a circuit of size m, where € :== 1/4m
and d := clog(nm); that is,

b [T(wajj;"ve(w (2)) = 1} B [T(u) - 1H < %

for any circuit T of size m.

Proof. Let £ := log|Enc, (w)| = O(log(nm)). Let ¢ be large enough so that
exp(£?/d) < (nm)?/? for all large m € N. By Cemma 474, if ngfl”’e(w) is not a
pseudorandom generator secure against some circuit 7' of size m, then K} (w) <
exp(£2/d) - m 4+ d 4+ O(log(nm)) < (nm)?/2 . m + O(logm) for t := poly(n, m,d).
Since the circuit 7" can be described by a string of length O(mlogm), we obtain
Ki(w) < (nm)"?-m 4 O(mlogm). Thus we have K;(w) < n? for some suffi-
ciently large polynomials n := p,(m) and ¢ := p;(m) > poly(n, m,d), which is a
contradiction. O

We arrive at the following search to average-case reduction.

Theorem 4.33 (Restatement of Thearem 4°9). Let r: N — N be any function
such that for some constant ¢ > 0, for all large n € N, n —cy/nlogn < r(n) < n.
Assume that (MINKT[r], DXT) € Avgy /6mP. Then, for some function o(n,s) =

s+0((logn)y/s+ (logn)?) and some polynomial T, there exists a zero-error ran-
domized polynomial-time algorithm solving the search version of Gap, ,MINKT.
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Proof. We first present a randomized algorithm that may err. By Cemma 479,
there exists a language 7" in P such that 77" is a %—dense subset of Ry[r] for all
large n € N and every t € N. Applying to Ty, and 6! = 3, we
obtain a randomized polynomial-time oracle machine that, on input = of length
n € N, 1%, and with oracle access to Tj,, outputs a certificate dy for Kz;t1 (z) <
o(n,K¢(x)) with high probability, for t; > ¢+ poly(n) and t > poly(n). On input
(x, 1t), we fix ¢t; to the minimum integer such that ¢; is a power of 2 and ¢; >
t + poly(n). By Cemma 31, we can efficiently transform the certificate dy into
a certificate dy for Kf, (z) < o(n,K¢(x)) + O(loglogty), where t3 > poly(ty,t2).
Since T is solvable by a deterministic polynomial-time machine, by Cemma 4 T4,
we can efficiently transform the certificate d; into a certificate do for Ky, (x) =<
o(n,K¢(z)) + O(loglogt1), where t4 > poly(t3). Thus we obtain a randomized
polynomial-time algorithm that, on input (z,1!), outputs a certificate dy for
Ki, (z) = o(|z], K¢(x))+O(loglog t1) where t; = O(t+poly(|z|)) and t4 > 7(|z|, t)
for some polynomial 7.

Note that there is an additive term O(loglogt;); however, we may assume
without loss of generality that O(loglogt;) = O(logn), which can be absorbed
into o(n,Ki(z)). Indeed, otherwise we have t; > 2", and hence ¢t > Q(2"). In
such a case, we can exhaustively search all the description in time poly(t) = 20(n)
and we can find the shortest description.

Now we make the randomized algorithm zero-error. Let M denote the ran-
domized algorithm solving the search version of Gap, MINKT. Fix any input
(z,1%). Let k,m,t' be some large polynomials in |z| and ¢ that will be chosen
later. Pick w ~ {0,1}" uniformly at random, and check if w € T;*; note that
w is r-random since Tt,:k is a subset of Ry[r]. Since T,;" is dense, we can find
such an r-random string with high probability; if no r-random string is found,

then output L and halt (i.e., the zero-error algorithm fails). Using w as a source

. Ency,
of a hard function, we construct the secure pseudorandom generator NWmnzk‘ (w)

given in Cemma 432 Since the seed length of the pseudorandom generator
is O(log(km)), we can enumerate all the seeds z in polynomial time; we use

NWE:;’” “(z) € {0,1}™ as the source of randomness of the randomized algo-
rithm M. Output the shortest description that is found by exhaustively searching
all the seeds.

To prove the correctness, we define some statistical test 7. Fix any input
(x,1%), and let Cp; be a polynomial-size circuit that takes random bits u and
simulates the randomized algorithm M on input (x,1!) with random bits u. Let
s = o(|z|,K¢(z)), t” := 7(|z|,t), and let V be a polynomial-size circuit that
takes a description dy and accepts iff dy is a certificate for Ky (z) < s. Define a
statistical test T as T'(u) := V(Cp(u)). Let m be large enough so that |T| < m
(for every choice of s); define k := p,(m) and ¢ := p;(m) where p,, and p; are
polynomials in Cemma 4324, Since M finds a certificate with high probability,
we have Pr, g 1ym[T(u) = 1] > %. Thus by Cemma 437, there exists some seed

z € {0,1}% such that C’M(NWE;;’“’E(U)) (z)) outputs a certificate for Ky (z) =< s,
as desired. O

Corollary 4.34. In the following list, we have 1 = 2 = 3 = 4. Moreover, under
the plausible assumption that Promise-ZPP = Promise-P, we also have 4 = 2.

1. DistNP C AvgP.
2. (MINKT[r],DXT) € Avgyj5,P for some r: N — N such that n —
O(v/nlogn) <r(n) <n for all large n € N.
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3. There exists a zero-error randomized polynomial-time algorithm solving the
search version of Gap,,MINKT, for some o(n,s) = s+ O((logn)\/s +
(logn)?) and some polynomial T(n,t).

4. Gap, ,MINKT € Promise-ZPP for some o(n,s) = s+ O((logn)y/s +
(logn)?) and some polynomial 7(n,t).

Proof. (1 = 2) For r(n) := n—1, we have (MINKT[r], DXT) € DistNP C AvgP C
AVgl/ﬁmP'

(2 = 3) This is exactly equivalent to Theorem 4.

(3 = 4) This follows from FactaT3.

(4 = 2 if Promise-ZPP = Promise-P) Under the derandomization assumption,
we have Gap, ;MINKT € Promise-ZPP = Promise-P. Let ¢ be a constant such
that o(n,s) < s+ c- ((logn)y/s + (logn)?) for all large n,s € N. We claim that
(MINKT[r], DXT) € AvgsP for r(n) :=n — 2c(logn)y/n and §(m) := 1/6m.

By the assumption, there exists a deterministic polynomial-time algorithm M
that distinguishes YES and NO instances of Gap, ;MINKT. Using the algorithm,
we define an errorless heuristic algorithm A solving MINKT|r| as follows: On in-
put (z,1%), if the input is short, i.e., |z| = O(1), then check if (z, 1) € MINKT|r]
by an exhaustive search, and output the answer. Otherwise, set s := r(|z|) and
output 0 if M(z,1%,1%) rejects; otherwise, output L.

We claim that A is errorless. Since A does not output 1 on inputs of large
length, it suffices to claim that M (x, 1!, 1%) accepts for any (z,1!) € MINKT|[r].
Since Ki(z) < r(|z|) = s, (x,1%,1%) is a YES instance of Gap, ,MINKT; thus
M (z,1%,1%) accepts.

We claim that A succeeds on a large fraction of inputs. Fix any large n € N
and any t € N. For any x € {0,1}", A(x, 1) outputs L only if (z, 1*,17) is not
a No instance of Gap, ,MINKT. Hence,

Pr [A(z,1H)=1]< Pr [K <
b A =1 P (Ko (@) < ol r(n)]

< 2—n+a(n,r(n))+1 < 1

< < o

where the last inequality holds for all large n. Thus, for every m € N, we obtain

Pr  [A(z,1)=1] = E { Pr [A(z,1™™") = 1] } <

(z,1t)~DKT n~[m]L x~{0,1}"

1
-

4.4 Worst-Case to Average-Case Reduction for MCSP

In this section, we establish a worst-case and average-case equivalence for
approximating a minimum circuit size. We start with the definition of randomized
errorless heuristic algorithms.

Definition 4.35 (Randomized Errorless Heuristics). Let (L, D) be a distribu-
tional problem and 6: N — [0,1]. A randomized algorithm A is said to be a
randomized errorless heuristic algorithm with failure probability § for (L, D) if

o Pra[A(z) & {L(z),L}] < & for every x € {0,1}*, and

e Pryop,, [Pra[A(z) = 1] > %] < d(m) for every m € N.
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An input x such that Pra[A(z) = 1] > % is called a hard instance for A.
We say that (L,D) € AvgsBPP if (L,D) admits a randomized polynomial-
time errorless heuristic algorithm with failure probability §. Define AvgBPP :=
Neen Avg,—-BPP.

Note that there are two types of randomness in this definition. One is the ran-
domness of the BPP algorithm A, and the other is the randomness of the input
x. The error % that comes from the former can be reduced by the standard
technique of repetition, and hence the choice % is simply for the convenience.

We observe that an errorless heuristic algorithm for MCSP[s] is essentially
equivalent to BPP-natural properties useful against SIZE(s(n)). The main idea is
that since the number of YES instances of MCSP(s] is small, an errorless heuristic
algorithm must succeed on a large fraction of NO instances of MCSP(s|, which
induces a natural property.

Lemma 4.36. Let s: N — N be any function such that s(n) = o(2"/n) forn € N.
Let v,6: N — [0, 1] be functions.

1. If there exists a BPP-natural property useful against SIZE(s(n)) with large-
ness vy, then (MCSP[s],U) € AvgsBPP, where §(2") := 1 — ~(n) for n € N.

2. If (MCSP[s],U) € AvgsBPP, then there exists a BPP-natural property useful
against SIZE(s(n)) with largeness v where y(n) = 1 — §(2") — 9211 for
n € N.

Proof. First part: Let (Ilygs, [INo) be a BPP-natural property, and M be a BPP
algorithm solving (Ilygs, [Ino) (With error < é) Define a randomized algorithm
A as follows: On input f, run M on input f and reject if M accepts, and output
L otherwise. We claim that A is a randomized errorless heuristic algorithm for
(MCSP[s],U).

We first claim that the fraction of hard instances for A is small. Indeed, f
is a hard instance for A only if Pra[A(f) = L] = Pry[M(f) = 0] > 1, which
implies that f ¢ Ilygs. Thus the fraction of hard instances f € {0,1}?" is at
most 1 —~y(n).

Next, we claim that, for every input f, A outputs a wrong answer for MCSPs]
with probability at most é. Since A never accepts, this happens only if M accepts
and f € MCSP([s|, which implies that f € IIxo and hence Pra[A(f) = 0] =
Pry[M(f) =1] < §.

Second part: Given a randomized errorless heuristic algorithm A for
(MCSP[s],U), define a randomized algorithm M so that M (f) :=0if A(f) =1
or A(f) = L; otherwise M(f) := 1. We claim that M accepts some natural
property (Ilygg, IIno) with error < %.

Since A is errorless, for any f € MCSP[s], we have Pry/[M(f) = 1] =
Pra[A(f) = 0] < %; thus M satisfies the usefulness. To see the largeness,
consider any instance f that is not a hard instance for A. We claim that
Pra[A(f) = MCSP[s](f)] > 2: This is because A outputs L with probability
at most % since f is not hard for A, and moreover A outputs a wrong answer
with probability at most %. Therefore, M accepts f with probability at least % if
f is not a hard instance for A and f ¢ MCSP[s]. The fraction of such instances
fe{0,1}?" is at least 1 — 6(2") — s(n)9C() . 272" > ~(pn), for all large n € N.

O

We now state the main result of this section.
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Theorem 4.37. The following are equivalent.
1. Gap.MCSP € Promise-BPP for some € > 0.
2. (MCSP[2"|,U) € AvgBPP for some e > 0.
3. (MCSP[2"],U) € AvgsBPP for some constants €,6 € (0,1).

4. There exists a BPP-natural property useful against SIZE(2") with largeness
v, for some € € (0,1) and y(n) :==1 — g—2n~1

5. There exists a BPP-natural property useful against SIZE(2") with largeness
v, for some constants €,y € (0, 1).

6. There exists a randomized polynomial-time algorithm solving the search ver-
sion of Gap MCSP, for some € > 0.

Proof. (<< B and @ = B) This follows from Cemma a38.

(2 = B) Obvious.

(8 = m) This follows from Fact2T1.

(I = @) Let A be a randomized polynomial-time algorithm solving
Gap MCSP. Define A’ as the following algorithm: On input f: {0,1}" — {0, 1},
run A on input (f,s) for s := 2e7/2 and accept iff A rejects. We claim
that A’ accepts some natural property useful against SIZE(2°%/2). Indeed, if
size(f) < 2%/2, then (f,s) is a YES instance of Gap,MCSP, and thus A’(f)
rejects with high probability. Hence A’ satisfies the usefulness. On the other
hand, A’ accepts any NoO instance (f,s) of Gap, MCSP, that is, any (f,s) such
that size(f) > 21797 . s = 20=¢/2)n  Gince the fraction of functions f such that
size(f) < 21=¢/2)" is at most 202(1=/DM) =2 9=2"/2 " Al satisfies the largeness
of density 1 —272"/2,

(8 = B) This is the main technical part, which can be proved by using a
generic reduction from learning to natural properties [CIKKTG]. We prove this
in the next Mheorem 4°38. 0

Theorem 4.38. If there exists a BPP-natural property useful against SIZE(2™)
with largeness &g for some constants ey, dg € (0,1), then there exists a randomized
polynomial-time algorithm solving the search version of Gap, MCSP for some
€1 > 0.

For functions f,g: {0,1}" — {0,1} and € € [0, 1], we say that f is e-close to g
if dist(f,g) < e. The following is the main result of [CIKKTG], which established
a generic reduction from learning an e-close function to natural properties.

Lemma 4.39 (Carmosino, Impagliazzo, Kabanets, and Kolokolova [CIKKTH]).
For every £ <mn € N,e > 0, there exists a “black-box generator” Gy, satisfying
the following.

o Gyn. maps a function f:{0,1}" — {0,1} to a function G{ne: {0,1}™ —
{0,1}2° for some m € N, and

o size(G{7n7€(z)) < poly(n,1/e,size(f)) for all z € {0,1}"™, where we regard
el

7n.c(2) as a function on £-bil inputs.
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Moreover, there exists a randomized polynomial-time oracle machine (a “re-
construction algorithm”) satisfying the following specification.

Inputs: Oracle access to a function f: {0,1}" — {0, 1}, parameters n, e~ 1,2 € N
represented in unary, and a circuit D on 2¢-bit inputs.

Promise: We assume that D is a statistical test for G{ n.e With advantage 69. That
18,

Py [D(Gf (z)):1]— Pr [D(w):@

> 50
a0 LT bmse we{0,1)?" o

for some universal constant 69 > 0.

Output: A circuit C that is e-close to f. (In particular, the size of C' is at most
poly(n, ™!, 2, | DI)).

Proof of [[heorem 7.38. Suppose that the truth table of f: {0,1}" — {0,1} is
given as input. Let u(f) := 2¢0¢ denote the usefulness parameter, and let s :=
size(f).

First, note that any circuit C' that is e-close to f can be converted into a circuit
C’ computing f ezactly such that |C'| < |C|+€-2"-n+O(1). Indeed, since there
are at most €2” inputs on which f and C disagree, we can define a DNF formula
o with €2™ terms such that ¢ outputs 1 iff f and C' disagree; then we may define
C'(xz) = C(x) ® p(x) so that C'(z) = f(x) for every x € {0,1}". Therefore,
the output of the reconstruction algorithm of can be converted to a
circuit C’ computing f exactly such that |C’| < poly(n,1/e,2¢, |D|) + € - 2" - n.

We now construct a statistical test for G£ e using a BPP-natural property
and Adleman’s trick [AdI7R] (for proving BPP C P/poly). Let (Ilygs,IIno) be
a BPP-natural property and M be a BPP algorithm solving (Ilygg, Ino). Fix
any ¢ € N. By a standard error reduction for BPP, we may assume without
loss of generality that the error probability of M is at most 272F on any inputs
of length L := 2. Pick a string r of length poly(£) uniformly at random, and
hardwire r into M as the source of internal randomness. Then, by the union
bound, with probability at least 1 — 2~ over the choice of r, M(-;r) computes
some natural property on input length L, i.e., M (w;r) = 1 iff w € Iy, for every
w € (Iygs UIIno)~". By a standard translation from a machine to a circuit, we
convert M (-;r) to a circuit Dy of size poly(?).

We claim that Dy is a statistical test for Gin’e if size(G£7n7€(z)) < u(l) for

every z. Indeed, by the usefulness of natural properties, we have G{ n.e(2) € IINo;
thus Dg(ng .(2)) = 0. On the other hand, by the largeness of natural properties,

we have |(Ilygs)~F| > 602, and thus Pry,qo13e[De(w) = 1] > do. Thus Dy is a
statistical test for Gﬁn,e‘

Here is an algorithm solving the search version of Gap, MCSP. For every
¢ € [n] and every €1 € [2"], run the reconstruction algorithm of
with inputs f,n,¢,2¢, and Dy, and obtain a circuit C' approximating f. Convert
C to C' computing f exactly as explained above. Output the minimum circuit
C’ computing f found in this way.

It remains to claim that, for some choice of ¢, ¢, the reconstruction algorithm
outputs a small circuit. Let ¢ > 0 be a constant such that Gg,nye(z) < (ns/e)¢ and
|C'| < (n2%/€)¢ + €2™n for all large n,¢,¢*. In order for Dy to be a statistical
test for Gg,n,e’ we need (ns/e)® < u(f) = 2% thus we set 2¢ := (ns/e)/. To
make |C’| small, we set € := 2-"s where ¢ := (¢ + c?/ey + 1) L. Then we have
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|C'| < (n/e)c(n2€1”)cz/€0 + 20—e)npg < pOMgl—e)ng < 9ll—a/Ang for all large
n € N. O

4.5 Open Problems

We conclude this chapter by mentioning several open questions. One obvious
question is whether the approximation error of Gap, .MINKT can be improved.

Open Question 4.40. Can the approximation error of Gap, ;MINKT in Thed
brem 49 be improved?

Another question is whether a similar small approximation error can be
achieved when we assume AvgZPP algorithms (instead of AvgP) for MINKT. A
naive approach is to have a description that incorporates random bits of AvgZPP
algorithms, but it spoils the quality of the approximation.

Open Question 4.41. What approximation error can be achieved for
Gap, . MINKT assuming DistNP C AvgZPP?

Finally and most importantly, we crucially used the fact that the algorithm
does not make any error. Is it possible to obtain a similar non-black-box worst-
case to average-case reduction for HeurP (i.e., heuristic algorithms that may err)?

Open Question 4.42. Does DistNP C HeurP imply that Gap, MINKT or
Gap MCSP is easy?
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Chapter 5

On Black-box Reductions to Dense Subsets
of Random Strings

In Chapter 4, we presented non-black-box reductions from an approximation
version of MDLPs to its average-case version. As mentioned before, there is
a line of work devoted to simulating black-box reductions by AM N coAM. A
natural question is whether a similar technique can be used to show MDLPs
are in NP N coAM (and in particular refute average-case conjectures explored in
Chapter 3.)

Thus in this chapter we investigate black-box reductions to dense subsets of
random strings. As a main result, we show how to simulate randomized non-
adaptive black-box reductions to dense subsets of (exponential-time computable)
random strings by AM N coAM. We also show an upper bound of SQP in the
case of reductions to dense subsets of random strings defined with respect to re-
source unbounded Kolmogorov complexity. These results further strengthen the
evidence that the reductions of are inherently non-black-box.

5.1 Background: Limits of Black-Box Reductions

A line of work was devoted to understanding why it is difficult to find a prob-
lem in NP whose average-case hardness is based on the worst-case complexity of
an NP-complete problem. Given our poor understanding of unconditional lower
bounds, the most prevailing proof technique in complexity theory for showing
intractability of a problem is by means of reductions. Moreover, almost all re-
duction techniques are black-box in the sense that, given computational problems
A and B, areduction R solves A given any oracle (i.e. a black-box algorithm) solv-
ing B. The technique of reductions led to the discovery of tons of NP-complete
problems computationally equivalent to each other — in the worst-case sense.
On the other hand, it turned out that the power of black-box reductions is lim-
ited for the purpose of showing intractability of average-case problems based on
worst-case problems.

Building on the work of Feigenbaum and Fortnow [F'F93], Bogdanov and Tre-
visan [BT06H] showed that if a worst-case problem L is reducible to some average-
case problem in NP via a nonadaptive black-box randomized polynomial-time
reduction, then L must be in NP /polyNcoNP/poly. This in particular shows that
the hardness of any average-case problem in NP cannot be based on the worst-
case hardness of an NP-complete problem via such a reduction technique (unless
the polynomial-time hierarchy collapses [Yap83]). Akavia, Goldreich, Goldwasser
and Moshkovitz [AGGNMO6, AGGMTU] showed that, in the special case of a non-
adaptive reduction to the task of inverting a one-way function, the upper bound
of [BT06K] can be improved to AM NcoAM, thereby removing the advice “/poly”.
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Bogdanov and Brzuska [BBI5] showed that even a general (i.e. adaptive) reduc-
tion to the task of inverting a size-verifiable one-way function cannot be used
for any problem outside AM N coAM. Applebaum, Barak, and Xiao [ABX0S|
studied black-box reductions to PAC learning, and observed that the technique
of [AGGMUOG] can be applied to (some restricted type of) a black-box reduction
to the task of inverting an auxiliary-input one-way function.

The main question addressed in this chapter is whether the technique used
in is inherently non-black-box or not. As reviewed above, there
are several results and techniques developed in order to simulate black-box re-
ductions by AM N coAM algorithms. Why can’t we combine these techniques
with the (seemingly non-black-box) reductions of in order to prove
Gap.MCSP € coAM and refute average-case complexity conjectures explored in
such as Rudich’s conjecture and O’Donnell’s conjecture? Note that
refuting these conjectures would significantly change our common belief about
average-case complexity and the power of nondeterministic algorithms. We em-
phasize that while the proof of seems to yield only non-black-box
reductions, it does not necessarily mean that there is no alternative proof that
yields a black-box reduction; moreover, the techniques of simulating black-box
reductions could be adapted for the proof of Chapfer 4.

For this purpose, we aim at improving our understanding of the limits of black-
box reductions. We summarize a landscape around average-case complexity in
IF1g 1.

DistNP & HeurBPP & 3PRG < I OWF

] ) 3 AIOWF

ﬂChapter?;
Chapter 4
DistNP & AvgBPP < 3IHSG <« 3 Gap.MCSP ¢ BPP

o)
&
U I[BTOW Chapter 3

NP & BPP

[AGGMO6, BB15]

Figure 5.1: Average-case complexity and limits of black-box reductions. “A —
B” means that there is no black-box reduction technique showing “A = B” under
reasonable complexity theoretic assumptions. The security of all cryptographic
primitives is with respect to an almost-everywhere polynomial-time randomized
adversary.

As indicated in [Figure 5.1, we note that the reductions of can be
seen as a reduction to a problem of avoiding a hitting set generator. Indeed,
Gap MCSP ¢ BPP implies the nonexistence of natural properties, which yields
a hitting set generator G'"* = {Gnt: {0, 1}0(2€ln) — {0,1}?" },ien (i-e., the circuit
interpreter defined in Definifion 2-18) for some constant €’ > 0.

We thus continue the study of the limits of black-box reductions to a distin-
guisher for a hitting set generator, initiated by Gutfreund and Vadhan [GVOS].
Motivated by questions about whether derandomization is possible under uni-
form assumptions (cf. [[WOI, VO7]), they investigated what can be reduced to
any oracle avoiding a hitting set generator in a black-box way. They showed
that any polynomial-time randomized nonadaptive black-box reductions to any
oracle avoiding an exponential-time computable hitting set generator G' can be
simulated in BPPNP | which is a trivial upper bound when G is polynomial-time
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computable.

5.2 Our Results

We significantly improve this upper bound to AMNcoAM, thereby putting the
study of hitting set generators into the landscape of black-box reductions within
NP (cf. [Figure 5.1). We also show a uniform upper bound of SY¥ even if a hitting
set generator G is not computable.

Theorem 5.1. Let G = {Gy : {0,115 — {0,1}}sen be any (not necessarily
computable) hitting set generator such that s(¢) < (1 —8(1))€ for all large £ € N.
Then,

[)BPP* € NP/poly N coNP/poly N S5,

R

where the intersection is taken over all oracles R that (1 — 1/poly(¥))-avoid G.
Moreover, if Gy is computable in 200, then we also have

(1BPP* C AM N coAM.
R

Compared to the line of work showing limits of black-box reductions within
NP, a surprising aspect of Chearem 51l is that it generalizes to any function
G that may not be computable. Indeed, almost all the previous results [FEY3,
BT06H, AGGMO6, BBTH, ABX08] crucially exploit the fact that a verifier can
check the correctness of a certificate for an NP problem; thus a dishonest prover
can cheat the verifier only for one direction, by not providing a certificate for
a YES instance. In our situation, a verifier cannot compute G and thus cannot
prevent dishonest provers from cheating in this way. At a high level, our technical
contributions are to overcome this difficulty by combining the ideas of Gutfreund
and Vadhan [GVOR] with the techniques developed in [FEY3, BTO6E].

We remark that Theorem 51 improves all the previous results mentioned
before in some sense. Compared to [BTO6E], our results show that the advice
“/poly” is not required in order to simulate black-box reductions to any ora-
cle avoiding an exponential-time computable hitting set generator. Compared
to [AGGMOG, ABX08], our results “conceptually” improve their results because
the existence of one-way functions imply the existence of hitting set generators;
on the other hand, since the implication goes through the adaptive reduction
of [HILLYY], technically speaking, our results are incomparable with their re-
sults. Similarly, our results conceptually improve the result of (which
concerns oracle-independent reductions), but these are technically incompara-
ble, mainly because the implication goes through the non-black-box reduction of

D 4.

5.2.1 Why are the Reductions of Non-black-box?

Based on MThearem 51, we now argue that the reductions of are
inherently non-black-box in a certain formal sense: The reason is that the idea of
can be applied to not only time-bounded Kolmogorov complexity but
also any other types of Kolmogorov complexity, including resource-unbounded
Kolmogorov complexity. Therefore, if this generalized reduction could be made
black-box, then (as outlined below) by Theorem B we would obtain a finite
algorithm SQP that approximates resource-unbounded Kolmogorov complexity,
which is a contradiction.
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To give one specific example, we briefly outline how the reductions of [Chap
Eer4 can be generalized to the case of Levin’s Kt-complexity [Lev84]: Recall that,
for an efficient universal Turing machine U, the Kt-complexity of a string z is
defined as

Kt(x) := min{|d| + logt | U(d) outputs = within ¢ steps }.

We define a hitting set generator G as G(d,t) := U(d) when U(d) halts within
t steps, which is computable in exponential time. Note that Im(G) contains all
strings with low Kt-complexity. Given an efficient algorithm D that ~-avoids G,
we can approximate Kt(z) by the following algorithm: Fix any input x. Take any
list-decodable code Enc, and let NWFn¢(®) () denote the Nisan-Wigderson gener-
ator [NWY4] instantiated with Enc(z) as the truth table of a hard function, where
z is a seed of the generator. Then check whether the distinguishing probability
| E. o[ D(NWE®@) (2)) — D(w)]| is large or small by sampling, whose outcome
tells us whether Kt(x) is small or large, respectively. Indeed, if the distinguishing
probability is large, then by using the security proof of the Nisan-Wigderson gen-
erator, we obtain a short description (with oracle access to D) for x. Conversely,
if Kt(x) is small, then since D ~v-avoids G, the distinguishing probability is at
least v. Now, if we could make this analysis work for any oracle that ~-avoids
G, then by MThearem 51 we would put a problem of approximating Kt(z) in AM,
which is not possible unless EXP = PH. (Note that the minimization problem of
Kt is EXP-complete under NP reductions [ABKT06H].)

5.2.2 Proof Overview

We outline our proof strategy for Chearem 51 below. Suppose that we have
some reduction from L to any oracle R that breaks a hitting set generator G. Let
Q denote the query distribution that a reduction makes.

As a warm-up, consider the case when the support supp(Q) of Q is small (i.e.
Isupp(Q)N{0, 1}| < 2¢ for any length £ € N). In this case, we can define an oracle
Ry so that Ry := {0,1}* \ supp(Q) \ Im(G); this breaks the hitting generator G
because R; is large whereas R; avoids the image of G (which violates the definition
of G being a hitting set generator). Therefore, we can simulate the reduction by
simply answering all the queries by saying “No”; hence such a reduction can be
simulated in BPP.

In general, we cannot hope that supp(Q) is small enough. To generalize
the observation above, let us recall the notion of a-heaviness [BT0O6E]: We say
that a query ¢ is a-heavy (with respect to Q) if the query ¢ is « times more
likely to be sampled under Q than the uniform distribution on {0, 1}“1|; that is,
Pryolw = q] > a27l4. Now we define our new oracle Ry := {0,1}*\ {q €
{0,1}* | ¢: a-heavy } \ Im(G), which can be again shown to break G because the
fraction of a-heavy queries is at most 1/a (< 1).

The problem now is that it is difficult to simulate the new oracle Ry; it

appears that, given a query ¢, we need to test whether ¢ ; Im(G), which is not
possible in AM N coAM. However, it turns out that we do not need to test it,
as we explain next: Observe that the size of Im(G) is very small; it is at most
2s(0) (<< 25). Thus, the probability that a query ¢ is in Im(G) and ¢ is not
a-heavy (i.e. q is rarely queried) is at most o - 25(9)=¢ where £ is the length of
q. As a consequence, the reduction cannot “distinguish” the oracle Ro and a
new oracle Rz := {0,1}*\ { ¢ € {0,1}* | ¢: a-heavy }; hence we can simulate the

?
reduction if, given a query ¢, we are able to decide whether ¢ € R3 in AMNcoAM.
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This task, however, still appears to be difficult for AM N coAM; indeed, at
this point, Gutfreund and Vadhan [GVOg] used the fact that the approximate
counting is possible in BPPNP and thereby simulated the oracle Rs3 by BPPNP.

Our main technical contribution is to develop a way of simulating the reduc-
tion to R3. First, note that the lower bound protocol of Goldwasser and Sipser
[GSRE] enables us to give an AM certificate for a-heaviness; we can check, given
a query ¢, whether ¢ is a(1 4 €)-heavy or a-light for any small error parameter
€ > 0. Thus, we have an AM protocol for {0,1}* \ R3 for every query ¢ (except
for a(1 + €)-heavy and light queries).

If, in addition, we had an AM protocol for R3, then we would be done; un-
fortunately, it does not seem possible in general. The upper bound protocol of
Fortnow [For8Y] does a similar task, but the protocol can be applied only for a
limited purpose: we need to keep the randomness used to generate a query ¢ ~ Q
from being revealed to the prover. When the number of queries of the reduction
is limited to 1, we may use the upper bound protocol in order to give an AM cer-
tificate for R3; on the other hand, if the reduction makes two queries (g1, g2) ~ Q,
we cannot simultaneously provide AM certificates of the upper bound protocol
for both of gq1 and ¢o, because the fact that ¢g; and ¢o are sampled together may
reveal some information about the private randomness. To summarize, the upper
bound protocol works only for the marginal distribution of each query, but does
not work for the joint distribution of several queries.

That is, what we can obtain by using the upper bound protocol is informa-
tion about each query. For example, the heavy-sample protocol of Bogdanov
and Trevisan [BT06H] (which combines the lower and upper bound protocol and
sampling) estimates, in AM N coAM, the probability that a query ¢ sampled from
Q is a-heavy.

Our idea is to overcome the difficulty above by generalizing the Feigenbaum-
Fortnow protocol [FEY3]. Feigenbaum and Fortnow developed an AM N coAM
protocol that simulates a nonadaptive reduction to an NP oracle R, given as
advice the probability that a query is a positive instance of R. We generalize the
protocol in the case when the oracle {0,1}* \ R3 is solvable by AM on average
(which can be done by the lower bound protocol [GS86]), and given as advice
the probability that a query ¢ is in {0,1}* \ R3 (which can be estimated by the
heavy-sample protocol [BT06H]):

Theorem 5.2 (Generalized Feigenbaum-Fortnow Protocol; informal). Suppose
that M is a randomized polynomial-time nonadaptive reduction to oracle R whose
queries are distributed according to Q, and that R is solvable by AM on average
(that is, there exists an AM protocol IIg such that, with probability 1 — 1/poly(n)
over the choice of ¢ ~ Q, the protocol Ilg computes R on input q). Then, there
ezists an AMNcoAM protocol 1y such that, given a probability p* ~ Prqy.glq € R]
as advice, the protocol I1y; simulates the reduction M with probability at least

1 —1/poly(n).

Organization. The rest of this chapter is organized as follows. After review-
ing necessary background in Becfion 53, we show that a reduction only with
short queries can be simulated by SY in Becfion 54. We present the general-
ized Feigenbaum-Fortnow protocol in Bection 5 3; then the proof of Thearem 511
is completed in Bection 5@ by showing that long queries can be simulated by
AM N coAM.
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5.3 Preliminaries

Interactive Proof Systems

AM is the class of languages L that can be accepted by some polynomial-time
two-round Arthur-Merlin protocol; that is, there exists a polynomial-time Turing
machine V' (called an AM verifier) such that

e (Completeness) if z € L then Pr,[V(z,y,r) = 1 for some y] > 2, and
e (Soundness) if z ¢ L then Pr,[V(z,y,r) = 1 for some y] < 1.

For our purpose, it is convenient to use the following characterization of AM N
coAM.

Fact 5.3. Let L C {0,1}*. Then L € AMNcoAM if and only if there ezists a ran-
domized polynomial-time verifier V' of a private-coin constant-round interactive
proof system such that, for any input x € {0,1}*,

o (Completeness) there exists a prover P such that V outputs L(z) by com-
municating with P with probability at least %, and

e (Soundness) for any prover P, V outputs L(x) or L with P with probability
at least 2.
3

That is, the verifier outputs a correct answer L(z) when interacting with an
honest prover, and it does not output the wrong answer 1 — L(z) for any cheating
prover, with high probability. The fact above follows from the transformation
from public coin protocols to private coin protocols [GS86], and the AM hierarchy
collapses [BMSS].

SY (the second level of the symmetric alternation [Can96, RS98]) is the class
of languages L such that a polynomial-time verifier decides acceptance based on
certificates given by two competitive provers. More formally, L € SY if and only
if there exists a polynomial-time verifier V' such that Jy,Vz, L(x) = V(x,y, 2)
and 3z,Vy, L(z) = V(z,y, 2), for every input = € {0,1}*. We say that L € S)P
if the verifier V is given oracle access to any NP oracles in the definition above.

Circuits

We will use a circuit in order to make it easy to compose several protocols?.
Usually, a circuit takes a string of some fixed length as input and outputs a
string of some fixed length. For our purpose, it is convenient to extend this usual
notion of circuit: By using some encoding, we regard circuits as taking a string
of length at most | for some [ € N, and outputting a string (not necessarily
of fixed length). We regard a circuit as computing a function from {0,1}* to
{0,1}* U { “undefined” } such that the function outputs “undefined” on inputs of
length > .

Nonadaptive Reductions

A polynomial-time nonadaptive reduction is a polynomial-time oracle Turing
machine whose possible queries can be computed without access to an oracle
in polynomial time. For simplicity, we assume without loss of generality that,

!The reader may simply regard a circuit as a Turing machine with an appropriate description
to which one can embed some additional information.
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for all inputs of the same length, the reduction makes the same number m of
queries (by adding dummy queries if necessary). For any oracle R C {0,1}*,
we denote by BPPf the class of languages from which there exists a randomized
polynomial-time nonadaptive reduction. For a nonadaptive reduction M, we
denote by M (zx) the output of the reduction given an oracle R C {0,1}* and
input z € {0,1}*.

Query Distribution

We can modify a randomized nonadaptive reduction M so that the marginal
distribution of each query of M is identical; that is, for any query g € {0,1}*, the
probability that ¢ is sampled as the ith query of M is the same for all i € [m].
To achieve this, we simply modify M as follows: it generates a permutation
m: [m] — [m] uniformly at random, runs M (z) to make m queries qi, ..., ¢m,
asks ¢r(;) as the ith query to get an answer a; from an oracle, and resumes the
computation of M (z) to get the decision on x by supplying Ar=1(1)s - - -5 Q=1 (m)
as oracle answers. It is then easy to see that in the new query machine the ith
query distribution is identical for all i € [m]. By the modification above, we can
take a single query distribution Q, such that each query of M (z) is distributed
according to Q.

Let Q be a distribution over {0,1}*. For a string z € {0,1}*, let Q(x) denote
Pryoolg = z]. For any a > 0, a string ¢ € {0,1}* of length ¢ € N is called
a-heavy (with respect to Q) if Q(q) > a27¢; otherwise (i.e., Q(q) < a27%), it is
called a-light.

We will use a standard concentration inequality:

Lemma 5.4 (Hoeffding’s inequality [HoeG3]). For any independent random vari-
ables X1,...,X, €10,1] and any t > 0, we have Pr[|>°7" | (X; — E[X;])| > nt] <
2 exp(—2nt?).

Black-Box Reductions

There are two possible definitions of black-box reductions to avoiding hitting
set generator. One is to require that there exists a single machine that works for
every ~y-avoiding oracle. This is the notion used in [GVOR|:

Definition 5.5 (Black-box reduction to v-avoiding oracles [GVOR]). Let G =
{Gy : {0,13°) — {0,1} }pen be any description interpreter. Let L C {0,1}* be
a language. A randomized nonadaptive oracle machine M is called a black-box
reduction from L to any v-avoiding oracle of G if, for any ~v-avoiding oracle R
for G and any x € {0,1}*, we have

Pr[M%(z) = L(z)] > 2

= (51)

where the probability is taken over the internal randomness of M.

Another definition is that, for every «y-avoiding oracle R, there exists a non-
adaptive reduction Mg to R as used in MTheorem 5 1. That is, the order of
the quantifiers is reversed; nonetheless, a diagonalization argument enables us to
establish the equivalence:

Proposition 5.6. Let G be any description interpreter, v: N — [0,1) be any
parameter, and L C {0,1}* be a language. The following are equivalent:
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R
1. Le () BPPL
R: v-avoids G

2. There exists a randomized polynomial-time nonadaptive black-box reduction
from L to any vy-avoiding oracle of G.

Proof. The direction from the second item to the first item is obvious. We prove
below the contrapositive of the other direction.

Suppose that, for any randomized nonadaptive oracle machine M, there exists
some vy-avoiding oracle Rys of G such that Pry [M®(z) = L(z)] < % for some
x € {0,1}*. We claim that there exists some single y-avoiding oracle R of G such
that L ¢ BPP/.

To this end, let {M.}een be the set of all randomized nonadaptive oracle
machines. We will construct some y-avoiding oracle R, and input z. (and ¢, € N)
by induction on e € N, so that M, given oracle R fails to compute L on input
Te; then we will define R := (J o Re. Let us start with Ry := & and £y := 0.

At stage e € N, we claim that there exists some 7-avoiding oracle Rl ; C
{0,1}* and some input z, € {0,1}* such that

o Pr [MeRe“(xe) = L(xe)} < %, and

e g € R. if and only if ¢ € R, for any string ¢ of length < /..

Indeed, for any oracle Q, let Q' :={q € Q| |qg| > l.}U{q € Re | |q] < e}
Consider a randomized nonadaptive oracle machine M/ such that M.* simulates
ME'; that is, M! is hardwired with the set {q € R, | |¢| < e}, and simulates
M, and answer any query q of length < ¢, by using the hardwired information.
By our assumption, there exists some ~v-avoiding oracle Re+1 of G such that

Pr [MéR”l(xe) = L(me)] < 2 for some z, € {0,1}*; by the definition of M/, we

obtain Pr [MeRe“(xe) = L(a:e)} < % for R, | == {q € Re+1 | lq| > L.} U{q €
R | |q| < €e }, which is again vy-avoiding G. This completes the proof of the claim
above. Now define £.11 € N as a large enough integer so that ¢..1 > £, and the
machine M, on input x. does not query any string of length > /.1, and define
an oracle Rey1:={q € R, | |q| < ley1}, which completes the construction of
stage e € N.

Define R := J ¢y Re, which y-avoids G by the construction above. By the
choice of (£¢)cen, we have

2
Pr [MeR(iL'e) = L(z.)] =Pr [MeRe“(:Ue) = L(z.)] < 3’
for every randomized nonadaptive oracle machine M,. Thus L & BPPﬁ. O

5.4 Simulating Short Queries by Competitive Prover Systems

In this section, we show that a reduction that makes only short queries can
be simulated by S5b.

Theorem 5.7 (Sh Simulation of Short Queries). Let G = {Gy : {0,1}°¢) —
{0,1}}een be any description interpreter and v: N — [0,1) be a parameter such
that v(£) <1 — 25()—=t+1 for all large £ € N. Suppose that there exists a random-
ized polynomial-time black-box reduction M from a language L to any y-avoiding
oracle for G such that the length of any query of M is at most O(logn) for every
input of length n. Then L € S.
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Proof. The idea is that two competitive provers send the image Im(G) of G as a
certificate. Given two possible images Iy, I; C {0,1}*, R:={0,1}*\ Ip\ I; is an
avoiding set for G. Moreover, since [Im(G)| is small, the set R is dense enough.
We then derandomize a BPP computation by using the power of Sg.m (Recall
that BPP C SY [Can6, RSUR].) Details follow.

Let clogn be an upper bound on the length of queries that M makes. Our
SY algorithm is as follows: Fix any input x of length n. We number the two
competitive provers 0 and 1. The ith prover (i € {0,1}) sends, for each ¢ < clogn,
a subset I;  C {0, 1}¢ of size at most 2°(); an honest prover sets I o := Im(Gy).
Define I; := Uegclognji,é- Note that such subsets can be encoded as a string
of polynomial length. Each prover also sends a list of randomness 7¢,--- ,ri €
{0,1}™ to be used by the reduction M, where t is a parameter chosen later, and
m is the length of a coin flip used by M. The verifier sets R := {0,1}*\ Io\ [1, and
accept if and only if Pr; . [ME(x; 7“? ®ry) =1 > %, where M (z;7) denotes
the output of the reduction when its coin flip is r, and @ denotes the bit-wise
XOR. Note that the running time of the verifier is at most a polynomial in n and
t. Below we establish the correctness of this algorithm for some ¢ = poly(n).

We focus on the case when the Oth prover is honest; thus Iy, := Im(Gy)
for each ¢ < clogn. Since |I;,] < 25)) the number of strings of length £ in
R(I1) := {0,1}*\ Io\ I is at least 2 — [Io | — [I1¢| > 2°4(¢) (here we write R(I;)
instead of R to emphasize that R depends on I); thus R(I;) is a y-avoiding oracle.
By the definition of the reduction, for every I; we have Pr,. ;g 11m (MBI (g5 7) =
L(x)] > %

We use the notion of cover introduced by Canetti [Can96]: A sequence
ri,--- 1t € {0,1}™ is called a cover of a subset A C {0, 1}™ if for all r € {0,1}",
Prj ylrj®r € A] > §. Define A(Iy) := {r € {0,1}™ | MEI) (g;0) = L(x) }. We
claim that by a probabilistic argument there exists a sequence r1,--- ,r, € {0,1}™
that covers A(I) for every Iy: Fix any I} and r € {0,1}™. Pick rq,---,ry ~
{0,1}™. For any j € [t], the probability that r; & r € A(I}) is at least 2. Thus
by a concentration bound (Cemma’h4), the probability that at most a %-fraction
of j € [t] satisfies r; &7 € A(I1) is at most exp(—€2(t)). By the union bound over
all 7, the probability that a sequence ri,---r; does not cover A(Iy) is at most
2™ . exp(—€Q(t)). By the union bound over all I, the probability that there exists
some I such that A(Iy) is not covered by 71, - - - , 74 is at most 27 T™.exp(—Q(t)).
Therefore, for t := ©(n° + m), there exists a sequence ri,---,7; that covers
A(I) for every I;. The Oth honest prover sends this sequence 71, -, 7 to the
verifier as r{,--- ,rY, in which case the verifier outputs L(z) correctly because
Pr; b [M BT (g r? @®ri) = L(z)] > 3, for every I and every ri, - ,rf. O

5.5 Generalized Feigenbaum-Fortnow Protocol

In this section, we present one of the main building blocks of our proof. Our
protocol is inspired by the protocol of Feigenbaum and Fortnow [FE93] (and its
description by Bogdanov and Trevisan [BT06H]) for simulating some type of ran-
domized nonadaptive reduction M to an NP problem R. Suppose that for a given
input x, M makes m nonadaptive queries q1, ..., ¢, under a certain distribution
Q. In the Feigenbaum-Fortnow protocol, a verifier asks a prover to give wit-
nesses to all positive instances among them. The prover cannot give a witness
to a negative instance (hence, it cannot cheat the verifier by saying “yes” to a

2 Alternatively, we may use the result of Russell and Sundaram [RSYS] showing that So-BP-P =
SY in a black-box way.
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negative instance) while it may try to cheat the verifier by not giving a witness
to some of the positive instances of q1, ..., ¢mn. If, however, the verifier knows the
proportion p* of positive instances among queries under the distribution O, then
it may detect wrong negative answers from the prover if the number of positive
answers is much smaller than p*m. More specifically, the Feigenbaum-Fortnow
protocol runs as follows. It first generates K tuples of m nonadaptive queries
{(qk1s---,qem)}1<k<x by running M(z) independently K times. By a concen-
tration inequality, the number of positive instances among all K'm queries should

be in the range of m - (p*K + O(\/E)) with high probability; thus, if the prover

gives “yes” answers (with witnesses) much smaller than m - (p*K - O0(WVK )),

then the verifier stops the computation immediately, suspecting that the prover
is not honest. On the other hand, if the number of positive answers to those
queries is close to p*Km, then the number of positive instances on which the
prover can cheat is at most O(m+/K), with high probability. We choose K large
enough so that O(mvK) < K; then the majority of K tuples are answered
correctly by the oracle, and we can use them to determine the result of M%(z)
by taking the majority vote of the results of M (z) computed by using prover’s
answers to each tuple of queries (g1, .- -, Qrm)-2

We generalize the Feigenbaum-Fortnow protocol so that a new protocol is
capable of dealing with a reduction to a distributional AM problem R; that is,
we show that, given any nonadaptive reduction to some AM problem solvable on
average and the proportion p* of positive instances as advice, one can simulate
the reduction in AMNcoAM. In our protocol, we use Adleman’s trick (for proving
BPP C P/poly [AdI7]]) to “derandomize” AM oracle so that we obtain a new NP
oracle, and then run the original Feigenbaum-Fortnow protocol. The following is
the specification of the generalized Feigenbaum-Fortnow protocol:

Inputs. A tuple (C,V,d,p*) such that:

e A randomized nonadaptive reduction C' is given as a probabilistic circuit
such that each query of C is identically distributed to some distribution
Q over {0,1}*, and the reduction always makes exactly m queries. (We
assume that an input to a reduction is hardwired into the circuit C; thus
C' does not take any input other than random bits.)

e An AM verifier V is given as a circuit.
e An error parameter ¢ € (O, %) is given in unary, and a probability p* € [0, 1]
is given in binary.
Promise. We assume that there exist some answer a € {0,1}, some oracle

R C {0,1}*, and some error parameters €g, €1, €2 € [0, 1] satisfying the following:

e Pro[CF = a] > 1 — €. (That is, a is supposed to be the answer of the
reduction C' to the oracle R.)

e The advice p* satisfies [p* — Pryolq € R]| < €.

3We note that taking the majority is not necessary; instead, it suffices to pick k ~ [K] and
use the result.
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e The distributional problem (R, Q) is “solvable by AM on average”: that is,
define®

Wes :={q€{0,1}" | Pr[V(q,y,7) = 1 for some y] > 3/4}, and
VNo :=={q €{0,1}* | Pr[V(q,y,r) =0 for all y] > 3/4 };

then we assume that Pry.olg € Vyrs U Vno] > 1 — €2 and Vygs € R C

Protocol.

1. (Preprocess of Verifier: Adleman’s trick) Let s be sufficiently large so that
s> 20|V| and s > 20log(1/6) where |V| denotes the circuit size of V. Pick
r1,...Ts uniformly at random, and share the random bits with the prover.
Define a new circuit W by

W(LE, Y1y .- 7y8) = ma.]?r]lty V(x’ Yi, Ti)’
i€(s

In what follows, we call § := (y1,...,ys) a certificate for W.

2. (Verifier) Let K := m?(1/6)?log(m/§). Run C independently K times and
obtain queries (g1, ..., qkm) for each kth run of C' (k € [K]). Send these
queries to the prover.

3. (Prover) For each (k,7) € [K] x [m], send a certificate gx; for W; an honest
prover sends, if any, some certificate yx; such that W (g, yx;) = 1.

4. (Verifier) Let af, := W (qrs, Jri) € {0,1} for each (k,i) € [K] x [m]. Verify

that
> ai = mp'K —m((a+e)K +VElog(m/2),  (52)
1<k<K
1<i<m

and if not, output L and halt. Otherwise, pick k ~ [K] uniformly at random
and output the kth run of the reduction of C' assuming that the answers
from the oracle are (a1, ..., agm)-

Theorem 5.8 (Correctness of the Generalized Feigenbaum-Fortnow Protocol).
Suppose that the protocol above is given inputs satisfying the promise listed above.
Then, the protocol satisfies the completeness and soundness for error € := €y +
2mey + 3mes + 36, described below:

o (Completeness) There exists a prover such that the verifier outputs a with
probability at least 1 — €.

e (Soundness) For any prover, the verifier outputs a or L with probability at
least 1 — €.

We prove this theorem by a sequence of claims below. The following claim
follows from a standard fact about amplification of the success probability of a
randomized machine.

4As a circuit V outputs “undefined” if an input (g,y,r) is too long, the sets Vigs, Vxo of
strings are finite.
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Claim 5.9 (Amplification and Adleman’s trick). With probability at least 1 — 9
over the choice of r1,...,rs, the following holds. For any query q € Vygs U Vo,

o if g € Vyug then W(q,y) =1 for some certificate y := (y1,...,ys), and
o if g € Vno then W(q,y) = 0 for any certificate § := (y1,...,Ys)-

Proof. First, note that |Vygs U Vol is at most 25/20 Indeed, the circuit size of V
is less than s/20, and hence for any input ¢ of length > s/20, V' is not defined;
thus ¢ € Vygps U Vno. That is, the length of every query in Vygg U Vo is less than
s/20.

Fix any ¢ such that ¢ € Vygs or ¢ € VNo; in the former case, let a, := 1 and
aq = 0 otherwise. Our claim is that max; W (q,y) = a4. For each i € [s], let X; €
{0,1} be the random variable (over the random choice of r1,...,7s) such that
X; = 1iff V(q,yi,r) = 1 for some y;; in other words, X; := max,, V(q,v;,7i) €
{0,1}. Observe that

max W(q, y) = max majority V(q, y;, ;) = majority max V' (q, y;, ;) = majority X;.
Y Yy i€[s] 1€[s] Yi 1€[s]

By the assumption on V, we have |E[X;] — aq
majority,cg X; # aq implies 113X — E[X5])| >
(Cemmah4),

< % for any i € [s]; hence,
i. By Hoeftfding’s inequality

S

Z(Xi - E[X;])

Prfmax W (¢, ) # a] < Pr
Yy
=1

S _ 2 —s/10
>4] §2exp< 23(1/4)>§2 .

Now, by the union bound over all ¢ € ViU Vo, the probability that there exists
some ¢ € ViypsUVio such that max; W (g, §) # a, is at most |VypsUVao|-27%/10 <
9—5/20 <. O

For each (k,i) € [K] x [m], define ax; € {0,1} as ay; := 1 if and only if
W (qki,y) = 1 for some certificate y. The honest prover sends a certificate for
W (if any), and thus a; = aj;; on the other hand, when communicating with a
cheating prover, we have only a}, < ax;. The next claim shows the sum of (ax;)
concentrates around its mean.

Claim 5.10 (Concentration). Under the event of [Clazm—59, with probability at
least 1 — 6, the following holds:

Z ar; — mKp*| <m ((61 +e)K + \/Klog(m/5)> .

1<k<K

1<i<m
Proof. Fix any ¢ € [m]. By the assumption on C, the queries qi;,...,qx; are
independent and identically distributed according to Q; hence, ay;,...,ax; €

{0,1} are also independent random variables. The expectation E[ax;] of these
random variables is equal to Prg.o[W(q,y) =1 for some p].

We claim that, for any (k,i) € [K] x [m], the expectation E[ag;] is equal to p*
up to additive error €1 + €. Under the event of Claim 5.9, we have g € Vypy —
Jy. W(q,y) =1 = q & Vxo for any ¢ € {0, 1}*; hence,

Prlg € Vygs| < Pr[3y. W(q,y) = 1] < Pr[g & Vol (5.3)
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Similarly, since Vygs € R € {0,1}* \ Vo, we have
Prlg € Vygs] < Prlg € R] < Prlg € Vxol. (5.4)
Combining (633) and (B4), we obtain
[Prlg € R] — Elak]| < Prlg & Vo] — Prlg € Vygs] < ea.

Therefore, | Elay;] — p*| < |E[ak] — Pr[g € R]| + | Pr[g € R] — p*| < e2 + €.
By Hoeffding’s inequality (CLemma54), for each i € [m],

/|

By the union bound over all i € [m], with probability at least 1 — d, we have

m K K
Z Zam‘ — mKp* ZZ (Elag;] — p*)‘

i=1 k=1 =1 k=1

K

> (ar; — Elag])

k=1

. W} < 2exp(~2K log(m/8)/K) < §/m.

NE

< (ag; — Elag))| +

=1

s
I

NE
RN

(aki — E[am]) -+ mK(el + 62)

=1 |k=1

m+/ K log(m/d) + mK (e + €2).

x>

IN

O

Now we are ready to bound the probability of completeness and soundness.
Let E denote any event (which is supposed to be the event that completeness or
soundness does not hold); using Claim 59 and 610, we will bound the probability
in the following way:

Pr[E] < 2§ +Pr[E A (the event of Claim 59 holds)
A (the concentration of CIaim 5 10 occurs) |.

That is, assuming that the events of Claim 59 and bT0 happens, we will analyze
the probability of completeness and soundness.

Claim 5.11 (Completeness). The verifier outputs a with probability at least 1 —e
when interacting with the honest prover.

Proof. The verifier does not output a only if
e the inequality (622) does not hold, or
e for a random k ~ [K], the kth run of C is not correct.

The honest prover sets aj; := ay; for any (k,i) € [K] x [m]. Thus, under the
assumption that the concentration of Claim 510, the inequality (B32) is satis-
fied; that is, the verifier does not output L, and hence it remains to bound the
probability that, for a random k ~ [K], the kth run of C' is not correct.

The kth run of C is not correct only if the reduction itself makes a mistake,
or there exists some ¢ € [m] such that aj, # R(qr;) (which happens only if
qri & Vyes U Vo for the honest prover). The former probability is at most €,
and the latter is at most mes.

Overall, the verifier outputs a with probability at least 1—20 —eg—mea > 1—e.

O
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Claim 5.12 (Soundness). For any cheating prover, the verifier outputs a or L
with probability at least 1 — €.

Proof. The verifier outputs the wrong answer 1 — a only if for a random k ~ [K],
the kth run of C' is not correct.

Recall that we have aj, < ay; for any (k,i) € [K] x [m] no matter how a
prover tries to cheat. The main difference between the proof of Claim 5 1T is
that, for a random choice k ~ [K] of the verifier, a prover may be cheating so
that aj, < ay; for some i € [m]; as a consequence, the kth run of C' is more
likely to be wrong. On the other hand, the number of (k,i) € [K] x [m] such that
ay; < ay; is small: Indeed, under the event that the verifier does not output L, the
inequality (522) holds, and we also have the concentration of Claim 5 10; hence,

we obtain Z?:l Yot (aki —ap;) < 2m <(61 +e)K + \/Klog(m/(s)) . Thus, the
probability that a}, < ay; for some i € [m] over the random choice of k ~ [K] is

at most 2m(e; + e2) + m+/log(m/d)/ K < 2m(e; + €2) + 0.

Overall, the probability that the verifier outputs the wrong answer is at most
(20 + €9 + mea) + (2m(er + €2) +0) <e. O

Proof of Theorem58. Immediate from Claim 511 and BT2. U

Remark. The generalized Feigenbaum-Fortnow protocol above also works for
any reduction that does not necessarily output a Boolean value (e.g., a reduction
solving a search problem), with a suitable modification on the completeness and
soundness.

5.6 Simulating Long Queries by AM N coAM

Using the generalized Feigenbaum-Fortnow protocol, we prove our main re-
sult:

Theorem 5.13 (Restatement of Mhearem 5.1). Let G = {Gy : {0,1}°) —
{0,1}}sen be any (not necessarily computable) description interpreter and
v: N —[0,1) be a parameter such that

e there exists a constant € > 0 such that s(¢) < (1 —€)¢ for all large £ € N,
and

e there exists a constant ¢ > 0 such that v(€) <1 — £~ for all large £ € N.

Then,
M BPPE C  NP/polyncoNP/poly N SYP.
R: vy-avoids G

Moreover, if G can be computed in 200 time, then we also have

([l BPPF C AMNcoAM.
R: vy-avoids G

As shown in Becfion 54, reductions that make only short queries can be sim-
ulated in S5. On the other hand, in this section, we show that reductions that
make only long queries can be simulated in AM N coAM. The advice in Thed
brem 5 13 is used in order to give the characteristic function of Im(G) for all
strings of length O(logn), under which situation the rest of reductions can be
simulated in AM N coAM C NP/poly N coNP/poly. If a hitting set generator is
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computable in exponential time, then the advice can be computed in polynomial
time and thus can be removed. Without any advice and without any computa-
tional bound on a hitting set generator, the reduction can be simulated in S)P,
which is a complexity class that can simulate AM N coAM and S}.

Therefore, the main ingredient of the main theorem is to simulate long queries
in AM N coAM:

Theorem 5.14 (AM Simulation of Long Queries). Let G = {Gy : {0,1}°®) —
{0,1}}gen be any description interpreter. Let t,0,aq: N — N be efficiently com-
putable functions. Suppose that there exists a randomized t(n)-time nonadaptive
black-box reduction M from a language L to any ~-avoiding oracle for G such
that the length of any query that M makes on input length n is at least O(n).
Suppose also that, for all large n € N,

ek 22O g

e ag(n) <
e ap(n)- (1 - 250~ _ v(0)) > 1 for all £ € N such that 8(n) < £ < t(n).

Then, there exists an AM N coAM protocol running in t(n)O(l) time that decides
L.

We first observe that this is sufficient to prove Chearem 5 T3.

Proof of Thearem 513 from [Theorem 5.14. Take any  language L €
ﬂR:v—avoidsGBPPf’ By [Proposition 5.6, we have a randomized t¢(n)-time
nonadaptive black-box reduction M from L to any +-avoiding oracle for
G, where t(n) = n°®. By the assumption on the seed length s, we
have e/ < ¢ — s(¢) for all large £ € N. For any ¢ € N between 6(n) and
t(n), we have 1 — 2500=f — ~(f) > ¢=¢ — 27¢* > (=¢/2: hence, by defining
ap(n) = 2t(n)¢, we obtain ag(n) > (1 — 25(0)—¢ —'y(ﬁ))_l for all ¢ between
6(n) < £ < t(n). On the other hand, 20()=5(0(") /()2 > 2¢9(") /¢(n)2; thus, for
0(n) == ((c+ 2+ 1)logt(n))/e, we obtain ag(n) < 200)=s0() /16e3¢(n)? for all
large n.

The assumptions about parameters of Theorem 5 T4 are thus satisfied for
f(n) = O(logt(n)). In particular, we can encode the characteristic function of
the set Uy<g(n)Im(Gy) as an advice string of length t(n)°M.  Given such an
advice, we can modify the reduction M so that M does not make any query
q of length at most #(n): Indeed, if the original reduction makes a query ¢ of
length < 6(n), then we modify the reduction so that ¢ is answered according to
whether ¢ € {0,1}* \ Im(G|y|), which can be decided by using the advice. After
this modification, by using Thearem H T4, M can be simulated in AM N coAM.
We thus obtain L € AM/poly N coAM/poly = NP /poly N coNP/poly.

Moreover, if G is computable in 2°¢), then the advice can be computed in
polynomial time: Indeed, by an exhaustive search, one can compute Im(Gy) in
time 200(0) . 20(8) = 20(0) < ()9 for all £ < H(n).

Finally, we sketch an S)F algorithm for deciding L when G is not necessarily
computable and no advice is given: As in Thearem 57, each competitive prover
sends a verifier all the strings in Im(G) of length at most 6(n). Let Iy, I; C
{0,1}* be the claimed image of G. Then we modify the reduction M so that
any short query is answered according to {0,1}* \ I \ ;. Now by applying
Thearem 5 T4, we obtain an AM algorithm deciding L. In particular, there exists
an NP machine V' such that Pr,[V(z,r) = L(z)] > 2 for every input . This
randomized computation can be derandomized as in heorem 57, by requesting
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each competitive prover to send a sequence of coin flips 71, -+ ,rs. Thus we
obtain L € SHP. O

In the rest of this section, we show how to simulate long queries by a constant-
round interactive proof system (i.e., a proof of Mheorem 5 T4). For simplicity,
we focus on the case when t(n) = n©1). Let M be a randomized t(n)-time
nonadaptive black-box reduction to any y-avoiding oracle for G. Let x € {0,1}*
be an input of length n.

We first modify the reduction so that we can assume useful properties. By
the modifications explained in Bection 53, we may assume that the number of
queries that M makes is exactly m(n) (< ¢(n)) on inputs of length n. We may
also assume that each query of M is identically distributed; Let Q, be the query
distribution of M on input x.

As explained in the introduction, one of the keys of our proof is that we can
replace a y-avoiding oracle for G by an oracle defined based only on the query
distribution Q,. Here we introduce such oracles and justify the replacement. For
any « > 0, define Ly, H, and R, by

L, = {q€{0,1}" | q is a-light with respect to Q, },
H, = {0,1}*\ Ly, = {q€{0,1}" | q is a-heavy with respect to Q, }, and
Ry = L, \Im(G).

For large enough o > 0, we can easily show that R, y-avoids G.

Claim 5.15. For any v: N — [0,1) and o > 0 and for any length ¢ € N, if
Y(O) +1/a <1 -2
then R, is a v-avoiding set at length £ for G.

Proof. Since R, C {0,1}*\ Im(G), it suffices to show that Pr,, g9 13¢[w & Ra] <
1—~(¢). Note that w & R, if either w € Im(G/) or w is a-heavy. The probability
of the former case is at most 27¢ - [Im(Gy)| < 2°(Y=¢. Similarly, the probability
of the latter case is bounded above by 27¢ - |HZ*|, where H;* = {q € {0,1}" |
q is a-heavy }. On the other hand, we have

|HZ - 027 < Z Pr [w=q] = Pr[weH;'] < 1.

Hence, |H;¢| < 2¢/a. Thus,

Pr [wég R, < 25—t 4 /oo < 1—7(0),
w~{0,1}¢

proving that Pr,, o1y [w € Ra] > v(0). O

Since the reduction M does not make any query ¢ such that |g| & [0(n), t(n)],
CIaim 5 T3 guarantees that the reduction M works by using R, on inputs z of
length n if y(¢) + 1/a < 1 —2°0~C for all £ € N such that #(n) < £ < t(n). As
this condition is satisfied by our assumptions of Thearem 514 for any o > ag(n)
and any input x of length n, we have

IZT}[MR“(:C):L(Q:)] > 16 (5.5)

On the other hand, we can show below that M (z) cannot distinguish R, and
L, when « is small enough.
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Claim 5.16. For any o > 0 and input x € {0,1}* of length n, and for ¢ :=

IX}[ML‘*(:E)#MRQ(:L‘)} < e (5.6)

Proof. Recall that R, = L, \Im(G). Thus, M (z) may find the difference between
L, and R, only if it makes a query in L, NIm(G) in one of its m(n) nonadaptive
queries. This probability is at most m(n) - Pry~o, [w € Ly N Im(G)] by a union
bound.

Here we have

Jrlwelanm(@] = 3, Prlg=w]
g€ LoNIm(G)
< Z o2l
g€supp(Qx)NIm(G)

where supp(Q;) is the set of all possible queries asked by M (x). By our assump-
tion on M, we have 6(n) < |g| < t(n) for any g € supp(Qz). Then it follows

Z a-2714 < Z a-275 |Im(Gy)| < Z - 250~

q€supp(Qz)NIm(G) 0(n)<(<t(n) 0(n)<(<t(n)

because |Tm(Gy)| < 20,
Since we assumed that ¢ — s(¢) is nondecreasing for ¢ € N, we have

> 207t < t(n) a2 = e /m(n).
0(n)<e<t(n)

This bound is sufficient to get the desired error bound. (Il

By Claim 516 and our assumptions on ag(n) of Mhearem 5 T4, for any o <

e3ap(n), we have
1
Pr [ Mte MHBe(z)] < —. 5.7
Pr [ M7 (z) # @] < 35 (5.7)
From the inequalities (633) and (6-7), we immediately obtain the following:

Corollary 5.17. For any input x € {0,1}* of length n and any o €

[O‘O(n)ﬂ e3a0 (n)]7 -
Lo _

Pr [M"*(z) = L(z)] > 3

In light of this, our task is now to simulate M%Te(z) for some a €

[ao(n), e3ag(n)] (in fact, we will choose the threshold a randomly, as explained

later). To this end, we combine the generalized Feigenbaum-Fortnow protocol,

the lower bound protocol of Goldwasser and Sipser [GS86], and the heavy-sample

protocol of Bogdanov and Trevisan [BT06H]. Here we review the last two pro-

tocols. Since these protocols are explained carefully and in detail in the paper

[BTO6H], we simply review their specifications and use them as a black-box tool.

Lower Bound Protocol. Recall that ¢ ¢ L, if and only if ¢ is a-heavy. The
lower bound protocol of Goldwasser and Sipser [GS86] can be used to give an
AM-type witness to any a-heavy instance. It is an AM protocol for showing that
a given set of strings has more than s elements for a given threshold s. The
specification of the lower bound protocol is as follows.
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Inputs. A set of strings is given as a circuit C on {0, 1}"", which specifies the set
as C71(1) :={r € {0,1}™ | C(r) = 1}. A threshold s € N such that 0 < s < 2™.
Parameters 0, € € [0, 1] represented in unary.

Promise.
e Yes instances: |C71(1)| > s.

>
e No instances: |[C~1(1)] < (1 —¢)s.
Sketch of the Protocol.

1. (Verifier) Send a random hash function & : {0,1}™ — {0,1}"™ for some
appropriate parameter m’.

2. (Prover) Send a string y € {0, 1} claiming that y € C~'(1) and h(y) = 0™
hold. (Such an y is called an AM-type witness.)

3. (Verifier) Check the correctness of the prover’s claim on the witness y.

Theorem 5.18 (Correctness of the lower bound protocol [GS86]; see [BTO6H]
for a proof). The lower bound protocol stated above satisfies the following:

o (Completeness) Given an yes instance, there exists a prover that makes the
verifier accept with probability at least 1 — .

e (Soundness) Given a no instance, for any prover, the verifier accepts with
probability at most §.

By using the protocol above, it is easy to construct an AM verifier V' that checks
whether a given query ¢ is a-heavy.

Claim 5.19. For any parameter e(n) > 1/poly(n), there exists an AM verifier V
such that, for any input x € {0,1}* of length n and any query q € {0,1}*,

1. if q is a-heavy with respect to Q,, then Pry[V(z,q,h,y) =1 for some y| >
%, and

2. if q is (1 — €(n))a-light with respect to Q,, then Pry[V(z,q,h,y) =
1 for some y| < 1.

Proof. Let @, be the circuit that samples the query distribution Q,; that is, on
input r € {0,1}™, the circuit Q.(r) outputs ¢ so that Pr, ¢ 13m[Qz(r) = q] =
Pry~o,[w = ¢ for any ¢ € {0,1}*. Given a string ¢ € {0, 1}* as input, construct
a circuit Cy such that Cy(r) := 1 iff Q,(r) = ¢, on input r € {0,1}"". Now use
the lower bound protocol for the circuit Cy, the threshold s := a27142m " and pa-
rameters 0 := % and € := ¢(n). The lower bound protocol gives an AM certificate
for the yes instances such that |C L(1)| > s, which is equivalent to saying that
Pr,[Q.(r) = q] > o274l that is, ¢ is a-heavy. On the other hand, if ¢ is (1 — €)a-
light, then we have |C;!(1)] < (1 — €)s; thus with high probability there is no
AM-type witness by the correctness of the lower bound protocol (Iheorem 5 1R).

O

Note that there is a gap between yes instances and no instances; that is,
if the probability that ¢ is sampled from Q, is between « and (1 — €)a, then
the behavior of the lower bound protocol is undefined. To circumvent this, we
pick the threshold a randomly in the same way with Bogdanov and Trevisan
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(cf. [BTO6H, Claim 3.2]): Consider the following set Ay, of thresholds defined
by parameters ag, e > 0, and choose the threshold a uniformly at random from
Ao e-

Aage = {ao(1+36)" |0<i<1/e}.

Observe that Aa,e C [ap, e3ap]. Moreover, the following holds.

Lemma 5.20. For every ag > 0 and 0 < € < % and any constant ¢ > 0, and for
any distribution Q, with probability at least 1 —1/c over the choice of o ~ Aqg e,

qErQ [Q(q) e ((1—e)a27ld (14 6)a27|q|)] < ce. (5.8)

(Recall that Q(q) := Pry~olw = q].)

Proof. For any € € (0, 1) and ¢ € {0, 1}*, the intervals (1—€)a271dl (1+e)a27la)
are pairwise disjoint for all o € Ag, ¢; hence for any real p € R, the probability
that p € (1 — €)a2719 (1 + €)a2719) is at most 1/|Aa,c| < € over the choice of
a ~ Aqy,e. In particular, we have

E [Pr [Q(q) € ((1—e)a2—lql,(1+e)a2—lql)H

OCN-AaO,s q~Q

= E [ Pr [Q(q)e((1—e)az—lql,(1+e)a2—|ql)H < e

q~Q [a~Aag,e
Therefore, by Markov’s inequality, the probability that
Pryo0 [Q(q) € ((1 £ €)a2714)] > ce is at most €/(ce) = 1/c. O

In our simulation protocol for M, we start with picking o ~ A, e randomly.
By Cemma520, except for probability 1/0O(1), the heaviness of almost all queries
g sampled from Q. is not close to the threshold «. As a consequence, the distribu-
tional problem (L,, Q,) is solvable by coAM on average; indeed, with probability
at least 1 —O(e) over the choice of ¢ ~ Q, the lower bound protocol of Claim 519
solves L.

Heavy-sample Protocol. Next we review the heavy-sample protocol of
Bogdanov and Trevisan [BTO6H], which is an AM protocol for estimating
Pryoo,[q is a-heavy].

Inputs. A circuit @ which samples a string according to a distribution Q on
{0,1}*. A probability p € [0,1] represented in binary. Parameters ¢ > 0 and
0<e< % represented in unary. A threshold « > 0 represented in binary.

Promise.
e Yes instances: Pr,g[Q(q) > a2714] = p.
e No instances: |Pry.o[Q(q) > a27lal] — p| > 16ce.

e We assume the condition (5X). That is,

Pr [Q(q) e ((1—ea27ld 1+ 6)a2’|q|)] < ce.

Sketch of the Protocol.

1. (Verifier) Generate random queries ¢i, ..., g from the distribution Q for
some sufficiently large k, and send these queries to the prover.
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2. (Prover) For each query g;, tell the verifier whether ¢; is a-heavy.

3. (Verifier and Prover) To check the prover’s claim, run the lower bound
protocol of Goldwasser and Sipser [(GS86] and the upper bound protocol of
Fortnow [For8Y] in parallel.

Theorem 5.21 (Correctness of the heavy-sample protocol [BT06H]). The heavy-
sample protocol specified above satisfies following:

e (Completeness) Given any yes instance, there exists a prover that makes
the verifier accept with probability at least 1 — O(e).

e (Soundness) Given any no instance, for any prover, the verifier accepts with
probability at most O(e).

Protocol for Simulating M’ (z). Using the protocols reviewed above, we
can now simulate the reduction M to an oracle L, on input x € {0,1}*. Be-
low we explain how to choose the inputs (C,V,§ := I—(I)O,p*) for the generalized
Feigenbaum-Fortnow protocol.

The generalized Feigenbaum-Fortnow protocol requires an AM protocol for
solving an oracle on average (instead of coAM). By negating answers from the

oracle, we can define a new machine M which simulates the computation of
MAOB\X for any given oracle X. We thus use the generalized Feigenbaum-
Fortnow protocol for simulating 't (x) with oracle H, := {0,1}* \ Ly, which
is the set of a-heavy queries with respect to Q,; more specifically, let C' be the
circuit that simulates the reduction M on input = (where the input z is hardwired
into the circuit) and we give the circuit C' to the protocol as input.

To solve H, on average by an AM protocol, we use the lower bound protocol.
That is, we build a circuit V,, that simulates the AM verifier stated in Claim 5 T9
on input x and on all the queries ¢ € {0, 1}* that M (x) can make. Then we give
the circuit V, to the protocol as input.

We also need to give as advice a probability p* that approximates Pr,.o_[q €
H,|, which can be estimated by using the heavy-sample protocol. We require
the prover to send p* first, and then we verify the prover’s claim by running
the heavy-sample protocol; if the test passes, then we give p* to the generalized
Feigenbaum-Fortnow protocol as input.

Summarizing the discussion above, our whole simulation algorithm is given
below.

Inputs. A string x € {0,1}* of length n.

Promise. Let ag := ap(n). Then, for any a € [ag, e>aqg], we assume that
Pr{MLe (2) = L(z)] > -
M -8’

(which is guaranteed by [Corollary 5.17).

Protocol.

1. (Preprocess) Set an error parameter € := 1/com(n) for a sufficiently large
constant ¢y (represented in unary).

2. (Verifier) Pick a threshold a ~ Ag,.c C [, €ag] randomly. Send « to the

prover.
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3. (Prover) Send p* € [0,1] to the verifier. An honest prover sends p* :=
PquQz [q € HOC]

4. (Verifier and Prover) Run the heavy-sample protocol in order to verify that
p* =~ Prgug,[q € H,] for the distribution Q, and error parameter e and
parameter ¢ := 100; if the test does not pass, output L and halt.

5. (Verifier and Prover) Build a circuit C' simulating M on the hardwired
input x, and a circuit V, simulates the AM verifier for a-heaviness. Run
the generalized Feigenbaum-Fortnow protocol on input (C, V,,d := ﬁ, P*),
and output the result of the protocol.

Now we argue that our simulation protocol is correct:

Claim 5.22. The simulation protocol stated above satisfies the following: for any
x € {0,1},

o (Completeness) there exists a prover such that the verifier outputs L(x) with
probability at least 3/4, and

e (Soundness) for any prover, the verifier outputs L(x) or L with probability
at least 3/4.

Proof. Fix any input x € {0,1}*. By Cemma 520, with probability at least
1 — 145 over the choice of a ~ Aq,., the condition (63) holds for ¢ := 100 and
Q := Q,; that is,

Pr [Qw(q) e (1 - a2, (1 + e)a2711)| < 100e.
a~Qq

In what follows, we assume this event happens and analyze the probability of the
completeness and soundness.

Suppose that a prover sends p*. If the prover is honest then we have p* =
Pry.o,lq € Hy]. Hence the completeness of the heavy-sample protocol implies
that, with probability at least 1 — O(e) > 1 — ﬁ, the protocol accepts. On the
other hand, if a cheating prover sends p* such that |p* — Prywg,[q € Hal| > 16¢e,
then with probability at least 0.99 the cheat can be caught by the soundness of
the heavy-sample protocol.

Thus, at the point that the generalized Feigenbaum-Fortnow protocol starts,
for any prover, with probability at least 0.98, we have |p* — Pryo0,[q € Ha]| <
16ce and moreover the condition (BR) holds. Under this event, the promise of
the generalized Feigenbaum-Fortnow protocol is satisfied:

e Define a := L(z), ¢ := %, and R := H,. Then we have Prc[CT = a] >
1 — € by the promise of our simulation protocol (Corollary 5.171).

e The advice p* satisfies [p* — Pryug,[q € R]| < €1 for €1 := 16ce.

e By CTaim 5 T9 and (58), we have Pry.0,[¢ & VyesUVno] < Prguo,[Q2(q) €
(1+€)a2714] < e for e := 100e.

Therefore, from the correctness of the generalized Feigenbaum-Fortnow protocol
(Theorem H 8), our simulation protocol satisfies the completeness and soundness
with probability at least 1 —0.02 — (% +2m(n)er +3m(n)ez + 35) > 2, where the
last inequality holds for some large constant cg. ([

This completes the proof of Thearem 5 T4.
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Chapter 6

Reductions to the Set of
Kolmogorov-Random Strings

Historically, computability theory precedes complexity theory, the latter of
which is a quantitative version of the former. The fundamental theorem of Tur-
ing [Mr36] shows that the halting problem HALT cannot be solved by a Turing
machine, whereas its analogue in complexity theory, i.e., the P versus NP ques-
tion, is wide open. Studying a computability theoretic analogue of MCSP would
be the first step towards better understanding of MCSP. We thus investigate
what can be reduced to the set of (resource-unbounded) Kolmogorov-random
strings, which can be seen as an analogue of MCSP in computability theory. It
was conjectured by Allender [ATIT2] and others that the computational power of
nonadaptive deterministic polynomial-time reductions to the set of Kolmogorov-
random is exactly characterized by BPP, intuitively because nonadaptive de-
terministic reductions could only make use of Kolmogorov-random strings as a
source of pseudorandomness.

In this chapter, we present strong evidence against this conjecture by showing
that every language in the exponential-time hierarchy is reducible to the set of
Kolmogorov-random strings under PH reductions; in particular, the conjecture is
false unless the exponential-time hierarchy collapses to BPEXP. Moreover, our
reduction cannot be regarded as a black-box reduction to avoiding hitting set
generators (unless the exponential-time hierarchy collapses to the second level),
thereby showing that nonadaptive deterministic efficient reductions can exploit
the power of Kolmogorov-random strings not just as a distinguisher for hitting
set generators.

6.1 Background

As shown in Mhearem 2721, there is a clear relationship between Kolmogorov-
randomness and pseudorandomness: Any string generated by a computable pro-
cess has low Kolmogorov complexity, and thus the set of Kolmogorov-random
strings serves as a distinguisher for any computable hitting set generator;
in particular, Allender, Buhrman, Koucky, van Melkebeek, and Ronneburger
[ABKF06H] proved a curious inclusion that PSPACE C PT&u for every univer-
sal Turing machine U. Here, Ky (z) denotes the Kolmogorov complexity of a
string x defined by the universal Turing machine U, and Ry, denotes the set of
(n/2)-random strings with respect to Kyy. Similarly, Allender, Buhrman, Koucky
[ABKO6a] showed that NEXP C NP?<v: Buhrman, Fortnow, Koucky, and Loff

R
[BEKLI0] showed that BPP C P, V.
Note that since the set of Kolmogorov-random strings is not computable, it
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is absurd to hope that efficiently computable complexity classes could be char-
acterized in terms of efficient reductions to Ry, . Nevertheless, it was shown by
Cai, Downey, Epstein, Lempp, and Miller [CDET14] that when the intersection
is taken over all prefix universal Turing machines U, any language efficiently
reducible to Rk, is decidable, and moreover Allender, Friedman, and Gasarch
[AFGT3] showed that the upper bound is PSPACE:

Theorem 6.1 ([BEKLIN, AFGT3, CDEF14]). BPP C (), PV C PSPACE,

==

where the intersection is taken over all prefix universal Turing machines.

For some technical reasons, the results of [AFGT3, CDEF14] are known to hold
only for prefiz universal Turing machines. However, a similar upper bound can
be obtained for usual universal Turing machines by imposing some constraints
on reductions [HKTS].

Theorem 61 leads us to the following natural question: Is it possible to exactly
characterize the computational power of Ry, under polynomial-time nonadaptive
reductions? Intuitively, any polynomial-time nonadaptive reduction cannot make
any use of the set of Kolmogorov-random strings of length larger than O(logn),
because the Kolmogorov complexity of any query that the reduction can make
on input 0" is at most O(logn). It was argued in [ABFET.T4] that, intuitively,
short queries to Kolmogorov-random strings could only be used as a source of
pseudorandomness. Allender [ATIT2] thus explicitly conjectured that the lower
bound of Mhearem G 1 is exactly tight, and since then a fair amount of efforts
have been made to verify the conjecture.

Conjecture 6.2 ([BEKLIO, ATT2, ADETI3, ABFLI4, HKIR]). BPP =
Rk
mUPH v.

Beyond its curiosity, such a characterization might enable us to study the
complexity class BPP of languages efficiently solvable by a randomized computa-
tion by using the techniques of Kolmogorov complexity. Moreover,
is interesting from the viewpoint of the study of MCSP: It is known that, for any
function f: {0,1}" — {0, 1}, the Kolmogorov complexity Ky (tt(f)) and the size
sizeHALT( f) of minimum circuits with oracle access to the halting problem HALT
are polynomially related to each other [ABKT06H]; thus Rk, can be regarded
as a computability theoretic analogue of MCSP. In light of this,
implies non-NP-hardness results about Ry, under nonadaptive polynomial-time
reductions (unless NP C BPP), and thus studying would give
us some new insights about non-NP-hardness of MCSP, which has been a focus

of recent work on MCSP (e.g. [MWI7, HWI6, HPTH, AHKT?, AHTY]). We re-

Jd, Wl

fer the reader to the survey of Allender [AIT2, [ATIT7] for more background on

Conjecture 0.4.

6.2 Evidence against Allender’s Conjecture

We disprove under the assumption that the exponential-time
hierarchy does not collapse to BPEXP. Our main new insight is to consider a

R
sparse language in [ P, “U or in other words, an exponential-time analogue of
Theorem 6 1. We show that every language in the exponential-time hierarchy
EXPH is reducible to Rk, under PH reductions, and thus:

Theorem 6.3. EXPH C PHfxy C EXPSPACE, where the intersection is
taken over all prefiz universal Turing machines.
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In particular, by a standard padding argument, it implies that PfKU #*
BPP unless EXPH = BPEXP. (Indeed, if (N PFKU = BPP, then a padding
argument implies EXPH C (,; PHv C N EXPfKU = BPEXP.)

We also show that Thearem 63 crucially makes use of the fact that the set
of Kolmogorov-random strings serves not just as a distinguisher for hitting set
generators. Indeed, by using the technique of [Chapter g, the reductions to any
dense subset of Kolmogorov-random strings can be simulated by S5™ (and the
simulation is tight under some reducibility notion).

Theorem 6.4 (informal). Fix any universal Turing machine U. Then we have

N EXPE™ = (| BPEXPE™ = g3
R: vy-avoids U R: vy-avoids U

Here R<PY means that the length of queries is restricted to be at most a polyno-
mial in the input length.

Theorem 6.4 means that the reduction of [Cheorem 6.3 cannot be replaced
with a reduction to any dense subset of Kolmogorov-random strings unless EXPH
collapses to S5™P. In particular, the intuition that nonadaptive polynomial-time
reductions could exploit Rk, only as a source of pseudorandomness is wrong.

6.2.1 Proof of Theorem 6.3

Now we present the proof of Theorem G3. We note that at the core of
MTheorem 63 is the following reduction from EXPH to Ry, .

Theorem 6.5. EXPH C PHF%v for any universal Turing machine U.
We observe that Theaorem 61 is enough to prove the main result.

Proof of Chearem 63. The lower bound follows from Chearem G 3. For the upper
bound, by the results of [CDET14, AFGTI], we have (), PfKU C PSPACE. By
a standard padding argument, we obtain [, EXPfKU C EXPSPACE, from which
the upper bound follows since PHRxuv C EXPfKU. O

Now we proceed to a proof of Thearem 6 4. We first observe that, given HALT

as an oracle, one can compute any decidable language with oracle access to HALT
in PHALT,

Lemma 6.6. Let k be any positive constant. Let M be any oracle machine that,
on every input x, halts eventually and makes a query of length at most |z|*. Then
the language decided by M is in PHALT,

Proof Sketch. The proof is essentially the same with [ABKT06h, Theorem 27],
and thus we just sketch a proof. The idea is to decide M in the following two
steps: First, by using a binary search and the oracle access to HALT, one can
decide the number of all the strings in HALT of length at most n* in polynomial
time. Then, given the number of strings in HALT of length at most n* as advice,

the computation of MMALT becomes now computable, and hence it reduces to
HALT. O
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We also recall that the halting problem is reducible to the set of random strings
under P/poly reductions, which was established by exploiting the fact that the
set of random strings can be distinguisher for any computable pseudorandom
generator.

Theorem 6.7 ([ABKT06H]). HALT € PRKU/pon for any universal Turing ma-
chine U.

While the ingredients above are enough to obtain EXP reductions, in order to
obtain PH reductions, we make use of the efficient proof system of PH given by
Kiwi, Lund, Spielman, Russell, and Sundaram [KLST00]. For simplicity, we state
their results in the case of the number of alternation is 2, but their results hold
for every constant number of alternation. We also state their results in terms of
YEXP instead of .

every language L in ZSXP, there exists a randomized polynomial-time verifier such
that,

1. for every input x € L, there exists an oracle A such that for any oracle B,
VAB () accepts with probability 1, and

2. for every input x € L, for all oracles A, there exists an oracle B, VA’B(x)
accepts with probability at most %

We are now ready to present a proof of lhearem 6 3.

Proof of Theorem A74. The main idea is that, given oracle access to the set of
random strings, Thearem 64 tells us that there is a succinct witness for any
exponential-time computation. We abbreviate Rk, as R in this proof. We only
give a detailed proof for XEXP C PH®, since it is straightforward to extend the
proof.

First, we present a proof that ESXP C EXPE. Let V be an exponential-time
verifier for L € ESXP, and ¢ be a constant such that for every input z of length
n, it holds that = € L if and only if there exists a certificate y of length 2" such
that V(z,y, z) accepts for all z of length 2"°; V' runs in time 2n%"  We regard
the computation as a game between the first player A and the second player B.

Here is our exponential-time algorithm solving L with oracle access to R: Let
sa(n) and sp(n) be some polynomials specified later. Given input z of length
n, the algorithm accepts if and only if there exists an oracle circuit A of size
s4(n) such that V(z,tt(AR),tt(B?)) accepts for all oracle circuits B of size
sp(n), where tt(A®) denotes the truth table of the function computed by AF:
the algorithm checks this condition by an exhaustive search. Since there are
at most exponentially many circuits of polynomial size, this algorithm runs in
exponential time.

We claim the correctness of the algorithm. Fix any input & € L of length
n. In this case, the correctness readily follows from the fact that there exists
a succinct witness under the oracle R: Indeed, let y, be the lexicographically
minimum certificate for z € L. Since each bit of y, is decidable (in the sense that
the language { (x,7) | the ith bit of y, is 1} is decidable), by [Chearem 64, there
exists an oracle circuit A of size s4(n) := poly(n,log |y;|) = poly(n,n®) such that
tt(AR) = y,. Thus our EXP® algorithm accepts no matter how the adversarial
circuit B is chosen.

Now fix any input z &€ L of length n. This case requires a more delicate
argument. Here we need to claim that, for every circuit A of size s4, there exists
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a circuit B that encodes a strategy that beats the strategy of Af. The point is
that, given any circuit A, the lexicographically first strategy against the strategy
of A is computable with oracle access to HALT. Indeed, let 2z, 4 denote the lexi-
cographically first string such that V (z, tt(A%), ) rejects. Consider the language
L' :={(z,A,i) | the ith bit of z; 4 is 1 }. Since R is reducible to HALT, the lan-
guage L' is computable with oracle access to HALT. By Cemma 6.8, L' € PHALT,
thus by [Thearem 6.4, we obtain L’ € P /poly. This means that for every circuit
A there exists a circuit By of size poly(n, |A|,log |2z a|) = poly(n, sa(n),n®) such
that tt(B%) = z; 4. Thus our algorithm rejects.

In order to extend the proof above to ESIZ(P for every constant k, we modify the
EXP? algorithm so that it checks whether, given input z of length n, 3 a circuit
Cy of size si(n), V a circuit Cy of size sa(n), -+, V a circuit Coy, of size sox(n)
such that a verifier V(z,tt(CH), -+ ,tt(CL)) accepts, where si(n), -, sox(n)
are some appropriately chosen polynomials.

We now explain how to reduce the complexity of the EXP reduction to
PH. For simplicity, we again focus on a proof of ZEXP C PH®. Note that,
in the proof above, the bottleneck of the computation is the evaluation of
V(z,tt(AR), tt(B%)), where V is an exponential-time verifier. We replace V
with the randomized polynomial-time verifier of Thearem 6 8; then we obtain
the following X% algorithm: Existentially guess a circuit A of size at most s4(n),
and universally guess a circuit B of size at most sg(n) as well as a coin flip for
V, Then accept if and only if V4B (z) accepts on the guessed coin flip sequence.

O

6.2.2 Proof of lheorem 6.4

A similar technique gives the exact characterization of S5™ in terms of black-
box reductions to a dense subset of Kolmogorov-random strings.

Theorem 6.9 (The formal version of Theorem 64). Let s: N — N be a function
such that £¢ < s(¢) < £ — 2 for some constant € > 0 and every large {. Let
v: N = [0,3] be a function such that v(€) > 1/¢¢ for some constant ¢ > 0 and
every large £. Fiz any universal Turing machine U. Let Gy: {0,1}°) — {0,1}¢
be a function such that Gy(d) = U(d) for every d € {0,1}*©) such that |U(d)| = ¢.
Then we have

N EXPE™ = | BPEXPE™ = g3,
R: vy-avoids G R: vy-avoids G

We start with the upper bound of S5™.

Claim 6.10. o
(| BPEXPF™ C S5
R: v-avoids G

Proof. Let L € (. +-avoids ¢ BPEXPT™"". We first note that, as in
Elon 58, the order of quantifiers can be swapped; indeed, the proof of
Elon 58 does not rely on any specific property of BPP| reductions; hence, the
same proof works for other notions of reduction. Thus, there exists some ran-
domized ¢(n)-time black-box reduction M from a language L to any ~y-avoiding
oracle for G such that the length of any query that M makes on input of length
n is at most logt(n), for some t(n) = oY Let I/ = {z01%") | z € L'} be a
padded version of L. Applying Thearem 51 to L', we obtain L' € S}, from which
it follows that L € S5*P. O
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We now turn to the lower bound, which concludes the proof of Chearem & 4.

Claim 6.11. o
RSpoly
ssPc (] EXPETT
R: vy-avoids G
Proof. First, observe that Theorem 61 can be generalized to any dense subset R
of Kolmogorov-random strings. Indeed, the proof of [ABKT06h] only exploits the
property that the set of Kolmogorov-random strings can be used as a distinguisher
for a computable hitting set generator. Thus we have HALT € P%/poly. In
particular, relative to the oracle R, there exists a succinct witness for S5,
Let L € S5 and V be an exponential-time verifier associated with L running

in time 2"" for some constant k: That is, for every input x of length n,
k k
1. if z € L then 3y € {0,1}*" ,Vz € {0,1}*" ,V(2,y,2) =1, and
2. if x ¢ L then 3z € {0,1}%" vy € {0,1}*" ,V(z,y,2) = 0.

Our EXPR="" algorithm is as follows: Instead of doubly exponentially many
certificates y,z € {0, 1}2nk, we exhaustively search all possible oracle circuits
Y, Z of size at most poly(n) that take n* inputs, check the condition that
Y,VZ,V(z,tt(YF),tt(ZF)) = 1, and accept if and only if this condition is
satisfied. The correctness follows from the fact that each bit of the lexicographi-

cally first witness can be computed by a polynomial-size circuit with oracle access
to R. O

We mention that the reducibility notion of Thearem 69 can be significantly
improved by using some efficient proof system:

Theorem 6.12. For any G and 7 satisfying the same condition with [Chead
em 63, we have

EXPNP ¢ (N sf < sy
R: vy-avoids G

The proof follows from the following two lemmas:

Lemma 6.13 ([HirlH]). For any EXPNP-complete language L, there exists a
selector for L. That is, there exists a randomized polynomial-time oracle machine
S such that, for any input x € {0,1}* and oracles Ay, A1 C {0,1}*, if L €
{Ao, A1} then Prg [SA0A1(2) = L(z)] > 2.

The next lemma generalizes a lowness property of S5 proved by Cai, Chakar-
avarthy, Hemaspaandra, and Ogihara [CCHOUOH)].

Lemma 6.14. Let L be a language with a selector and R be any oracle. If
L € PR /poly then Sk C SE.

Proof. The idea is as follows: We request two competing prover of S§ to output
a circuit that computes L relative to R, and then we identify the honest oracle
by using the selector for L.
Suppose that A € S¥, and M be an SZ-machine that witnesses A € Si: for
any input z € {0,1}", we have
3y, ¥z, ML(z,y,z) = L(x),
327Vy7 ML<{L'7y,Z):L(CC).
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Let ¢ be a large constant so that M runs in time n¢. Let S be a selector for L
that runs in time n%, for some constant d.

Now we describe an S -machine that computes A: We first show how to
compute L, given instance g of length at most n®. We request competing provers
to give oracle circuits C’(?,Cf% that computes L on all inputs of length < n°®.
Then, we run the selector S relative to these circuits. Since the selector makes a
query of length at most n°®, one of these circuit is an honest oracle. Thus, with
high probability, the selector outputs L(q) correctly.

Given input = € {0,1}", we request two competing provers to output y, z.
Then compute and output M*(z,, z), where the queries g to L can be answered
by using the algorithm described above. This algorithm yields an Sy - BP - P%
algorithm, but since BPP is low for Sy [RS98], we obtain A € S&. O

Proof of Thearem 6 72. Under any dense subset R of Kolmogorov-random
strings, we have EXPNP C P% /poly (by Thearem 6.7). Thus by taking any EXPNP-
complete problem L, we obtain EXPNP C SL C S by combining Cemma 613
and B4 O

We conclude this chapter by showing that in the case of reductions to the set
of random strings, the S§ reductions of Mhearem 619 can be derandomized to
obtain PNP reductions.

Theorem 6.15. EXPNP C PNPRKU.

Proof. By MThearem 619, we immediately obtain EXPNP C stU. By the rela-

.. . . Y R R R
tivized version of Cai’s result [Cai07], we have PNP fUC S, fu c zppNP KU;
thus it remains to derandomize the computation of ZPP under an NPF&u or-
acle. One can find the lexicographically first Kolmogorov-random string by a

R
pNPTEU algorithm. By Cemma 68 and Mhearem 674, the circuit complexity rel-
ative to an NPT%v oracle of any Kolmogorov-random string of length n is at
least n2). Thus by using a Kolmogorov-random string as a hard function of the

Impagliazzo-Wigderson pseudorandom generator [IWY7|, one can derandomize
the computation of ZPP under an NPT%u oracle. O
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Chapter 7

Hardness of MCSP Implies Circuit Lower
Bounds

So far we have seen that various hardness results of MCSP under average-
case hardness assumptions. A natural question is what prevents us from proving
NP-hardness of MCSP.

In this chapter, we show that MCSP is intimately related to circuit lower
bounds, of which we have a poor understanding. In particular, under determin-
istic reductions, MCSP cannot be shown to be NP-complete unless important
open questions are solved simultaneously.

7.1 Overview

There have been a line of work explaining why it is difficult to establish NP-
hardness of MCSP under deterministic reductions (e.g. [KCO0, MW7, AHKTY,
HPTH]). For example, Murray and Williams [MWI7] showed that if MCSP
is NP-hard under polynomial-time many-one reductions, then ZPP # EXP,
thereby showing that NP-hardness of MCSP is at least as hard as proving
ZPP # EXP. However, no previous work was able to obtain a similar conse-
quence for polynomial-time Turing reductions. We extend previous results to
the case of polynomial-time nonadaptive reductions and polynomial-time Turing
reductions.

In fact, we prove several unconditional separations about deterministic
polynomial-time machines with oracle access to MCSP. Specifically, in the case of
nonadaptive reductions, we show that P‘I‘WCSPQP /poly # EXP; here P denotes the
class of languages reducible to MCSP via a polynomial-time nonadaptive reduc-
tion. In the case of adaptive reductions, we show that PGaPMCSP AP /poly £ EXP
for some sufficiently small constant € > 0. As a consequence, we show that NP-
hardness (or even ZPP-hardness) of MCSP under nonadaptive deterministic re-
ductions implies EXP # ZPP, the latter of which is a notorious open question in
complexity theory. Moreover, we show that NP-hardness of Gap, MCSP under
adaptive deterministic reductions for all constant € > 0 implies NEXP Z P/poly.
These results explain why it is difficult to prove hardness of MCSP under deter-
ministic reductions.

Our idea is based on the firm links between circuit complexity and resource-
bounded Kolmogorov complexity as explored by [ABKT06H, AKRRII]. Specif-
ically, under the assumption that EXP C P/poly, it is known that circuit com-
plexity and Levin’s Kt-complexity are polynomially related to each other. In this
sense, we can translate any property of (an approximation version of ) MKtP into
that of MCSP. On the other hand, one can observe that PMX*F € DTIME(22") C
EXP; this is because the Kt-complexity of any query that a polynomial-time ma-
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chine can make is bounded above by n + O(logn), and thus the Kt-complexity
of such a query can be determined by an exhaustive search in time 27+0(ogn),
Now we can translate this property of MKtP into that of MCSP and obtain
PI‘VICSP # EXP, assuming that EXP C P/poly. As a consequence, we obtain
Pi CSPAP /poly # EXP unconditionally because otherwise we have EXP C P/poly.

Now we would like to extend the argument above into the case of polynomial-
time Turing reductions. Unfortunately, we do not know how to prove EXP #
PMKtP (and this is an open problem since [ABKT06H]). Nevertheless, we can
still prove that a promise problem (denoted by Gap,MKtP) of approximating
Kt within an additive error w(logn) is not EXP-hard under polynomial-time
Turing reductions, that is, PG#PsMEP £ EXP. We can translate the property
of Kt-complexity into that of MCSP, under the assumption that EXP C P/poly.
While the quality of approximation becomes worse, we are able to show that
pGapMCSP A p /poly £ EXP unconditionally.

We will also show that NP-hardness of MCSP implies a strongly exponential
circuit lower bound (or else a fast simulation of nondeterministic machines). In
particular, the result indicates that it is already a challenging open question
to prove NP-hardness of MCSP for depth-3 AC® circuits, for which no strongly
exponential circuit lower bound is known.

Our proof idea for this is based on the original proof idea of Kabanets and
Cai [KCOU], and its later exposition of Hitchcock and Pavan [HPTS]: If there is
a many-one reduction R from SAT to MCSP, then by running the reduction R
on an unsatisfiable formula, we obtain a NO instance of MCSP, which is a truth
table of high circuit complexity. Thus we should be able to obtain some circuit
lower bound.

7.2 The Case of Nonadaptive Reductions

Our proof is based on the following relationship between Kt-complexity and
circuit complexity:

Lemma 7.1 (Allender, Koucky, Ronneburger and Roy [AKRRII]). EXP C
P/poly if and only if there exists a polynomial p such that size(x) <
p(Kt(x),log |x|) for every x € {0,1}*.

We will first show P‘l‘vIKtP # EXP, and then, based on Cemma 71, translate
the property of Kt into that of MCSP, assuming EXP C P/poly.

Proposition 7.2 (folklore). PMK™Y C DTIME(2%") C EXP.

Proof. The last “C” follows from the time hierarchy theorem [HS65)].

Let M be any PM¥*" machine. Given input = € {0,1}* of length n, let Q(x)
be the set of queries (without including size parameter s) that M makes. Since
M is a nonadaptive polynomial-time oracle machine, Q(z) can be computed in
polynomial time. Therefore, any query ¢ € Q(z) can be described by the input
z and an index i € [n®] in polynomial time; hence, Kt(¢) < n + O(logn). Let
[(n) denote this upper bound.

Given the fact that Kt(¢) < l(n), we can compute Kt(q) by an exhaustive
search in time 27TO0027) - Specifically, for each d € {0,1}* of length at most I(n),
we run the universal Turing machine U on input d for 2! ~ld steps; this takes
overall 2 pO0) time. Thus, by answering M’s queries by the exhaustive search,
we can compute M’s output in time 2nTOUogn) < 92n, O
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Under the assumption that EXP C P/poly, we can translate the property of
MKHtP into that of MCSP:

Theorem 7.3. If EXP C P/poly then P‘l‘vICSP C DTIME(2"") # EXP for some

constant ¢ > 0.

Proof Sketch. By Lemma 71, there exists a constant ¢ such that size(z) <
(Kt(z) + log |z])¢ for all large |z|. Let (g, s) be any query of a PMF machine.
Since Kt(g) is at most n+ O(logn), the circuit complexity size(q) of ¢ is bounded
above by (Kt(q) +logn)¢ < (2n)¢. Thus, the circuit complexity of all the queries

can be computed by an exhaustive search in time 20(n9)logO(n?), (I

This theorem allows us to obtain a nontrivial separation of P‘I‘VICSP N P/poly
from EXP:

Corollary 7.4. PMP NP /poly £ EXP.

Proof. Assume, by way of contradiction, that PNCSP N P/poly = EXP. In partic-
ular, EXP C P/poly. Thus, by Mheorem 73, we obtain PlllvICSP # EXP, which is a
contradiction to the assumption. U

This result exhibits a singular property of MCSP. In particular, reducing
any language L to MCSP via a polynomial-time nonadaptive reduction implies a
separation of Pf N P/poly from EXP.

Corollary 7.5. If L SHP MCSP, then Pf N P/poly # EXP.

Proof. The hypothesis implies that Pf - P‘I‘VICSP, and by the previous corollary

it holds that EXP ¢ P‘l‘vICSP N P/poly, from which the result follows. U

In particular, if MCSP is ZPP-hard under polynomial-time nonadaptive re-
ductions, then ZPP # EXP. Similarly, if MCSP is NP-hard under the same
reducibility notion, then P"‘\'P N P/poly # EXP.

7.3 The Case of Adaptive Reductions

Now we turn to the case of polynomial-time Turing reductions. We first show
that approximating Kt-complexity within an additive error w(logn) is not EXP-
complete under polynomial-time Turing reductions. We denote such a promise
problem by Gap,MKtP:

Definition 7.6. For a function g: N — N, define a promise problem

Iygs :={(z,s) € {0,1}" x N| Kt(z) < s},
no = { (z,5) € {0,1}* x N | Kt(x) > s+ g(|z]) }.

Theorem 7.7. For any nondecreasing function g(n) = w(logn), it holds that
PGangKtP 7& EXP.

We mention that the proof is reminiscent of a simplified proof in [ABKT06H,
Corollary 40] showing that resource-bounded Kolmogorov complexity K, for a

fixed exponential time t(n) > 2% is not EXP-hard (originally proved by Buhrman
and Mayordomo [BMY7)).
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Proof. Tt is sufficient to prove that every unary language in PG#PsME® cap be

solved in a fixed exponential time. Indeed, by the time hierarchy theorem, there
exists a unary language in EXP that requires time complexity larger than any
fixed exponential time, which implies that PG2PsMKtP £ EXp.

We first note that Kt(z) < |z| + O(log|z|) for any x € {0,1}*, since every
string can be described by itself in polynomial time. Let I(n) be such a (nonde-
creasing) upper bound (i.e. I(n) =n+ O(logn)).

Let L C {0}* be an arbitrary unary language in pGapgMKtP “and M be a
polynomial-time machine that witnesses L € PGaPgMKtP

The proof idea is as follows: We would like to simulate M on input 0" without
oracle access to Gap,MKtP in time 22n « 9n%Y Ty this end, we try to answer
M’s query ¢ by exhaustively searching up to Kt-complexity I(n). While we cannot
obtain the correct value Kt(q) for a query ¢ such that Kt(g) > I(n), we guess the
value Kt(gq) to be I(n). Then, we will argue that each query ¢ can be computed
efficiently and hence Kt(q) is relatively small; therefore, the guessed value of
Kt-complexity gives a good approximation. A formal proof follows.

We define a machine Mj that simulates M on input 0" (without oracle access
to GangKtP): On input 0", My simulates M on the same input, and accepts
if and only if M accepts. If the machine M makes a query (¢,s) € {0,1}* x N to
a Gap,MKtP oracle, then we perform an exhaustive search up to Kt-complexity
[(n), which allows us to compute o,,(q) := min{Kt(q),l(n)}. (Namely, for each
d € {0,1}* of length at most [(n), run the universal Turing machine U on input
d for time 2! =14l which takes overall 2" nO() time.) We answer “Yes” to the
query ¢ if and only if 0,,(¢) < s. The machine My runs in time 2/(pO1) < 92n
(i.e. a fixed exponential time). Hence, it remains to prove that, for each n €
N, there exists an oracle A that satisfies the promise of Gap,MKtP such that
Mo(0™) = MA(0™), which in particular implies that My(0") = L(0").

A crucial observation here is that each query that M makes on the computa-
tion path simulated by My can be described succinctly in terms of Kt-complexity:
Specifically, fix an input 0" and define the set Qn, = {(q1,51), -, (@m,5m)}
of queries that M makes on the computation path simulated by My, where
m = n°® is the number of the queries. Then, the ith query (g, s;) can be
described by n and an index i € [m] in time 2(WpO(M)  Therefore, it holds that
Kt(g;) < O(logn) +1og 2! n°W = [(n) + O(logn). By the assumption, we have
O(logn) < g(n) for all large n; hence, Kt(¢;) < 1(n)+ g(n). This means that the
difference between Kt(g;) and the threshold I(n) up to which we performed an
exhaustive search is at most g(n).

Now, for each n € N, define an oracle A as follows: (¢,s) € A if and only if
on(q) < s for any (q,s) € Qn, and (¢,s) € A if and only if Kt(q) < s for any
(q,8) & Qn. (Here, 0,(q) denotes min{Kt(q),l(n)}.) By this definition, it holds
that MA(0") = My(0™); thus all that remains is to show that A satisfies the
promise of Gap,MKtP (which implies that MAO™) = L(0™)).

Namely, for all (¢,s) € @Qn, we would like to claim that (q,s) € A holds if
(¢,s) is an YES instance of Gap MKtP (i.e. Kt(g) < s), and that (¢,s) ¢ A
holds if (g, s) is a No instance of Gap,MKtP (i.e. Kt(q) > s+ g(|q|)). Note that
if Kt(¢) < l(n) then 0,(q) = Kt(g); hence in this case, the claim is obviously
satisfied. In what follows, we may assume that Kt(¢) > l(n) (and thus o,(q) =
[(n)). In particular, this implies that n < |g|: indeed, by the definition of I(n), we
have Kt(q) < I(|g|), which implies I(n) < Kt(q) < I(|q|); hence, n < |g| follows.
Therefore, Kt(q) < l(n)+g(n) <i(n)+g(lq|). Now assume that Kt(q) > s+g(|q|)
(i.e. (g,s)is a NoO instance). This implies that 0,(q) = I(n) > Kt(q) —g(|q|) > s,
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and hence (g, s) ¢ A as desired. On the other hand, if Kt(¢) < s (i.e. (g, s) is an
YES instance), then we have 0,(q) < Kt(¢q) < s, and hence (g, s) € A. O

Next, assuming that EXP C P/poly, we translate the property of Kt-
complexity into that of MCSP. However, since these two measures are just
polynomially related, the narrow gap of Kt does not seem to be translated into a
narrow gap of MCSP. We can still prove analogous results for a promise problem
Gap”MCSP asking for approximating the logarithm of circuit complexity within
a factor of k. More formally:

Definition 7.8. For a constant k > 1, define a promise problem Gap*MCSP :=
(HYE57HNO> by

Mygs :={ (z,s) € {0,1}" x N | size(z) < s},
Ino := { (z,5) € {0,1}* x N | size(z) > s* }.

We note that this problem is harder than Gap MCSP, and thus our results
will be stronger.

Fact 7.9. For any constants k € Ny e > 0 such that ke <1,
Gap MCSP <P Gap*MCSP.

Proof. Take any input (tt(f),s) where f: {0,1}" — {0,1}. Recall that
Gap MCSP is a promise problem of approximating circuit complexity within
a factor of 2197, Therefore, if s > 2, then we are allowed to answer “YES”
as an answer to Gap, MCSP because s - 2(—=n > 91 We thus map the input to
a trivial YES instance (say, (tt(f),2")). In the case when s < 2", we just map
the input to the same input (tt(f),s).

We claim the correctness of the reduction in the case of s < 2. It is obvious
that an YES instance of Gap MCSP is mapped to an YES instance of Gap*MCSP
by the definitions of these promise problems. For any NoO instance of Gap . MCSP,
we have size(f) > s- 2079 > 5. 27(k=1) > k" and hence (tt(f),s) is a No
instance of Gap*MCSP. O

Now we apply the same proof idea with Thearem 73 to Gap®MCSP. In fact,
thanks to the fact that the gap between Iy and Ily is wide, we can prove a
stronger consequence:

Theorem 7.10. IfEXP C P/poly, then for any e > 0, there exists a constant k >
1 such that PG*"MCSP € DTIME(2"). In particular, EXP £ PGap*™MCSP A p /noly
for some k.

We note that by FacE—7d, we also have PG#P1/xMCSP c pGaptMCSP
DTIME(2™).

Proof. The proof idea is exactly the same with that of MChearem 77: We first
simulate a PGaP"MCSP achine by answering its query 17" by an exhaustive search
up to circuit complexity I(n) for some I(n). Then, since any query ¢ can be
described succinctly in terms of Kt-complexity, the circuit complexity size(q)
of the query ¢ is also relatively small by Lemma7T; hence, the incomplete
exhaustive search gives a somewhat good approximation. While the theorem can
be proved based on Cemma 71, we incorporate a proof of Cemma 71 and give
an entire proof below for completeness.
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Let us define an EXP-complete language B C {0,1}* as all the tuples (Q, z, t)
such that the Turing machine @ accepts x in time t. Since B € EXP C P/poly,
there exist some constant kp € N and some family of circuits {Cy, }men of size at
most m* that computes B on input length m.

Fix a small constant € > 0. Define k := (kg + 1)/e. Let L € pGap"MCSP 44

M be a polynomial-time oracle machine that witnesses L € pGap"MCSP,

Define I(n) := n°. As in the proof of Thearem 77, we define a machine M
that simulates M (without oracle access to Gap*MCSP) as follows: M takes
input = € {0,1}* of length n, simulates M on input z, and accepts if and only if
M accepts. If M makes a query (g, s), then answer to the query by an exhaustive
search up to circuit size I(n). (Specifically, compute o, (q) := min{size(q),l(n)}
and answer “Yes” if and only if 0,(q) < s.) The machine My runs in time
2l(n)p0(M) < 2n* for all large n.

Fix input z € {0,1}* of length n. Let Q, = {(q1,51), -, (g,001), 8,,01))} be
the set of all the queries that M makes on the computation path simulated by M.
We claim that for each (g¢;, s;) € Qg, the circuit complexity size(g;) is relatively
small: Indeed, each truth table ¢; in @, can be computed in time t(n) := on*,
by simulating M in the same way with My. Let @) be the Turing machine that
takes as input z € {0,1}* of length n and indices i,j € [n°M)], and outputs
¢ij.- By the definition of B, it holds that B(Q, (x,4,j),t(n)) = Q(x,4,j) = gj.
Also, by the definition of C,,, we have B(Q, (z,14, ) ,t(n)) = Cn(Q, (z,1,7) , t(n))
for m = |(Q, (x,i,7),t(n))|. Note that m = 4n + O(logn) + logt(n) < 5n
for all large n. Now let us fix 2 € {0,1}" and i € [p°M]: namely, define
D, i(j) = Cn(Q, (x,1,7),t(n)); then, the truth table of D, ; coincides with g;.
Therefore,

size(g;) < |Dgi| < |Ch| < mho < (5n)k0 < phe = l(n)k

for all large n. (Here, |Cy,| denotes the circuit size of C,.)

Now we claim that o,(g;) = min{size(q;),l(n)} approximates size(g;) for all
(¢, i) € Qq: specifically, we claim that o, (g;) < size(q;) < 0.(g:)*. If size(q;) <
l(n), then o,(g;) = size(¢;) and the claim is obvious. Now assume that size(g;)
I[(n), which implies that o,(¢;) = I(n). Thus we have o,(g;) = l(n) < size(g;)
(n)* = oa(q:)".

From the inequalities above, for every z € {0,1}*, it is easy to see that
there exists an oracle A such that A satisfies the promise of Gap*MCSP and
Moy(z) = MA(x) = L(x). O

>
<

Corollary 7.11. If NP gf} Gap*MCSP for all k > 1, then NEXP Z P/poly.

Proof. Assume, for the purpose of contradiction, that NEXP C P/poly. In partic-
ular, EXP C P/poly. By Theorem 710, we obtain [~ pGap"MCSP C SUBEXP.
By the assumption, we have NP C (1, -, pGap*MCSP C SUBEXP. In particular,
CircuitSAT € SUBEXP. It was shown by Williams [Will3] that CircuitSAT €
SUBEXP implies NEXP & P /poly, which is a contradiction. O

Remark. Another interesting consequence of Mhearem 710 is that if MCSP
itself is reducible to Gap*MCSP for all k& > 1 via a polynomial-time Turing
reduction, then PMCSP N P/poly # EXP, which we do not know how to prove.
Thus, establishing such “robustness” of MCSP via a polynomial-time Turing
reduction is at least as hard as separating PMCSP 0 P /poly from EXP.
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7.4 Hardness of MCSP and Stronger Circuit Lower Bounds

In the previous two sections, we have focused on polynomial-size circuits, and
tried to establish the relationship between hardness of MCSP and polynomial-
size circuit lower bounds. However, for restricted class of circuits such as depth-d
ACY circuits, an exponential lower bound of the form 22t/ Y) g already known
[HAsR6]. A natural question is whether MCSP for such a restricted circuit class
can be proven to be NP-hard. Here we show that it is unlikely under polynomial-
time reductions, unless either the lower bound is as large as 2% or there is a
fast deterministic simulation of NE = NTIME(2°().

Theorem 7.12. If MCSP is NP-hard under polynomial-time Turing reductions,
then either EMCSP ¢ SIZE(2™) for some constant € > 0 or NE C SUBEE :=
Neso DTIME(22").

While we stated it only for general circuit classes, the same results hold for
any reasonable circuit class. In particular, we note that it is an open problem
whether ENP cannot be computed by a depth-3 AC? circuit of size 2“’(\/5); thus
proving NP-hardness of MCSP for depth-3 AC circuits is already challenging.

Proof. Assuming that NE ¢ SUBEE and NP C PM®SP it suffices to show that
EMCSP 7 SIZE(2%™). We take a language L € NE\ SUBEE. We define a
padded version of L as L' := {1™ | n € L}, where n is identified with its binary
representation; thus L’ € NP\ SUBEXP. In particular, there exists a constant
€ > 0 such that L' € NP\ DTIME(2"™).

Let M be a polynomial-time oracle machine that witnesses L' € PMCSP We
try to simulate M by the following algorithm Mjy: On input 17, simulate M, and
if M makes a query (q,s) to MCSP, then we answer the query by exhaustively
searching all the circuits of size at most n/2.

Note that the running time of My is at most 20(n®/logn/?) < 2"°. Since
L' ¢ DTIME(2™), the simulation of M by My must fail infinitely often. Let
I C N denote the infinite set of integers n € N such that M and M, differ on
input 1™.

We now define a hard language H in EMCSP by the following algorithm: Given
as input binary representations of a tuple (n,i,j) € N3 where i,j € [n9W)],
simulate MMSP(1") and denote by g,; the ith query that M makes to the
MCSP oracle. Output the jth bit of gy, ;.

Note that the input length of the algorithm for H is ¢ := O(logn); thus
the running time n®® is exponential in O(logn), and hence the language H is
indeed in EMCSP | Moreover, since the simulation of M by M fails on input 17 for
n € I, there exists some i, € [n9(M)] such that size(gy4, ) > n/?. Thus H(n, iy, -)
requires a circuit of size 22(°8™)  Therefore, H requires a circuit of size 290
infinitely often. O

7.5 Open Questions

We conclude this chapter by posing two open questions. The results of this
section can be interpreted as “proving NP-hardness of MCSP is at least as difficult
as open problems such as ZPP # EXP.”

Open Question 7.13. Is it possible to show that “MCSP is unlikely to be
NP-complete”? Specifically, show that NP-hardness of MCSP implies something
unlikely to be true.
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Note that the results presented this section only imply something that is
widely believed to be true, but simply we do not know how to prove (e.g. ZPP #
EXP). There are two known results of the form of Open Question 7.14: One is

NP-hard under DTIME(n®4?)-time reductions. We will present another result
in showing that NP-hardness of MCSP under “oracle-independent”
deterministic reductions implies NP = P.

The other open question is to extend the results of this section to randomized
reductions.

Open Question 7.14. Show that NP-hardness of MCSP under randomized
reductions implies some open question in complexity theory (similar to Thead

Intuitively, all the techniques presented in this section exploit the idea that
NP-hardness of MCSP means that one can efficiently construct a NO instance
of MCSP. Under randomized reductions, one cannot make use of such an idea
because a random truth table is a NO instance of MCSP with high probabil-
ity. Moreover, as shown in [Chapter 3, randomized reductions enable us to show
SZK-hardness of MCSP; in contrast, in the case of deterministic reductions, no
nontrivial reduction is known unconditionally. In this sense, the results pre-
sented in this section highlight that deterministic reductions are insufficient to
argue hardness of MCSP. It thus seems to require a significantly new idea to
resolve Open Question 7.14. It should be also noted that if PSPACE C P/poly
then MCSP is NP-hard under ZPP-Turing reductions [ABKT06H, IKVIR]; thus
if the consequence of Open Question 7.14 were PSPACE ¢ P/poly, we would
immediately obtain PSPACE Z P/poly unconditionally.

In the next chapter, we discuss limits of randomized reductions by introducing
the new notion called oracle-independent reductions.
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Chapter 8

Oracle-Independent Reductions

In this chapter, we show fundamental limits of current techniques for showing
hardness of MCSP. Specifically, we observe that almost all reduction techniques
do not rely on any inherent property of MCSP and instead rely on common
properties that MCSP# shares for an arbitrary oracle A. We thus introduce the
notion of oracle-independent reductions to MCSP and then give upper bounds
on classes of languages that reduces to MCSP via such reductions. We say that
a reduction to MCSP is oracle-independent if the reduction can be generalized
to MCSP# for an arbitrary oracle A. In other words, the reduction exploits
only properties common to MCSP# for any oracle A (instead of nonrelativizing
properties of MCSP).

Almost all the known reductions to MCSP are oracle-independent. The main
technique used in is the construction from a one-way function to a pseu-
dorandom generator: Specifically, since the output of a pseudorandom (function)
generator is efficiently computable, the output regarded as a truth table has sig-
nificantly low circuit complexity, compared to that of a truth table chosen from
a uniform distribution. Thus, MCSP constitutes a statistical test that distin-
guishes a pseudorandom distribution from a uniform distribution, which enables
us to invert a one-way function on average, thanks to [HILL9Y]. This argument
exploits only the fact that MCSP constitutes a statistical test. It is easy to see
that an oracle version MCSP# can also constitute a statistical test, and hence
such reductions are oracle-independent.

Recently, new types of reductions to MCSP that do not rely on inverting a
one-way function have been developed by Allender, Grochow, van Melkebeek,
Moore, and Morgan [AGvMT18]. Based on new ideas, they showed that a graph
isomorphism problem is reducible to MKTP via a randomized reduction with
zero-sided error. We will see that their reductions are also oracle-independent.

A high-level reason why these reductions are oracle-independent, is as follows:
We are prone to rely on the fact that a randomly chosen truth table requires
high circuit complexity, because it is in general difficult to obtain a circuit lower
bound on an explicit function. The fact that many truth tables require high
circuit complexity remains unchanged for any oracle version MCSP, and hence
a reduction that only exploits this fact (as a circuit lower bound) is inevitably
oracle-independent.

We note that there is a trivial exception for oracle-independent reductions:
the self-reduction that maps an instance of MCSP to itself. Similarly, the non-
black-box reductions of are not oracle-independent.
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8.1 Our Results

We provide strong evidence that NP-hardness of MCSP cannot be shown via
such oracle-independent reductions. For deterministic reductions, we prove that
nothing interesting is reducible to MCSP via an oracle-independent reduction:

Theorem 8.1. No language outside P can reduce to MCSP under polynomial-
time Turing oracle-independent reductions. In other words, if a language L
polynomial-time- Turing-reduces to MCSP# for any oracle A, then L € P; it can

be also simply stated as
m pMCSP4 _ p.

A

In contrast to the results presented in showing that NP-hardness of
MCSP implies surprising consequences (e.g. ZPP # EXP), we emphasize that
this theorem gives us an inherent limitation of a deterministic oracle-independent
reduction. One implication is that NP-hardness of MCSP cannot be shown via a
deterministic oracle-independent reduction unless P = NP.

We note that this precisely captures the limit of what we can deterministically
reduce to MCSP. Indeed, currently no (nontrivial) deterministic reduction to
MCSP is known at all unconditionally. The theorem suggests one reason behind
this fact: in order to construct a deterministic reduction to MCSP, we need to
use a property of MCSP that cannot be generalized to MCSP# for some A, which
appears very difficult due to our few knowledge about nonrelativizing circuit lower
bounds.

It should be also noted that Chearem X1 implies that there exists an oracle A
such that MCSP g@ MCSP# unless MCSP € P. At first glance (mainly due to its
notation), it might be counterintuitive that an oracle version MCSP# becomes
“casier” than MCSP. The point is that the oracle A in the notation MCSP#
refers to the fact that a circuit that is minimized has oracle access to A, but this
does not necessarily increase the computational difficulty of minimizing such an
A-oracle circuit.

Indeed, we exploit this fact to prove MThearem & 1. Roughly speaking, for
any oracle-independent reduction to MCSP, we adversarially choose an oracle A
so that any query that the reduction makes has circuit complexity of O(logn).
Specifically, let T1,...,T,0a) be the truth tables queried by the reduction (on
some computation path); we encode these truth tables into A so that the truth
table of A(i,-) is equal to T; for any i. For this oracle, the reduction cannot query
any truth table that has high circuit complexity (relative to oracle A) because
the size of the circuit that outputs A(i,z) on input x is O(logn) for any i. We
then simulate the reduction by exhaustively? search small circuits of size up to
O(logn).

We also prove that even randomized oracle-independent reduction is not suf-
ficient to establish NP-hardness of MCSP:

Theorem 8.2. If a language L is reducible to MCSP wvia an oracle-independent
randomized reduction with negligible error that makes at most one query, then

! When the “size” of a circuit refers to the number of its wires, we cannot enumerate all such
circuits in polynomial time since there are O(logn)°(°8™ = pOUcglosn) Lossible circuits of size
less than O(logn), which gives only a weak upper bound. We will thus regard the “size” of a
circuit as its description length, and also require that we can encode a truth table into an oracle
efficiently.
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L € AM N coAM. In other words,

N BPPMCSPA[] — AM N coAM.
A

Here, BPP? (1] denotes the class of languages reducible to an oracle B via a
randomized reduction with negligible error that makes at most one query.

In particular, (1) 4 BPPMOSPA] qoes not contain NP unless NP C coAM (and in
particular the polynomial hierarchy collapses [BHZ&T]). Therefore, it is impossi-
ble to establish NP-hardness of MCSP via such reductions (unless the polynomial
hierarchy collapses).

8.1.1 Oracle-independent Reductions vs. Relativization

We note that an oracle-independent reduction is different from simple rela-
tivization. In a relativization setting, Ko [Ka91] showed the existence of a rela-
tivized world where MCSP is an NP-intermediate problem: MCSP is neither in
coNP nor is NP-complete under polynomial-time Turing reductions. Specifically,
he constructed an oracle A such that NP4 is not contained in PMCSPA’A, thereby
showing a relativized world where MCSP cannot be NP-hard under polynomial-
time Turing reductions. This shows the computational limit of MCSP in a rela-
tivized world.

In contrast, we discuss the computational limit of MCSP in a real world when
MCSP is used by oracle-independent reductions. Technically, by exploiting the
fact that NP-machines have oracle access, Ko [Kao91l] constructed an oracle A so
that some NP“-computation would go beyond the class PMCSP %4 On the other
hand, we construct an oracle A so that PMCSPA—Computation cannot be strong;
in fact, it is essentially the same as P.

Organization

The rest of this chapter is organized as follows. In Becfion &9, we intro-
duce some notation and the definition of circuit complexity. In Bection 83, we

observe that the known reductions to MCSP are oracle-independent. We prove
[heorem 81 and B2 in Becfion 84 and B3, respectively.

8.2 Preliminaries

It is convenient to introduce the notion of finite oracle for diagonalization
arguments.

Definition 8.3. 1. We say that Ap is a finite oracle if Ag: {0,1}* — {0,1, L}
and Ag(x) = L for all but finitely many strings x € {0, 1}*, where L means
“undefined.”

2. For an oracle A C {0,1}* and a finite oracle Ay, we say that A is consistent
with Ao if A(x) = Ao(x) for any x € {0,1}* such that Ao(x) # L.

3. Similarly, for | € N, we say that A and Ag are consistent up to length [ if

it holds that A(z) =1 if and only if Ao(z) =1 for all strings x € {0,1}* of
length at most 1.
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8.2.1 Definition of Circuit Size

For some technical reasons, we regard the description length of a circuit as
its size. Thus we borrow notation of Kolmogorov complexity and write

K;(z) :=min{|d| | I(d) =z}

for every machine I and every string € {0,1}*. Throughout this chapter we
will use a specific interpreter I that is defined below.

We first fix our standard (oracle) circuit interpreter. We assume any standard
way to encode circuits by binary strings. Note that a circuit may be an oracle
circuit that can use oracle gates outputting A(z) for a given input z to the gate
when a circuit is used with oracle A. Let Iy denote a circuit interpreter for this
encoding: that is, for any oracle A and a given description d of an oracle circuit
C, the interpreter I3'(d) yields the truth table of C4. (Thus, |I§(d)| = 2" for
some n and I (d) = CA(1,)---C4(2",).)

We will use the following facts that the standard circuit interpreter 164 should
have:

1. I§(d) is computable in time polynomial in |d| and |Ig}(d)|, given oracle
access to A.

2. For all but finitely many truth tables 7" € {0,1}* (where |T'| is a power of
2), there exists a circuit description of size less than |T'|%: that is, K ,(T) <
2.

3. Any oracle circuit C' whose description length is at most m cannot query
to an oracle any string of length greater than m. Thus, the output of C4
only depends on the membership in A of strings of length at most m.

We modify the standard circuit interpreter Iy so that we can describe some
type of circuits succinctly. For any n € N and d € {0,1}*, let Cr‘?d(:v) be an oracle
circuit that computes A(z,d) (i.e. A({x,d))) for a given input z € {0,1}™, by
using a single oracle gate with input (x,d).

Definition 8.4. Define an interpreter I as follows:
14(0d) = I3(d),
[A(1n7 d) == I(IJL‘(C;?,d) = A(L,, d)A(2,,d) - A2, d),

“ no

for any n > 1 and d € {0,1}*. For the other strings d (e.g. d = 1101), leave
IA(d) undefined.
For A = &, we write I instead of I°.

Remark. 1. Recall that (17, d) = 1"01"d; hence I is well-defined. Also, the
definition of T4 ensures that the description length of a circuit C;i g is at
most | (1", d) | = 2n+|d|+ 1, which is exactly equal to the length of a query
(i,,,d) to oracle A.

2. For A = @, we have K;(z) = Ky (z) + 1 for any = € {0, 1}* \ {0}*; hence,
there is essentially no difference between our circuit complexity measure
K;(z) and a standard description length Ky (z).

3. For a general oracle A, since we assumed that the circuit Cfd can be de-
scribed succinctly, we cannot guarantee that minimizing our complexity
measure K;a is computationally equivalent to minimizing standard circuit
complexity. However, all of the previous work (e.g. [Ko9l, AHKTTY]) that
we are aware of holds under our encoding scheme.
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We define the minimum oracle circuit size problem MCSP4 by using I4 as a
circuit interpreter:

Definition 8.5. The minimum oracle circuit size problem MCSP# relative to an
oracle A C {0,1}* takes a truth table T € {0,1}* and a size-parameter s € N,
and decides if Kja(T) < s.

8.3 Why Are the Known Reductions Oracle-independent?

In this section, we argue that the known reductions to MCSP are oracle-
independent. We observe that the existing reductions only exploit (as a circuit
lower bound) the fact that many truth tables require high (unrelativized) cir-
cuit complexity. Indeed, it is easy to observe that, for every oracle A, a set
B :={z € {0,1}* | Kja(z) > |z|"/?} defines a natural property useful against
SIZE(2Q(”)). Indeed, by a simple counting argument, most of truth tables are
not in B. Thus any reduction to a natural property can be seen as an oracle-
independent reduction to MCSP (e.g. the reduction from inverting an auxiliary-
input one-way function to a natural property [heorem-377).

Next, we show that an oracle-independent one-query reduction to MCSP al-
lows us to convert a randomized algorithm with two-sided error into a randomized
algorithm with zero-sided error. Moreover, the error probability is negligible.

Theorem 8.6 (Kabanets and Cai [KC00]). BPP C (), ZppMCSPAQ],

Proof Sketch. Pick a truth table T uniformly at random. By making a query
to MCSP4, check if K;4(T) = n*M). (Note that this also implies that K;(T) =
nQ(l).) Now, if we successfully found a truth table T' that requires high circuit
complexity, then we can use the pseudorandom generator of Impagliazzo and
Wigderson [IWY7] to derandomize a BPP computation. O

Finally, we observe that the reductions of [AGvMT18] are oracle-independent.
They presented a reduction from the rigid graph isomorphism problem to MKTP.
We can capture KT-complexity by our notation by defining a circuit interpreter
164 as follows: On input 1/0d, run the universal Turing machine U4-4() for each
i > 1 one by one in time at most ¢. Let n be the minimum 4 such that U%4(4)
outputs L. Output the concatenation of U4%(1),--- , UA4(n—1). This definition
ensures that K;a (z) = KT (x)+1, and that K, (z) < Kja (z)+1=KT4(z)+2.

For this particular interpreter I4, we prove:

Theorem 8.7 ([AGvMTI1R]). For any oracle A, the rigid graph isomorphism
problem is reducible to MCSP4 via a one-query BPP-reduction.

Proof Sketch. ~ We only observe why their reduction still works for MCSP4,
where A denotes an arbitrary oracle A.

Given two graphs (G, G1), they constructed a string 2’ whose length is a
power of 2 and a threshold 6 that satisfy the following: If the graphs are iso-
morphic, then KT(2') < 6 with probability 1. If the graphs are rigid and not
isomorphic, then 2’ contains information about a uniformly chosen random string
of length at least 0, and hence KT (z') > Ky (2') > 6 with high probability. (Here,
Ky (2') denotes the time-unbounded Kolmogorov complexity.)

Now consider an arbitrary oracle A. We claim that the rigid graph isomor-
phism problem reduces to checking if (2/,6) € MCSP4. Suppose that the graphs
are isomorphic; in this case, we have Ka(z') < KT4(2') +2 < KT(z') + 2 < 6.
On the other hand, suppose that the graphs are rigid and not isomorphic. Since
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2’ contains information about a uniformly chosen random string, an information-
theoretic argument shows that Kgra(2') > 6 with high probability (even relative
to A). By the universality of U, we have Kya(2') < Kja(a') + O(1). Therefore,
Kja(2') > Kpya(z') —O(1) > 6. O

To summarize, on one hand, relativization does not increase circuit complexity
(Kja(z') < Ky(2')); on the other hand, we are prone to rely on the fact that a
uniformly chosen random string requires high circuit complexity, which remains
true for any MCSPA.

We mention that, for a specific oracle A, an efficient reduction to
MCSP4 is known. Allender, Buhrman, Koucky, van Melkebeek and Ronneb-
urger [ABKT06H] showed that PSPACE C ZPPMOSPY - Gince their proof relies
on the fact that QBF is PSPACE-complete, the proof cannot be generalized to
a reduction to MCSP; hence, their reduction cannot be regarded as an oracle-
independent reduction to MCSP.

8.4 Limits of Oracle-independent Turing Reductions to MCSP

We show upper bounds for classes of languages that reduce to MCSP in an
oracle-independent manner (i.e. in a way that one does not use a property
of MCSP rather than that of a relativized version MCSP#). For example, we
consider a situation where a language L is reducible to MCSP4 for any A via
a polynomial-time Turing reduction; more precisely, for every A, there exists a
polynomial-time Turing reduction from L to MCSP4, i.e. L € Na PMCSP?  That
is, only properties common to MCSP# for any oracle A are used to show that L
is in PMCSP?  We would like to show that L is relatively easy in such situations.

In fact, we can indeed show that any language L in [, PMCSPY iq i P.

Theorem 8.8 (Restatement of Mheorem 8T). Let L C {0, 1}* be a language such
that for any oracle A, there exists a polynomz'ai—time Turing reduction from L to
MCSPA. Then L is in P. In short, (|, PMCSP" = P.

We will prove this theorem as follows: We will argue that, for each polynomial-
time reduction M, we can adversarially choose an oracle A s so that the reduction
M cannot query any truth table of high circuit complexity (by encoding the truth
tables queried by M into the oracle Ays). However, the assumption of the theorem
states that a reduction M can depend on an oracle A, and hence A cannot depend
on M. We first get around this difficulty by swapping the order of quantifiers:
we reduce our theorem to the following lemma, in which a machine M cannot
depend on A.

Lemma 8.9. Let L C {0,1}* be a language and Ay be an arbitrary finite oracle.
Suppose that there exists a polynomial-time oracle Turing machine M such that
AMMCsPA () = L(x) for any x € {0,1}* and any oracle A consistent with Ay.
Then, L € P.

Note that, in this lemma, a single machine M is required to compute L
with respect to every oracle version MCSPA. We will later prove this lemma by
choosing, for each reduction M and input x, an oracle Ay, so that the reduction
M to MCSPA4= can be simulated in polynomial time. Before its proof, we show
that Cemma == implies Mheorem &1 by using a simple diagonalization argument.

Proof of Theorem 81 based on Lemma819. We prove the contrapositive: As-
suming L ¢ P, the aim is to construct an oracle A such that L ¢ P4, Such
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an oracle A = |J, B. is constructed in stages. Let all the polynomial-time oracle
Turing machines be { My, M, --- }.

At stage e, we construct a finite oracle B.. At stage 0, set By(y) := L for all
y € {0,1}*. At stage e > 1, we apply Cemma 89 for M = M, and Ay = Be_1:
by the assumption that L ¢ P, there exist some string z. and some oracle B,
consistent with B._1 such that Mé\/ICSPBE (xe) # L(ze). We may assume that B,
is a finite oracle: indeed, since the computation of MéVICSPBE on input x. makes
a finite number of queries to MCSPP¢ . the answers of the queries also depend on
a finite portion of B.. Define an oracle A as the union of all the oracles B, whose
L is replaced by 0.

Since A is consistent with Be, it holds that MMCSP™ (3) = MMCSPY (5 ) for
each e > 1. By the definition of z., we have MéVICSPBe (ze) # L(ze). Therefore,

MévICSPA (ze) # L(x.) holds for any e, and hence L ¢ pMCSP4 O

Now we give a proof of Cemma XJ. The idea is as follows: For any reduction
M and any input z, we simulate the reduction M by answering M’s query by
exhaustively searching all the circuits of size at most O(logn). On this specific
computation path of M, we claim that there exists some oracle Az, such that the
simulated computation path coincides with the computation path of the reduction
M to MCSPAM= thereby showing that the output of the simulation of M is
L(z): Since M is a polynomial-time machine, the number of the queries on the
computation path is at most n®®). Thus, the index i of the queries can be
described in O(logn) bits, and hence the description length of the oracle circuit
CAMe () := Apr.(j,1) is at most O(logn). By defining Ay . (j,4) := Tjj for each
truth table T; queried by M, any truth table T; admits a circuit of size at most
O(logn).

Let us turn to a formal proof. Let M be a polynomial-time oracle machine
that computes L given oracle access to MCSP# in time n¢ for some constant c,
where A denotes an arbitrary oracle consistent with Ag. We define a polynomial-
time machine M that simulates M without using MCSP# as follows: On input
x € {0,1}* of length n, simulate M on input z, and accept if and only if M
accepts. If M makes a query (7, s), then we try to compute the circuit complexity
K4, (T') of the truth table 7" relative to a finite oracle Ay, by an exhaustive search
up to size at most 4clogn. (More specifically, we compute the shortest description
d of length at most 4clogn such that I40(d) = T, where we regard Ay C {0,1}*
as an oracle by replacing L by 0 in finite oracle Ag.) If the circuit complexity
K40 (T) has turned out to be greater than 4clogn, then define s’ := 4clogn;
otherwise define s' := K4, (T) (< 4clogn). (i.e. s := min{4clogn, K;4,(T)}.)
Answer “Yes” to the query if and only if s’ < s.

It is easy to see that My is indeed a polynomial-time machine, since there are
only 200°8™) circuits of size at most O(logn). (Recall that we regard a circuit
size as a description length.) Thus, it is sufficient to prove the following:

Claim 8.10. For all sufficiently large n and all inputs x of length n, there exists

A x
an oracle Ay, consistent with Ay such that My(z) = MMOSP™" ().,

Note that the assumption of Cemma 89 implies that ppMCSPAe (x) = L(x).
Thus, the claim implies that My(z) = L(x) and hence L € P.

Proof of Clazm”8T0. Fix n sufficiently large and an input = € {0,1}". For i €
[n€], let T; be the truth table in the ith query that M makes on the computation
path simulated by My on input =x.
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We define an oracle Ayr, = A as follows (here, Ay, is abbreviated as A for
notational convenience): For any string ¢ € {0,1}* of length less than 4clogn,
define A(q) = 1 if and only if Ag(q) = 1. For strings of length 4clogn, we encode
T; into oracle A so that the circuit complexity of T; relative to A is at most
4clogn: Specifically, we would like to define a description d; of length (ezactly
equal to) 4clogn so that I4(d;) = T;. To this end, let a; := log|T;| and define
d; = <1ai,zki>, where k; € N is defined so that |d;| = 2a; + 1 + k; = 4clogn.
Here, iy, is well-defined: indeed, we have a; = log |T;| < clogn, which implies
that k; := 4clogn — 2a; — 1 > clogn, and thus ¢ < oclogn < 9ki  Now define
A(iai,;'ki) := T;; for each j € [2%]. By the definition of I, the truth table T}

can be described succinctly: I4(d;) = A(1,,,iy,) -+ A(2%,,,4,) = T;; thus, the
circuit complexity K;a(T;) of T; is at most |d;| = 4clogn.

It remains to show that, for each query (7}, s) that M makes on the compu-
tation path simulated by My, circuit complexity s (= min{4clogn, K;4,(T;)})
calculated by My coincides with K;4(7;); note that this implies that My(z) =
MMCSP4 (x), because the computation path simulated by My coincides with that
of M relative to MCSPA. In order to see K a(T;) = min{4clogn, K;a,(T})}, first
we note that A and Ag are consistent up to length 4clogn — 1; thus, for small
circuits, circuit complexity relative to A remains the same with circuit complexity
relative to Ag, because small circuits cannot query long strings of length 4clogn.
Formally, suppose that K;a,(7;) < 4clogn (i.e. s’ = K;a,(7;)). In this case,
there exists some description d of length less than 4clogn such that I4°(d) = T;.
Since the circuit described by d cannot make any query of length greater than
|d|, it holds that T4 (d) = I4(d). Thus K;a(T;) < K;a,(T;) < 4clogn. Similarly,
we have K4, (T;) < Kya(T;), and hence K;a(T;) = K40 (T;) = s’. Now suppose
that K;a,(T;) > 4clogn (i.e. s’ = 4clogn). We claim that K;a(T;) = 4clogn.
Since we have K;a(T;) < 4clogn by the definition of A, it is sufficient to show
that K;a(T;) < 4clogn is not true. Assume, by way of contradiction, that
K;a(T;) < 4clogn. By the same argument above, it must be the case that
K7a(T;) > Kjay (1) > 4clogn, which is a contradiction. O

This completes the proof of Lemma &9.

Remark. If we regard a size of a circuit as the number of its wires, then the
upper bound P becomes DTIME(nO(log log ”)). Specifically, let MCSP’4 denotes a
version of MCSP# in which a size of a circuit is measured by the number of its
wires. Then we have (1), pMCSP™4 DTIME(nCUoglogn)) " This can be proved by
simply changing My in the proof above so that My exhaustively search all the

circuits of at most O(logn) wires in time O(logn)©ogn) = pO(loglogn),

8.5 Limits of Oracle-independent Randomized Reductions to
MCSP

In this section, we discuss the limits of a randomized reduction to MCSP that
can be generalized to a reduction to MCSP# for an arbitrary oracle A. Our focus
is a randomized reduction with negligible two-sided error that can make at most
one query:

Definition 8.11. Let L, B C {0,1}* be a language and an oracle, respectively.
We say that L reduces to B via a one-query BPP-reduction and write L € BPPE
if there exist polynomial-time machines M, Q and a negligible function € such that,
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for any x € {0,1}*,

" 1}1‘2'0(1) (M (x,r, B(Q(x,7))) = L(x)] = 1 — €(|z]).

Here, we say that a function € is negligible if for all polynomials p, for all
sufficiently large n € N, the function is bounded by the inverse of p: that is,
e(n) < Wln)‘

Note that we require the error probability to be negligible. Since the number
of queries is restricted to one, we cannot apply the standard error-reduction
argument; hence, this definition may be stronger than a definition whose error
probability is a constant. We leave as an open problem improving our result to
the case when the error probability is a constant.

We prove that there is no language outside AM N coAM that can reduce to
MCSPA for an arbitrary oracle A via a one-query randomized reduction:

Theorem 8.12 (Restatement of Mhearem R9). Let L C {0,1}* be a language
such that for any oracle A, there exists a one-query BPP-reduction from L to
MCSPA. Then L is in AM N coAM. In short,

N BPPMCSPAI ¢ AM N coAM.
A

As with Thearem &1, we first swap the order of quantifiers. However, in order
to swap the order of quantifiers, we need to enumerate all the negligible functions,
which is not countably many; thus, we sidestep this by requiring that the error
probability is an inverse polynomial 1/q in the running time of machines M and
Q. Also, since a one-query BPP-reduction is closed under complement, we only
have to show that the target language is in AM.

Lemma 8.13. There exists some universal polynomial q (specified later) that
satisfies the following: Let L, Ay be a language and a finite oracle, respectively.
Suppose that there exist a polynomial p and Turing machines M, Q such that M
and Q run in time p(n) and

B N o
Te{oal;w(") [M (2, r, MCSP*(Q(z,7))) = L(x)] > 1 q(p(n))

for any x € {0,1}* of length n and any oracle A C {0,1}* consistent with Ag.
Then, we have L € AM.

We prove that Cemma 8 T3 implies Theorem &2

Proof of Thearem 82 based on Lemma 8 13. We prove the contrapositive: As-
suming L € AM, we will construct an oracle A such that L ¢ BPPMCSPA[L by
diagonalization.

Enumerate all the tuples {(Me, Q, ¢¢) }e>1, where M, and Q). are polynomial-
time machines and ¢, € N. We assume that, for each tuple (M, Q.,c.), there
exist infinitely many €’ € N such that (M, Qc, ce) = (Mer, Qer, Cer).

At stage e > 1, we construct a finite oracle B, that fools a one-query BPP
reduction (M, Q) that runs in time n%: If M, or Q. does not run in time
n, then we define B, := B._;. Otherwise, we can apply the contrapositive
of Cemma RT3 to M, and .: there exist some input x. and some oracle B,
consistent with B._; such that Pr.[M.(x.,r, MCSPBe(Qe(xe,r))) = L(z.)] <
1-— ﬁ. We can make B, a finite oracle, since M, depends on only a finite
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portion of B.. This completes stage e. Define A as the union of all the oracles
B, whose L is replaced by O.

We claim that L ¢ BPPMCSPAI - Agsume otherwise. Then there exist a
constant ¢ > 1, a negligible function €, and machines M and @ that run in time
n® such that

Pr[M (z,r, MCSPA(Q(z,7))) = L(z)] > 1 — €(|z]) (8.1)

r

for all 2 € {0,1}*. Fix a sufficiently large ng € N such that e¢(n) < m for all

n > ng. Let M’ be the Turing machine? that, on input z, outputs a hardwired
answer L(x) if |z| < ng, and simulates M otherwise. Note that the running time
of M is at most nct!,

By the construction above, there exists e > ng such that (M, Qe,ce) =
(M',Q, c+1). By the definition of 2., we have Pr,[M’(z., r, MCSPA(Q(z.,7))) =
L(z.)] < 1— W. Moreover, since M’ outputs a correct answer with prob-
ability 1 on input z of length at most ng, it holds that |z.| > ng; thus, we have
€(|ze]) < m; in addition, the machine M’ behaves in the same way with
M. Hence, the success probability of (M,Q) on input x. is equal to that of

(M’,Q) on input z., which is bounded above by 1 — ey < 1- €(|ze|). This

1
(I
contradicts (B). O

Now we outline the proof of Cemma X T3.

We will first show that we may assume that all the queries that () makes have
a truth table of a fixed length 2! and a fixed size-parameter s for some ¢, s € N.
There is no loss of generality in assuming this because there are only polynomially
many possibilities: the number of all the possible lengths of a truth table and
size-parameters is at most n¢ for some c. Moreover, we may fix how to use the
answer of a query: specifically, for a random choice r, define f: {0,1} — {0,1}
(which has 4 possible choices) so that f(b) = M(x,r,b). (For example, f(b) = b
means that M accepts if and only if the query is a positive instance of MCSPA.)

We classify the set of random choices r into R;;, according to these pa-
rameters (f,t,s). If x € L, then there must exist some (f,t,s) such that
F(MCSPA(Q(x,7))) = 1 with high probability over the choice of r ~ Rs;,. On
the other hand, if z ¢ L, then any (f,t,s) must satisfy f(MCSPA(Q(z,7))) =0
with high probability. Therefore, it is sufficient to prove that, for a specific
(f,t,s), there exists an AM protocol that checks if f(MCSPA(Q(z,r))) = 1 with
high probability conditioning on r € Ry .

Let us assume that f(b) = b for simplicity. Then, it is sufficient to estimate
the probability

s = Pr [f(MCSPAQ(xz,7)=1= Pr [Q(z,r)c MCSP4

TNRﬁt’s TNRf7t75

by an AM protocol. If the probability Pr; is close to 1, then the distribution
induced by Q(z,7) concentrates on a limited number of instances: indeed, since
there are at most 257! positive instances in MCSPA for a size-parameter s, the

query Q(z,r) must be one of such instances with probability at least Py; . Con-
versely, suppose that the query distribution Q(z,r) concentrates on a limited

2 M’ can be implemented by a Turing machine as follows: Read the first ng + 1 bits of the
input (if any). If the input length is at most ng, then output the hardwired answer. Otherwise,
move the head of the input tape to the initial position, and continue the computation of M.
This implementation costs at most 2no additional steps.
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number of instances {(71, s), (T2, s), - - - }; we may encode T; into an oracle A and
force these instances to be positive (i.e. (T}, s) € MCSP#); as a result, the prob-
ability Py, s is not small (since the instances (7j, s) are positive). Therefore, the
task reduces to checking whether the query distribution concentrates on a limited
number of instances.

To this end, we will use the heavy samples protocol [BTU6H]. We say that an
instance (7', s) is B-heavy if the probability that (7', s) is queried (i.e. (T,s) =
Q(z,7)) is at least 5. The heavy-sample protocol of Bogdanov and Trevisan
[BTO6H] allows us to estimate the probability that Q(z,r) is S-heavy.

Lemma 8.14 (follows from Mheorem 5 21). Let D = {D,, }nen be a polynomial-
time samplable distribution. There exist a universal constant ¢ (c = 2 will do)
and an AM N coAM protocol that solves the following promise problem: Given
input 1™ and a threshold B € [0,1], accept if Pryp,| y is cf-heavy | > %, and
reject if Pryp, [ y is B-heavy | <

—_

[ =

Now we give a formal proof of Cemma & T3. For the proof, we need to show
an AM protocol deciding whether x € L; we will show the protocol by a sequence
of claims.

We begin with clarifying our setting and introducing some notation. Let p(n)
be a polynomial that is an upper bound of the running time of M and Q. Fix a
sufficiently large n € N and an input z € {0,1}".

Let f: {0,1} — {0,1} be a function, and ¢, s € N. We define Ry, ; C {0, 1}7(")
as the set of all the random choices 7 € {0, 1} such that M (x,r,b) = f(b) for
allb € {0,1} and (T, s) = Q(z,r) and |T| = 2!. That is, f specifies how to use the
answer from oracle MCSP#, and ¢ and s specify the length of the truth table and
the size-parameter in the query, respectively. Let X := {(f,t,s) | Rf+s # @ }.
We may assume, without loss of generality, that s < p(n)? as otherwise Q(x,r)
is obviously a positive instance; hence, | X| < 22 -logp(n) - p(n)? < 4p(n)3.

Define Py, ¢ := Pr,.[f(MCSPA(Q(x,7))) = 1| r € Ry for (f,t,5) € X. Let
us divide the probability that M accepts x by conditioning on r € Ry, ,:

Pr[M(x,r, MCSPY(Q(z,r)) =1] = Y Prlr € Rss]- Prs. (8.2)
(fit,s)eX

Since there are polynomially many choices for (f,t¢,s), there must be some
(f,t,s) € X that can be used as a “witness” for z € L in our AM protocol.
Specifically, the following claim holds:

Claim 8.15. Let §(n) := \/1/q(p(n)) and §'(n) := 9p(n)36(n).

1. If x € L, then there exists (f,t,s) € X such that Pr[r € R4 ] > 26(n) and
Piis>1—106(n).

2. If x & L, then Prys < 6(n) for all (f,t,s) € X such that Pr[r € Ry 5] >
d(n).

Proof of Clazm & 11.

1. Suppose that € L; then, the probability (82) is at least 1—3(n)?. Assume,
by way of contradiction, that Py s < 1—9'(n) for all (f,t,s) € X such that
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Prir € Ry 5] > 26(n). Then,

1 —6(n)?
< Y Prr€ Ry Pros
(f7t78)6X
= > Prlr € Rytsl - Pres  + > Prir € Ryps) - Py
(fit,s)eX (fit,s)eX
PrreRy ¢ s]>26(n) PrlreRy . ]<26(n)

< 1-48'(n) +2X[5(n) < 1—9p(n)°d(n) + 8p(n)*3(n) = 1 — p(n)*s(n).
Thus p(n)? < §(n) < 1, which is a contradiction.

2. Let X' be the set of all (f,¢,s) € X such that Pr[r € R ] > d(n). Suppose
that x ¢ L; then,

5(n)*= Y Prlr€ Rppsl- Pras 20m) - Y Pras,
(fit,s)€X (f.t,s)eX’

which clearly implies that Py, ¢ is at most d(n) for each (f,t,s) € X'.
U

In our AM protocol, the prover first sends (f,t,s) to the verifier; an hon-
est prover is supposed to send (f,t,s) € X that satisfies the first condition in
CIaim XT3 above. Then, what we need is to show a verifier of an AM protocol
as stated in the following claim.

Claim 8.16. There exists a verifier V' of an AM protocol such that, for a given
x €{0,1}* and (f,t,s) € X,

1. if Pr[r € Ry 5] > 20(n) and Ppys > 1 — ' (n), then V' accepts with high
probability by communicating with some prover, and

2. if Pr[r € Ry 5] < 0(n) or Prys < 0(n), then V rejects with high probability
with any prover.

We explain below how to define this verifier V. Recall that 1/§(n) = n©®);
thus, it is easy to distinguish the case when Prr € Ry, ] > 26(n) and the case
when Pr[r € Ry, | < 6(n). The following claim states this formally.

Claim 8.17. There exists a randomized polynomial-time algorithm that, given
x €{0,1}* and (f,t,s) € X,

1. accepts with high probability if Pr[r € Ry, (] > 20(n), and
2. rejects with high probability if Pr[r € Ry 5] < d(n).

Proof Sketch.  Sample 71, -+, ~ {0,1}?™ uniformly at random for m =
O(n/8(n)?). Accept if and only if the number of i’s such that r; € Ry is at
least 1.5 - d(n)m. By applying the Chernoff bound, this algorithm distinguishes
the two cases with probability at least 1 — 27", O

Therefore in our AM protocol, verifier V' first uses this algorithm to check
whether Prr € Ry, ] > 25(n) or Prjr € Ry ] < 0(n). If Prjr € Ry ] < d(n)
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is confirmed by the algorithm, then V' can immediately reject (f,t,s) and halt.
Thus, it remains to design a part where V' determines whether Pr;, > 1 —
§'(n) or Ppys < 6(n) (< d'(n)) holds, assuming that Pr[r € Ry; ] > d(n).
Note that this assumption implies that the uniform distribution on Ry s can be
sampled efficiently: indeed, sample r ~ {0, 1}p(”) until we obtain an element r
such that r € Ry ; this sampling algorithm succeeds within O(1/d(n)) steps in
expectation.

Now our task is to define an AM protocol determining whether Py s is close
to 1 or smaller than ¢’(n), assuming that the query distribution Q(z,r) where
r ~ Rjy;s can be sampled efficiently. Note that Pf;, may depend on x and
MCSP#. We will show that the task above can be reduced to checking whether a
certain concentration occurs, by defining A so that heavy queries become positive
instances. Then we will check if such a concentration occurs by the heavy samples
protocol of Cemma 814,

In order to reduce CIaimXTd to the heavy samples protocol, we intro-
duce some notation: Fix (f,t,s) € X. Let us sort all the truth tables
{1, Tym} = {0,1}2" of length 2 in the order of heaviness: namely, let
pi = Prrur,, [Q(z,7) = (T;,s)] and p1 > pa > --+ > pyoe. Let p(I) denote
Yicrpi for I C [22']. Define the set of a-heavy indices (with respect to the
distribution induced by Q(z,r) where r ~ Ry; ) as I, := {i € [2] | pi > a}
for @« > 0. Note that p(la) = Pryor,, [Q(z,7) is a-heavy]. We also define
Pags =Pryop,, [Q(z,r) € MCSPA].

We will show that the condition that P s is close to 1 is (almost) character-
ized by the fact that the query distribution is concentrated on { (T3,s) | i € Iz },
namely the set of S-heavy instances for some threshold g > 0.

Claim 8.18. There exists an oracle A consistent with Ay up to length 7logp(n)
that satisfies the following: for any (f,t,s) € X such that Pr[r € Ryy ] > 6(n)
and s > Tlogp(n) hold,

1. if Pats > 1—06'(n), then p(I,g) > 1 —3¢d”(n), and

2. if Pqays < 0'(n), then p(Ig) < 0"(n).

Here, we define 5" (n) := 2p(n)” §'(n) = 18 p(n)* §(n) and B := §"(n)27%, and c
denotes the universal constant in [Lemma 3.17.

This claim allows us to apply the heavy samples protocol. Let us complete
the proof of Claim X Td before proving Claim & T1R.

Proof of [Clazm™8TA. As explained above, it is sufficient to show that our verifier
V' can check whether Prys > 1 —¢'(n) or Prys < 0'(n), assuming that Pr[r €
Rf,t,s] > (5(77,)

If f=1or f =0, then the task is trivial: in the former case, Pr; s = 1 and
hence V may immediately accept; in the latter case, V' rejects.

If s < 7Tlogp(n), then we may decide whether Q(z,7) € MCSPA? or not by
an exhaustive search in time 206) = nOM) Since A and A, are consistent up to
length 7log p(n), as in the proof of Cemma 84, it holds that Q(z,r) € MCSPA0
if and only if Q(x,r) € MCSP#. Therefore, we may estimate Py ¢ by sampling
7 ~ Ry and then decide whether Q(z,7) € MCSP“ by the exhaustive search.

Otherwise, we have s > 7logp(n) and hence CIaimXT8 can be applied. Now
suppose that f(b) = b for any b € {0,1}. In this case, it holds that Pf; s = P .s;
thus CITaim 818 states that, if Py, > 1 —6'(n) then p(I.5) > 1 —3cé”(n), and if

Pj1s < 6'(n) then p(Ig) < §”(n). Now we may apply the heavy samples protocol
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for the query distribution induced by Q(x,r) where r ~ Ry, ,, in order to check
whether p(I.5) > 1 — 3¢d”(n) or p(Ig) < §"(n): more specifically, V' accepts in
the former case by running the AM protocol of Cemma & T4.

Similarly, if f(b) = 1-b, then we have Pf; ; = 1—Pq . This implies the same
condition except for flipping YES and NO: if Py, s > 1—¢'(n) then p(I3) < 6" (n);
if Pyt < ¢'(n) then p(I.5) > 1—3¢d”(n). Thus, we may apply the heavy samples
protocol to check whether p(Iz) < §”(n) or p(I.g) > 1 — 3cd”(n): specifically, V
accepts in the former case by running the coAM protocol of Cemma X T4.

Note that we may pick the polynomial ¢ that specifies the error probability

so that 3¢”(n) < 1 (which allows us to use Cemma 814): indeed, if we de-

fine g(n) := O(n??) then we have §(n) = \/1/q(p(n)) = O(p(n)~!!) and hence
3cd”(n) = O(p(n)1®6(n)) = o(1). O

All that remains is to show Claim 8 T8. The intuition is as follows: Suppose
that the probability that a positive instance is queried is large (i.e. Pqys >
1—0'(n)). Since there are at most 2°*1 truth tables that have circuit complexity
at most s, the query distribution must concentrate on such positive instances;
thus p([2°*1]) is also large, which in particular implies that p(I.s) is large (since
A is in fact chosen so that p(I3) is roughly equal to p([25T1])).

Conversely, suppose that the query distribution concentrates on heavy in-
stances {(T1,5),..., (To,5)} (i.e. p([2¥]) is large) for some k. In this case, we
may encode the heavy truth tables into the oracle A; thereby we can force these
truth tables to be positive instances, which implies that p([2¥]) < Pi4,s; hence
P44 cannot be small. The details follow:

Proof of Clazm™ 8 78. 1. Suppose that Pq;s > 1 —¢'(n). Then,

1-6(n)< Pr [Q(z,r) € MCSP4]
T~V s
2s+1

= Z pi < Zpi = p([2°*1)),
i=1

it (T3,8)€EMCSPA

where in the last inequality we used the fact that there are at most 2511
positive instances in MCSP#. Now,

1= /() < p(27H) = P21 0 Leg) + p(27) \ Lus) < plles) + 21 - cB,

which implies that p(I.5) > 1 — 251 . ¢ —¢'(n) > 1 — 2¢6"(n) — &'(n) >
1 —3cd"(n).

2. Note that an oracle A can depend on input z, but A must not depend
on a specific (f,t,s). Thus, we define A so that, for all (f,t,s) € X,
the heavy queries {(71,s), -, (To«, $)} (with respect to the distribution
induced by Q(x,r) where r ~ Ry ) become positive instances. (Note that
truth tables T; depend on (f,¢,s).) For any string y of length at most
7logp(n), we define A(y) := 1 if and only if Ay(y) = 1, which ensures that
A and Ay are consistent up to length 7logp(n). For each (f,t¢,s) € X such
that s > 7logp(n), define k := s —Tlog p(n); for each i € [2¥], we would like
to define A so that I(d) = T; for some description d of length exactly equal
to s. To this end, define d := <1t, <f,s,1'ki>> and A(lt’ <f,s,;'ki>) = Tj; for
all j € [2Y], where k; is chosen so that |d| = 2t + 2logs + k; + O(1) = s.
Thus, k; == s — 2t —2logs — O(1) > s — Tlogp(n) = k. This ensures that
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iy, is well-defined. These imply that K;4(7}) < s; hence, (T3, s) € MCSP#
for all i € [2¥] and therefore p([2¥]) < P .-

Now fix (f,t,s) € X such that k = s — Tlogp(n) > 0 and Pqts < ¢'(n)
hold. Since k£ and s are close, it holds that

p([2°1)
=p({1,- 2"+ p({2F + 1,228 o p({25TE — 2k 41 25ty
< 2712k p([2]) < 2K By = 2p(n)7 - Pags < 2p(n)7 - ' (n) = 6" (n).

We claim that this implies p(Ig) < 0”(n): Indeed, let j := maxIg. If
j > 2% then &’(n) > p([2°T1]) > p([2°T N Ig) > B - min{2°T! j} >
B -2% = ¢"(n), which is a contradiction. Thus, we have j < 2% and hence
p(Ig) < p([2571]) < §”(n) as desired.

O

This completes the proof of Lemma X T3.
We conclude this chapter by posing an open question of extending Thead
Eem X2 to the case of more-than-1-query reductions.

Open Question 8.19. Show that (), BPPMPSP'2l ¢ AM N coAM.
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Chapter 9

NP-hardness of MCSP for DNF-XOR
Circuits

It was already shown by Masek [Mas79] in 1979 that it is NP-hard to solve
MCSP for DNF formulas; here MCSP for DNF formulas is the problem of com-
puting the minimum number of terms in a DNF formula consistent with a given
truth table. In this chapter, we present the first progress about MCSP for such
restricted circuit classes, by establishing an analogous result for the MCSP prob-
lem for depth-3 circuits of the form OR o AND o XOR. Our techniques extend to
an NP-hardness result for MOD,, gates at the bottom layer under inputs from
(Z/mZ)™.

9.1 Introduction

As shown in [Chapter 8, NP-hardness of MCSP is not likely to be resolved by a
mere extension of current techniques, and thus it requires significantly new ideas.
For now, given our inability to prove NP-hardness of MCSP, we should first try
to consider a restricted version of MCSP, and develop more proof techniques
towards resolving NP-hardness of the general MCSP.

9.1.1 MCSP for Restricted Circuit Classes

For a circuit class €, let €-MCSP denote MCSP for €; that is, ¢-MCSP
asks for computing the minimum size of a €-circuit that computes a given
truth table. Studying €-MCSP for restricted circuit classes € is independently
motivated by algorithmic applications in circuit minimization, learning theory
(cf. [PVRR, AHMTOR, Fel0d, CIKKIH]), and cryptography and lower bounds
[RRY97, BRT7]. It was shown already in 1979 by Masek [Mas79] that DNF-MCSP
is NP-hard. There have been different proofs of this result [Czo99, AHMT0S], and
extensions to hardness of approximation [AHMT0S, Fel0d, KSO8]. Nevertheless,
almost four decades after Masek’s result, and despite the significant attention
that the MCSP problem has received, NP-hardness of ¢-MCSP was not known
for any natural class € of circuits more expressive than DNF's.

As shown in [Chapter J, there is cryptographic evidence that MCSP is in-
tractable; similarly, for a sufficiently expressive class €, some cryptographic ev-
idence is known. For example, constant-depth threshold circuits and constant-
depth Boolean circuits of large enough depth can compute some candidate pseu-
dorandom function generator by a non-trivially small circuit, and thus €-MCSP
for these circuit classes is not in polynomial time under some cryptographic as-
sumptions (cf. [AHMTO0]]). However, for classes extending DNF's that are not
known to compute pseudorandom functions, no evidence of any sort for hardness
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was known. To quote Allender et al. [AHMT08], “Thus an important open ques-
tion is to resolve the NP-hardness of both learnability results as well as function
minimization results above for classes that are stronger than DNF.”

To summarize the current status of &-MCSP, there are two techniques of
showing intractability of €-MCSP. One is based on cryptography, which shows
an average-case hardness of €-MCSP for a sufficiently expressive class € . An-
other is the result of Masek [Mas79], which shows that a worst-case complexity of
DNF-MCSP is NP-hard. One may wonder whether the complexity of €-MCSP is
monotone increasing with respect to €, and NP-hardness of DNF-MCSP implies
NP-hardness of MCSP. This is indeed true in the case of average-case complex-
ity: a natural property useful against €’ is also a natural property useful against
¢ for any classes € C €. On the other hand, in the case of worst-case com-
plexity, the same is not true: indeed, the limits of oracle-independent reductions

(Thearem 81) show that MCSP Zh MCSP# for some A unless MCSP € P.

9.1.2 Our Results

The main result of this chapter is the first NP-hardness result for €-MCSP for
a class € of depth-3 circuits, namely the class of (unbounded fan-in) ORo AND o
MOD,,, circuits, where m is any integer.

Theorem 9.1. For every m > 2, giwen the truth table of a function f: 7} —
{0,1}, where Zy, = Z/mZ = {0,1,...,m — 1}, it is NP-hard under polynomial-
time deterministic many-one reductions to determine the size of the smallest
OR o AND o MOD,,, circuit C' that computes f, where circuit size is measured as
the top fan-in of C.

A few comments are in order. First, we elaborate on our computational model
and complexity measure. We work with circuits which have an OR gate at the top,
AND gates at the middle level, and MOD,,, gates at the bottom level. We refer
to such circuits as OR-AND-MOD circuits, or equivalently, DNF-MOD circuits.
Such circuits operate in a natural way on inputs from Z7,. We allow arbitrary
constants from Z,, to feed in to gates at the bottom layer, and insist that inputs
to the middle AND layer are Boolean. In other words, a MOD,, gate outputs
1 if and only if its corresponding linear equation over Z,, is satisfied, and the
computations beyond the first layer are all Boolean. For m = 2, this is precisely
the traditional model of DNF of Parities (cf. [CST6], [Juk06], [InkI2, Section
11.9], [ABGT14]).

The complexity measure we use is the top fan-in of the circuit, i.e., fan-in
to the top OR gate. The main reason we work with this measure is naturalness
and convenience. As argued in [CS16], top fan-in is the preferred measure for
OR-AND-MODy, circuits because: (i) it measures the number of affine subspaces
required to cover the 1s of the function, and thus has a nice combinatorial mean-
ing; (#7) the number of MOD; gates feeding in to any middle layer AND gate can
be assumed to be at most n without loss of generality, by using basic linear alge-
bra, and thus the top fan-in approximates the total number of gates to within a
factor of n; and (ii7) the size of a DNF is often measured by the number of terms
in it, and analogously it makes sense to measure the size of a DNF of Parities by
the top fan-in of the circuit.

Our results are not however critically dependent on the complexity measure
we use, and admit different extensions. Indeed, we demonstrate the robustness
of our techniques by adapting them to show a hardness result for computing the
number of gates in OR-AND-MOD,, formulas, where p is prime (Subsecfion 95 7).
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Moreover, we mention that our approach can be modified to show a hardness of
approximation result (Subsecfion 9573).

9.1.3 Perspective: NP-hardness of MCSP for Other Circuit Classes

From Mhearem 7 T2, NP-hardness of €&MCSP under polynomial-time Turing
reductions implies 2™ @-circuit lower bounds for ENP (or otherwise a fast de-
terministic simulation of nondeterministic algorithms follows, which is somewhat
unexpected). In fact, it is easy to observe that our reduction yields a 222(") Jower
bound on the size of DNF-MODg circuits for a function in E, by applying our
reduction on a trivial NO instance of an NP language. Such strong exponen-
tial lower bounds for explicit functions have long been known for the model we

even to slightly different classes such as depth-3 ACY circuits might be a challenge,
since it is still unknown if ENP requires depth-3 ACC circuits of size 29,

What might be more feasible though is showing NP-hardness of €&-MCSP for
other related classes € of circuits, and under weaker kinds of reductions, such
as quasi-polynomial-time reductions or nonuniform reductions. For instance, it
might be possible to extend our techniques to classes such as THR o AND o MOD
and depth-3 ACY circuits of small bottom fan-in. In these cases, exponential lower
bounds of the form 2°4™ have been obtained (cf. [Gradg], [PSZ00]).

Open Question 9.2. Show that NP-hardness of MCSP for THR o AND o MOD
or depth-3 ACY under polynomial-time Turing reductions.

Regarding weaker reducibility notions, there is a tradeoff between the running
time of a reduction and the circuit lower bound in the barrier of MCheorem 7 T7;
for example, it is not hard to see that NP-hardness of €-MCSP under quasi-
polynomial-time reductions is related to a 2" circuit lower bound for some con-
stant € > 0. Thus we conjecture that the following is a feasible and interesting
open question, given the fact that 22"V Jower bounds have long been known
for depth-d AC? circuits [HASSH].

Open Question 9.3. Show that NP-hardness of ACg—MCSP under quasi-
polynomial-time reductions or nonuniform reductions for some depth d > 3

More broadly, we believe that showing NP-hardness of MCSP for more ex-
pressive classes € is an important direction in better understanding circuit classes
from the perspective of meta-complexity, i.e., complexity questions about com-
putational problems involving circuits and algorithms. There are various criteria
for measuring our understanding of a circuit class, for example, (i) Can we design
non-trivial satisfiability algorithms for circuits in the class? (i) Can we uncondi-
tionally construct pseudorandom generators secure against circuits in the class?
(7i) Can we learn the class using membership queries under the uniform distri-
bution? (iv) Can we prove lower bounds against proof systems whose lines are
encoded by circuits in the class? We suggest that the NP-hardness of €-MCSP is
another strong indication that we understand a circuit class € well.

9.1.4 Proof Overview

The rest of this chapter is dedicated to the proof of Theorem 91, which will
be completed in Bection 4. Here we provide a high-level description of the
reduction. For simplicity, our exposition mostly focus on the case m = 2. After
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that, we explain the main difficulties in extending the result to general m, and
how these are addressed in our proof.

As mentioned above, Masek [Mas74] was the first to establish the NP-hardness
of DNF minimization, and Thearem 91 can be interpreted as an extension of
Masek’s result to the more expressive DNF-MOD circuits. The structure of our
argument follows however a two-step reduction introduced by Gimpel (cf. Allen-
der et al. [AHMTO0S]]), brought to our attention thanks to an alternative proof of
Masek’s result from [AHMT0K]. More precisely, their work presents a new proof
of the first stage of Gimpel’s reduction, and provides a self-contained exposition
of the entire argument.

Our NP-hardness proof for DNF-MOD circuits heavily builds on ideas of Gim-
pel and [AHMT08], but the extension to depth-3 requires new ideas and makes
the argument much more involved. Let (DNFoXOR)-MCSP be the computational
problem described in Mhearem 91 when m = 2, and let (DNF o XOR)-MCSP* be
its natural generalization to partial boolean functions. In other words, an input to
(DNF 0o XOR)-MCSP* encodes the truth table of a function f: {0,1}"™ — {0, 1, %},
and we are interested in the size of the minimum (DNF o XOR)-circuit that agrees
with f on f1({0,1}). Let » € N be a large enough constant. Our proof re-
duces from the NP-complete problem r-Bounded Set Cover: Given a set system
S C ( <"T) that covers [n], determine the minimum number ¢ of sets S1,...,S; € S

such that | J'_, S; = [n]. (We refer to Subsection 973 for a precise formulation
of these computational problems.)

In a bit more detail, we present a randomized (2-approximate) reduction from
r-Bounded Set Cover to (DNF o XOR)-MCSP*, and a randomized reduction from
(DNF o XOR)-MCSP* to (DNF o XOR)-MCSP. These reductions are then effi-
ciently derandomized using an appropriate pseudorandom generator. As opposed
to previous works on the NP-hardness of DNF minimization, our proof crucially
explores the fact that r-Bounded Set Cover is NP-hard even to approzimate (by

We discuss each reduction in more detail now. Common to both of them
is a convenient characterization of the sets C~1(1) C {0,1}" of inputs that can
be accepted by non-trivial AND o XOR circuits C. If m is prime, it is not hard
to show that this is precisely the class of affine subspaces of {0,1}". Conse-
quently, for a non-trivial partial function f: {0,1}" — {0, 1, %}, its correspond-
ing DNFxoRr(f) complexity is exactly the minimum number ¢ of affine subspaces
Ay, ..., Ay €{0,1}" such that f~1(1) C UL, Ai and ', A € f71({1, ¥}) (see
Bubsection 3277). The analysis of our polynomial-time reductions, which will not
be covered in this section, rely on this characterization in fundamental ways.

Step 1. A randomized reduction from r-Bounded Set Cover to (DNF o
XOR)-MCSP* (Bubsecfion 9377).

Given a set-system S C (), we define a partial boolean function f: {0,1}' —
{0,1,*}, where ¢t = O(rlogn). This function is probabilistically constructed as
follows. First, we associate to each i € [n] a random vector v* € {0,1}!. For
S €S, let v° = {v'|i€ S}. Then, welet f be 1 on each input v*, 0 on inputs
that are not in the linear span of v¥ for every S € S, and * elsewhere.

Using this construction, we are able to show by a delicate analysis that if ¢ is
sufficiently large, the following holds with high probability: if & admits a cover
of size K, then DNFxogr(f) < K; moreover, if DNFxor(f) < K, then S admits a
cover of size < 2K. (We discuss the intuition for this claim in Subsecfion 9311.)
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This construction and the hardness of approximation result for r-Bounded Set
Cover imply that (DNF o XOR)-MCSP* is NP-hard under many-one randomized
reductions.

Step 2. A randomized reduction from (DNF o XOR)-MCSP* to (DNF o
XOR)—MCSP (thqpr“rmn a3 ‘A),

Let f:{0,1}* — {0,1, %} be an instance of (DNF o XOR)-MCSP*. We proba-
bilistically construct from f a related total function g: {0,1} x {0,1}* — {0, 1},
where r =t + 2 and s = O(r + t). In more detail, we encode for each x € {0,1}
its corresponding value f(z) € {0, 1, *} as a boolean function g, on a hypercube
{0,1}*. For an input x such that f(x) € {0,1}, we let g(z0°) = g(0°) = f(x),
where g,(-) = 0 elsewhere. On the other hand, if f(z) = %, we pick a ran-
dom linear subspace L; C {0,1}® of dimension r, and we encode f(z) as the
characteristic function of L.

Again, a careful argument allows us to establish the following connection
between the partial function f and the total function g: with high probabil-
ity over the choice of the random linear subspaces (Lyz)zef-1(x)» DNFxor(g) =
DNFxor(f) + [f71(¥)|. (We discuss the intuition for this claim in Subsecd
Fon9372.) Consequently, it follows from this and the previous reduction that
(DNF o XOR)-MCSP is NP-hard under many-one randomized reductions.

Step 3. Efficient derandomization of the reductions (Subsection 94 T]).

It is possible to prove that the first reduction is always correct provided that
the collection of random vectors v’ is nice with respect to the set-system S (IDefid
hifion 9 14). Similarly, we can prove that the second reduction is correct whenever
the collection (Ly),cf-1(x) of linear subspaces is scattered (Definifion—920). It
turns out that both conditions can be checked in polynomial time. This implies
that the previously discussed reductions are in fact zero-error reductions. Conse-
quently, if we can efficiently construct nice vectors and scattered families of linear
subspaces, the reductions can be made deterministic.

In order to achieve this, we use in both cases a subtle derandomization argu-
ment that relies on (polynomial-time computable) e-biased distributions [NN93].
Recall that such distributions can fool arbitrary linear tests. By a more careful
analysis, it is also known that they fool AND o XOR circuits. We do not describe
an AND o XOR circuit to check if a collection of vectors is nice, or to check if
a collection of linear subspaces is scattered. Still, we are able to show that if
€ < 27°% then some scattered collection of linear subspaces is encoded by a string
in the support of an e-biased distribution, and that the same holds with respect
to a nice collection of vectors if ¢ < 27¢. In particular, trying all possible seeds of
an e-biased generator produces the combinatorial and algebraic objects that are
sufficient to derandomize our reductions. (We refer to Subsecfion 941 for more
details.)

Overall, combining the (derandomized) reductions and using the hardness of
approximation result for r-Bounded Set Cover mentioned above, it follows that
(DNF o XOR)-MCSP is NP-hard under many-one deterministic polynomial-time
reductions.

The argument for arbitrary m > 2. Let (DNF o MOD,,,)-MCSP and (DNF o

MOD,,,)-MCSP* be the corresponding computational problems with respect to an
arbitrary m > 2. (Recall that the input boolean functions in this case are defined
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over Z.) As we explain next, additional difficulties are present for general m.

An immediate challenge is that it is no longer clear if the analogue character-
ization (via affine subspaces) of the class of subsets of Z7', accepted by non-trivial
AND o MOD,,, circuits holds, and this is crucially exploited when m = 2. The
main issue is that, while in the latter case the result can be established by ele-
mentary techniques using that Zj is a vector space over Zg, for an arbitrary m
the underlying structure might be just a module. Without a basis, the result is
less clear.

Nevertheless, it is possible to prove that the analogue result for AND o MOD,,
circuits hold (cf. Cemmad4). The alternative and more general argument relies
on a property of double orthogonal complements in 7 (Subsection 951), and
we refer to Bubsection 9279 for more details. Armed with this characterization,
the reductions discussed before can be adapted to arbitrary m. Finding the
right generalization of each definition requires some work, but after that, the
randomized reductions for m = 2 and arbitrary m > 2 can be presented in a
unified and transparent way.

In order to conclude the proof of Theorem 91, we need to derandomize the
new reductions. For m = 2, the argument was based on an efficient construction
of e-biased distributions supported over {0,1}", and the fact that such distri-
butions are also able to fool AND o XOR circuits over {0,1}". Without going
into further details, we mention that for arbitrary m it is sufficient to use a
pseudorandom generator that fools AND o MOD,,, circuits over Z7',. However, a
generator with near-optimal dependency on n and ¢ is needed if we are hoping
to obtain a polynomial-time reduction. We were not able to find such a result in
the literature.”

We show in Bubsection U472 that, for every m > 2, there is an efficient pseu-
dorandom generator G,,: {0,1}0Uegn+logl/e) _y 7n that cfools AND o MOD,,
circuits of arbitrary size. Our construction relies on the efficient e-biased gener-
ators for Z from [AMNUYR], together with a proof of the following result: If G
is an e-biased generator against Z, then G (me)-fools AND o MOD,,, circuits.
Again, we cannot rely on a adaptation of the similar claim for m = 2, which
requires a basis. Our proof proceeds instead by a careful analysis of certain ex-
ponential sums encoding the behaviour of the circuit, and that can be used to
connect the distinguishing probability to the guarantees offered by the e-biased
generator. We refer to Bibsection 9479 for more details.

9.2 Preliminaries

9.2.1 Some notions from group theory

Let m > 2 be a constant. Let Z,, := Z/mZ denote the integers modulo m,
where all operations on elements in Z,, = (+,{0,1,...,m — 1}) are taken mod
m. For any integer ¢t > 1, we regard Z!, as an additive group with component-
wise addition. A non-empty subset H C Z! is called a linear subspace if H is a
subgroup, that is, 0 € H and z +y € H for any x,y € H. A subset A C Z!, is
called an affine subspace if A is a coset, that is, there exist a € Z!, and a linear
subspace H C Z!, such that A=H +a:={h+a|he€ H}.

We stress that Z!, gives rise to a module and not to a vector space when m is
a composite number; however, we borrow some standard notation; for example,

'Existing generators seem to generate bits only, or are restricted to prime modulus, or can
handle larger classes of functions but are not efficient enough for our purposes. We refer to
[GKMTH] and the references therein for related results.
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for a scalar ¢ € Z,, and a “vector” v € Z! . let cv denote the scalar multiplication.
Let (z,y) == Y'_ xy; (€ Zy,) for any z,y € Z!, and t € N.

9.2.2 Circuit Size Measure and Its Characterization

For any integer m > 2, an OR o AND o MOD,,, (= DNF o MOD,,, ) circuit is
a DNF formula whose terms are AND o MOD,,, circuits. Here, a MOD,,, gate is
a Boolean function such that MOD,,(z) = 1 if and only if >>¢_, #; mod m = 0
on input x € {0,1}*. We extend the input {0,1}* of a MOD,,, gate to the larger
domain Z! in a natural way: that is, we regard the bottom MOD,, gate as a
function MOD,,,: Z}, — {0,1} that outputs 1 if and only if the sum of its input
elements is congruent to 0 mod m. In this way, we can regard a DNF o MOD,,
circuit as computing a function f: Zf, — {0,1}. We allow multiple input wires
and access to constant input bits in the circuit. Note that this allows for more
general equations to be computed by a bottom-layer modular gate.

The size of a circuit is usually defined as the number of gates. However, for
us it is important to define the size of a DNF o MOD,, circuit as the top fan-in
of the circuit, or equivalently, the number of AND o MOD,,, terms. (Note that
the same size measure was used in [CST6] in the case m = 2.) For a function
f:Zt, — {0,1}, define DNFpmop,,(f) as the minimum number of terms of a
DNF o MOD,,, circuit computing f, i.e., the fan-in of its OR gate.

An AND o MOD,,, circuit C is said to accept a set X C Z! ifz € X & C
outputs 1 on input z, for every x € Z.,. There is a nice combinatorial character-
ization of the set of inputs that such circuits can accept.

Lemma 9.4 (Characterization of the power of AND o MOD,,, circuits). Let X C
Zt, be a nonempty set. Then, an AND o MOD,,, circuit accepts X if and only if
X is an affine subspace of 7L, .

This is a standard fact when m is a prime (cf. [CST6] for m = 2), in which case
7%, is a vector space. The same characterization holds when m > 2 is an arbitrary
composite number, as established below. The proof relies on the following fact
about orthogonal complements in the more general context of modules.

Fact 9.5 (Double orthogonal complement). Let H C Z!, be a linear subspace,
and let H+ = {x € Z! | Ele xiy; =0 for anyy € H } be its orthogonal
complement. Then, (H+): = H.

For completeness, we include a proof of this result in Eubsection 95 1. As-
suming Fact ™03, we proceed to a proof of Cemma 4.

Proof of [Lemma 9-4. Let x := (z1,...,2¢) € Z, denote the input to the circuit.

Suppose that an AND o MOD,,, circuit /\i(:1 Cy accepts X, where each Cj
is a MOD,,, gate. Each MOD,,, gate Cy in the circuit defines a linear equation
over (z1,...,x;). That is, there are coefficients a,lc, ..., a}, € Ly, and an element
by, € Zy, such that 2221 a};xi = by, if and only if C}, accepts the input x. Therefore,
the circuit /\kK:1 Cy. accepts the intersection of such linear equations over Z,.
Specifically, for a matrix A := (aj,)ke[k]icfy and a vector b := (b )ge(x], the circuit
accepts all inputs x € Z!, such that Az = b; namely, X = {z € Z! | Ax =b}.
Since X is nonempty, we can take some element xg € X. Now, we can rewrite X
as

X={zel,|Alx—x) =0} ={y€Z, | Ay=0}+ o,

which is an affine subspace of Zt .
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For the converse direction, we use the notion of orthogonal complement. Sup-
pose that X C Z! is an affine subspace. By definition, we can decompose X into
a linear subspace H C Z!  and a shift a € Z!, so that X = H + a.

We first claim that H can be accepted by some AND o MOD,, circuit. To
prove this, it is sufficient to show the existence of some matrix A € ZE*? such
that H = {z € Z, | Az = 0}. Since H is a linear subspace, by FacEdH, for any
zeZt,

t
x € H if and only if le -y; = 0 for every y € H .
i=1

1
That is, we can define a matrix A € ZH X as (Yi)yemt icpy- (In other words,

for each y € H*, we add a MOD,,, gate that checks if 25:1 x; - y; = 0, where
each coefficient y; is simulated using multiple input wires.)

To accept X, we just need to shift H by a. Indeed, for a vector b := Aa, we
have X = H +a = {z € Z, | Ax = b}; thus we can construct an AND o MOD,,,
circuit accepting X by simulating the condition Ax = b. ([

As a consequence of Cemma 94, for a function f: Z!, — {0,1}, the minimum
size of a DNF o MOD,,, circuit computing f equals the minimum number S of
affine subspaces T1,...,Ts C Z! such that Ule T = f1(1).

9.2.3 Computational Problems

We formulate computational problems as optimization problems for simplic-
ity; however, one can easily see that the problems are equivalent to decision
versions.

The starting point of our NP-hardness results is the set cover problem on
instances where each set has size at most 7.

Definition 9.6 (r-Bounded Set Cover Problem). For an integer v € N, the
r-Bounded Set Cover Problem is defined as follows:

e Input. An integer n € N and a collection S C 2" of nonempty subsets of
the universe [n] such that |S| < r for each S € S, and |Jges S = [n].

e Output. The minimum number £ of subsets Si,...,S; € S such that

Ui—1 Si = [n].

For this problem, a tight inapproximability result based on NP-hardness is
known.

Theorem 9.7 (Feige [FeidR|, Trevisan [Ire0Th]). Let r be a sufficiently large con-
stant. It is NP-hard (under polynomial-time many-one reductions) to approzimate
the solution of the r-bounded set cover problem within a factor of lnr—O(Inlnr).
That is, for any language L € NP, there exists a polynomial-time machine that,
on input x, outputs a threshold 0 and an instance S of the r-bounded set cover
problem such that if x € L then S has a cover of size at most 0, and if x & L
then S does not have a cover of size at most 6 - (Inr — O(Inlnr)).

We stress that the inapproximability result is essential for us; we will present
a reduction from a 2-factor approximation of the r-bounded set cover problem to
the minimum DNF o MOD,,, circuit minimization problem.

111



Definition 9.8 (Minimum Circuit Size Problem for DNFoMOD,,,). For an integer
m > 2, the Minimum Circuit Size Problem for DNF o MOD,,,, abbreviated as
(DNF o MOD,,,)-MCSP, is defined as follows:

e Input. A Boolean function f: Zt, — {0,1}, represented as a truth table of
length m!.

e Output. DNFpmop,, (f)-

While our final theorem confirms that (DNF o MOD,,,)-MCSP is NP-hard, we
will first prove NP-hardness of the circuit minimization problem on instances of
a partial function f : Z!, — {0,1,%}. That is, we regard any input x € f~1(x)
as “undefined.” For a partial function f: Z! — {0,1,*}, we say that a circuit
C computes f if C(z) = f(z) for any z € f~1({0,1}). We extend the definition
of DNFmop,, (f) to the size of the minimum DNF o MOD,,, circuit computing the
partial function f: Z! — {0,1,*}. The following problem is concerned with the
circuit size of partial functions, and we distinguish it from the problem above by
adding a superscript .

Definition 9.9 (Minimum Circuit Size Problem for Partial Functions). For an
integer m > 2, the Minimum Circuit Size Problem* for DNFoMOD,,,, abbreviated
as (DNF o MOD,,,)-MCSP*, is defined as follows:

e Input. A Boolean function f: ZL, — {0,1,%}, represented as a string of
length m® over the alphabet {0,1,x}.

e Output. DNFmop,, (f).

9.3 Hardness of (DNF o MOD,,)-MCSP Under Randomized Reduc-

tions

9.3.1 Reduction from r-Bounded Set Cover to (DNF o MOD,,)-MCSP*

This subsection is devoted to proving the following theorem.

Theorem 9.10. (DNFoMOD,,,)-MCSP* is NP-hard under (zero-error) random-
1zed polynomial-time many-one reductions.

Let r be a large enough constant so that the approximation factor of Inr —
O(Inlnr) in Mheorem 371 is larger than 2. We present a reduction from a 2-factor
approximation of the r-bounded set cover problem to (DNF o MOD,,,)-MCSP*.

Let us prepare some notation. Let & be an instance of the r-bounded set
cover problem over the universe [n] (in particular, (JgcgS = [n]). Let t € N
be a parameter chosen later. For each i € [n], pick v' ~ Z! independently
and uniformly at random. For any S C [n], let v® denote {v’ | i € S}. Let
span(v¥) = {Y,cq¢i - v’ | ¢; € Zy, for any i € S} denote the linear span of
v°. (Note that span(v®) is a linear subspace of Z!, whenever S # @.) In our
reduction, an element i € [n] is mapped to a random point v* of Zf,, and a set
S € S corresponds to a linear subspace span(v®).

For any set cover instance S, we define a function f : Z, — {0,1,*} as

(if z = o' for some i € [n])

1
f@):=40 (if 2 & Ugesspan(v?))
% (otherwise)
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for any x € Z!,. The truth table of f is the output of our reduction.

It is not hard to see that DNFmop,, (f) is at most the minimum set cover size
for S (CIaim—9T1 below). Of course, the difficulty is in proving a circuit lower
bound for f (Claim 9712 below).

The idea is as follows: For simplicity of the exposition, let us focus on the
case of m = 2, and moreover let us first consider the case of a DNFoMQODy circuit
C for f that accepts a union of linear subspaces (instead of affine subspaces).
More precisely, let C~1(1) be a union of linear subspaces {7} } ke[k]- Then Ty is a
subset of C~1(1) € f1({1,}) = Ugeg span(v®); furthermore, each span(v®) is
a random linear subspace of small dimension r; therefore, it is possible to show
that, with high probability, the set {i € [n] | v* € T} } of points covered by T} is
contained in some legal set S € S of the set cover instance; hence the circuit size
K is at least the minimum set cover size.

In the case that a circuit C' accepts the union of affine subspaces, it is no
longer true that, for any affine subspace T such that T' C (Jgeg span(v®), the set
{i € [n]|v" €T} is covered by some legal set S € S; indeed, for any two points v*
and o7, the set {v’,v7} (=v'® {0,v" @ v’} ) is an affine subspace of Z}, whereas
{i,j} is not necessarily legal in the set cover instance S. Nonetheless, we can still
prove that, with high probability, the set {i € [n] | v* € T'} is covered by two
legal sets S1,59 € S. As a consequence, the minimum number of affine subspaces
needed to cover vl,. .., v" gives us a 2-factor approximation of the minimum set
cover size for S. By Theorem 97, it follows that (DNF o XOR)-MCSP* is NP-hard
under randomized reductions. Details follow.

Claim 9.11 (Easy part). Suppose that S has a set cover of size K. Then
DNFviop,, (f) < K.

Proof. Let C C S be a set cover of size K. For each S € C, by Lemma 94,
there exists an AND o MOD,, circuit Cg such that Cg accepts span(v®). Define a
DNF o MOD,,, circuit C' := \/ g Cs. It is easy to see that C' computes f. [l

Conversely, we prove the following;:

Claim 9.12 (Hard part). For some parameter t such that m* = (nm)°"), the
following holds with probability at least % (over the choice of (vi)ie[n]):
Let K := DNFwmop,,(f). Then S has a set cover of size 2K.

The two claims above imply that 2- DNFwop,, (f) is a 2-factor approximation for
the set cover problem: indeed, let s be the minimum set cover size for S; then
we have s <2 - DNFyop,, (f) < 2s. It thus remains to prove Claim 912

To prove CIaim 9 T9, let us clarify the desired condition that random objects
(vi)ie[n] should satisfy. For any I C [n], define the affine span of v’ as

affine—span(vI) = {Zcivi | ¢; € Zpy, for i € I and Zci = 1}.
il icl

The important property of the affine span is that, if an affine subspace A covers
the set v! of points in I C [n], then its affine span must also be covered by A.

Claim 9.13 (Property of the affine span). For any affine subspace A of Zt, and
any I C [n], if vI C A then affine-span(v!) C A.

Proof. Let us write A = H + a for some linear space H C Z!, and vector a € Z!,.
Since v* € v! C A for each i € I, there exists some vector h* € H such that
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v’ = h' + a. Take any coefficients (c;);e; such that ¢; € Z,, and YoicrCi = 1.

Then,
chi = Zci(hi +a) = Zcihi +a € H+a.
iel il icl
|

By Cemma 94, the circuit size of f equals the minimum number of affine
subspaces A1, ..., Ax C f~1({1,}) such that Ufil A; O f71(1). Intuitively, we
would like to require that, if the set v! (Q 1) ) of points is covered by some
affine subspace A C f~1({1,*}), then there exist two legal sets S1, So of the set
cover instance S such that I C S7USs. In fact, one of these sets can be taken as
a singleton:

Definition 9.14. We say that (v');c|,) is nice (with respect to S) if, for any
IC[n],
affine-span(v’) C U span(v®) = I CS;uU{is} (9.1)

for some S; € S and ir € [n].

We will prove that (v');ep, is nice with probability at least 3. and that for
any nice (Ui)ie[n}, the minimum size of DNF o MOD,,, is a 2-factor approximation
of the minimum set cover size. We prove the latter first:

Claim 9.15. Let (v');c) be nice, and K := DNFyop,,(f). Then S has a set
cover of size 2K.

Proof. Let C = \/éil Cy be a DNF o MOD,,, circuit computing f, where each
Cj € AND o MOD,,, is nontrivial. By Cemma 94, C’k_l(l) is an affine subspace of
Zt.. For each Cj, we will choose 2 sets from S so that the union of all these sets
cover the universe [n].

Fix any Cj and let I, := {i € [n] | Cx(v') = 1} be the set of all points
covered by Cy. Since C;'(1) is an affine subspace of Z¢, and v/* C C, (1),
we have affine-span(v’*) C €, '(1) by CIaimm 9T3. Since the circuit C' com-
putes f, C; (1) € C7Y1) C f1({L,x}) = Ugesspan(v¥). Thus we have
affine-span(v’t) C |Jgegspan(v¥), which means that the hypothesis of niceness
(5) is satisfied; hence there exist some subset Sk € S and some element iy, € [n]
such that I C Sg; U {ir}. Take any set Skga € S such that ix, € Sz (such a set
Sk must exist because we assumed (Jgcs S = [1]). Then I C Sy U Sioa.

Now we claim that Uszl Sk1 U Sk2 = [n] (and hence the set cover instance
S has a cover of size 2K). Indeed, for any i € [n], we have f(v') = 1 and

hence C(v') = 1, which means that there exists some subcircuit C}, such that
Ci(v') = 1. Thus i € I C Sy U Syo for some k € [K]. O

It remains to show that a random choice of (Ui)ie[n} is nice with high proba-
bility:
Claim 9.16. For each i € [n], pick v' ~ Zt uniformly at random and indepen-
dently. If t > 7+ ((r +2)logn 4 log|S| 4+ 1)/logm, then (v');cp is nice with
probability at least %

To prove Claim U Td, we will use a union bound over all relevant subsets
I C [n]; however, the definition of niceness (EI) appears to suggest that we need

to take a union bound over exponentially many subsets I. The next claim shows
that this is in fact not the case.
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Claim 9.17 (Characterization of niceness). (v');ep, is not nice (with respect to
S) if and only if there exists some subset I C [n] such that all the following
conditions hold:

LIl <r+2,
2. I ¢ SU{i} forany S € S and i € [n], and
3. affine-span(v’) C (Jgeg span(v?).

In particular, there are at most n"*2 subsets I C [n] over which we need to take
a union bound.

Proof. By the definition of niceness, (vi)ie[n] is not nice if and only if there exists
some subset I C [n] such that affine-span(v!) C |Jgegspan(v®) whereas I ¢
SU{i} for any S € S and i € [n]. Therefore, it is clear that the three conditions
imply that (Ui)ie[n} is not nice; we prove below the converse direction (the “only
if” part of Claim 917).

A crucial observation is that, for any subset I C [n] of size at least r + 2,
the second condition always holds: Indeed, recall that S is an instance of the
r-bounded set cover instance; that is, |S| < r for any S € S. Hence, for any
S € S and i € [n], we have |[SU{i}| < r+1; thus I cannot be a subset of SU {i}
simply because |I| > r + 2.

Now suppose that there exists some subset I C [n] satisfying the second
and third conditions, but not the first one, that is, [I| > r + 2. Take any
subset I’ C I such that [I'| = r + 2. We claim that I’ satisfies all three
conditions: The first condition (|I'| < r + 2) is obvious. The second con-
dition holds because of the observation above. To see the third condition,
by assumption, we have affine-span(v!) C |Jgegspan(v®); hence, we also have
affine-span(v!") C affine-span(v’!) C Uses span(v™). O

Now let us proceed to a proof of Claim 9 T14@.

Proof of Clazm—97d. We will bound the probability that a random (v*);c) is not
nice, by using the union bound over all the subsets I C [n] such that the first and
second conditions in CIaim 917 hold. To this end, fix any subset I C [n] such
that |[I| <r+2and I Z SU{i} for any S € S and i € [n] (in particular, I is not
empty). We would like to bound the probability that the affine subspace of v! is
a subset of (Jgeg span(v?).

Take an arbitrary (e.g. the smallest) element iy € I. Define coefficients
(¢i)ier as follows: ¢; :=1 € Z,, for any i € I \ ip and ¢;, := (2 —|I|) mod m €
Zp. By this definition, we have >, ; ¢; = 1; hence, >_,.; c;v" € affine-span(v’).
Therefore,

Pr |affine-span(v!) C U span(vs)] < Pr [Z civ' € U span(vs)]

eV SeS el SeS

< Z Pr Zcivi € span(vs)] .

Ses iel

vl

By the assumption on I, we have I € S U {ig} for any S € S; that is, there
exists some index jg € I\ {ip} \ S. Note that c¢j, = 1 because jg € I\ {ip}.
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Therefore, the last probability is

ZPr [chi € span(vs)] = ZPr VIS € span(v¥) — Z vt

ses iel ses | ien\{js}

- Z Pr |vis = Zdivi — Z ¢;v* for some (di)ies

Ses i ies iel\{js}
= Z Z Pr z)js = Zdivi — Z Cﬂ)i
SES (di)ies i€s i€\ {js}

<|S|-m"-m™t,

where the last inequality holds because the random vector v/S does not appear
in the right summations.

Finally, by taking the union bound over all I such that [I| < r + 2 (and
I ¢ SU{i} for any S € S and i € [n]), the probability that (v");cp, is not nice
is bounded from above by n"2 - |S| - m"~t < 1. O

Given these claims above, it is immediate to complete the whole proof.

Proof of Clazm~972. We may assume without loss of generality that |S| < n”
since S is an instance of the r-bounded set cover problem. We set ¢t € N to be
the smallest integer such that ¢ > r + ((r + 2)logn + log |S| + 1)/logm; then
t = O(rlog(nm)/logm). (Here the O notation hides only a universal constant.)
Combining Claim 9 T3 and U186, we immediately obtain Claim 9 T2. O

Proof of Thearem 9 10. The encoding of the function f: Z!, — {0,1, %} is of size
O(mt) = (nm)°") | which is a polynomial in the input size poly(n, |S]).

Moreover, it is possible to make the reduction zero-error: Indeed, the condi-
tion of the niceness can be checked in polynomial time, by using the characteri-
zation of Claim 9 T7.

Finally, recall that the r-bounded set cover problem is NP-hard to approxi-
mate within a factor of 2 by [hearem 94 for a sufficiently large constant r € N.
Hence, NP-hardness of (DNF o MOD,,,)-MCSP* follows from CIlaim 911 and IT2

O

9.3.2 Reduction from (DNF o MOD,,)-MCSP* to (DNF o MOD,,,)-MCSP

Next, we present a reduction for the minimum circuit size problem for partial
functions to that for total functions:

Theorem 9.18. There is a (zero-error) randomized polynomial-time many-one
reduction from (DNF o MOD,,,)-MCSP* to (DNF o MOD,,,)-MCSP.

Let f: Zt, — {0,1,%} be an instance of (DNFoMOD,,,)-MCSP*. Let r := t+2
and s := [(2r + 2t)logm + 2] = [4(t + 1)logm + 2]. We encode each value
f(z) € {0,1,%} of the partial function f as a function on a “hypercube” Z2 :
namely, we construct a new total function g : Z!, x Z3, — {0,1} such that f(z)
corresponds to (g(x,¥y))yezs, - Specifically, if f(x) # *, then f(x) is encoded as a
hypercube whose origin? 0° is assigned f(z) and other points are assigned 0; if

2 0® denotes the zero of Z:, for any s € N.
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f(z) = *, then we pick a random linear subspace L, C ZZ, of dimension r and
we encode f(z) as the characteristic function of L.

Formally, for each = € f~1(x), we pick vl,...,v" ~ Z$ uniformly and inde-
pendently at random, and define a random linear subspace L, := span(v},..., v7).

»rx
Then the output g : Z!, x Z5, — {0,1} of our reduction is defined as

f(x) (if f(z) € {0,1} and y = 0%)
g(z,y) =41 (if f(x) =% and y € L,)
0 (otherwise)

for any (z,y) € Zt, x Z3,.

The idea is as follows: Let us imagine how a minimum DNF o MOD,,, circuit
C computing g looks like. We need to cover g~!(1) by as few affine subspaces as
possible. Note that g~*(1) consists of two parts: {(z,0°)} for each z € f~1(1),
and {z} x L, for each z € f~1(x). In order to cover the latter one, it is likely
that we need to use the affine subspace {z} x L, itself for each x € f=1(%);
indeed, since each L, is a random linear subspace, under our constraints with
high probability there is no affine subspace which simultaneously covers (a large
fraction of) two random affine subspaces {z} x L, and {2’} x L, for x # 2/ €
f7(*) (CIaim—923 below). Therefore, the minimum circuit C' should contain a
subcircuit which accepts {x} x L, for each € f~!(x). Now it remains to cover
{(z,0%)} for each z € f~1(1), but here we can optionally cover {(z,0°)} for each
x € f~(*) (which has been already covered by {x} x L,). This is exactly the
same situation as (DNF o MOD,,,)-MCSP*; thus with high probability we have
DNFwmob,, (9) = DNFmob,, (f) + |1 (*)|. Details follow.

Claim 9.19. DNFyop.. (9) < DNFwmop,, (f) + |f2(%)].

Proof. Suppose that a DNF o MOD,,, circuit C' = \/kK:1 Cy, computes f. For each
x* € f71(x), take an AND o MOD,,, formula C+ such that C.' (1) = {2*} x Ly
(by Cemma 94). Define C'(z,y) := \/le(Ck(x) ANy =0)A---A(ys =0))V
Virep-100 Ca (z,y). It is easy to see that C'(z,y) = g(z,y) for any (z,y) €
7t x I¢,. O

In order to prove the other direction, let us clarify the desired condition for
random linear spaces. We require that (L), f-1(x) Is pairwise “disjoint” and
that each L, is nondegenerated.

Definition 9.20. We say that (Lz)ycp-1(x) is scattered if |Ly| = m" and Ly N
Ly = {0%} for any distinct z,2" € f=1(x).

It is easy to prove that the collection of random linear spaces satisfies the
condition above.

Claim 9.21. (L$>z€f71(*) 1s scattered with probability at least %, provided that
s> (2r + 2t)logm + 2.
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Proof. We first bound the probability that (L;),c f—1(») 1s not pairwise disjoint.

Pr[ L, N Ly # {0°} for some distinct z,2" € f~'(x) ]
< > PrlLenLy #{0°}

z#x' €f~1(%)

< Z Pr Z Civy = Z divy, for some nonzero (¢;)icpy], (di)icpy]
z#x' €f~1(%) 1=1 i=1

< m2t . m?r .98 < i,

where, in the last line, we used the fact that the probability that >, cvl =
S div’, is at most 27° for nonzero (i.e. ¢; # 0,d; # 0 for some i,j € [r]
coefficients (¢;)ief), (di)iep-®

Next, we bound the probability that |L,| < m”. Indeed,

Pr[ |L,| <m" for some z € f~'(x) |

,
< Z Pr Z civl. = 0° for some nonzero (ci)ieln
z€f~1(x) =1

—_

<mt-m'-27% < =,

e

Overall, the probability that (L) f-1(4) is not scattered is less than %4— i =
1
3 O
Note that the condition of being scattered can be checked in polynomial time.
Indeed, for each # € f~!(*), one can enumerate all the elements of L., which
are at most polynomially many in the input size m@®. Thus, our zero-error
randomized reduction picks random linear subspaces (Lz )¢ f-1() until we obtain
a scattered collection of linear subspaces.

In the rest of the proof, we can thus assume that (Lz),cs-1(4) is scattered.
The next claim gives the reverse inequality of Claim 9T9.

Claim 9.22. DNFyop,,(g9) > DNFyop,, (f)+|f71(x)] if (La)gef—1(x) 18 scattered.

Let C = ka:1 Cx be a minimum DNF o MOD,, circuit computing g. (In
particular, K = DNFpop,,(9) < DNFyop,, (f) + |f~1(*)] < m!tL) For each
xr € f71(x), we first extract a subcircuit Cj(z) that covers (a large fraction of)
the random linear subspace L,. Let [(x) € [K] be one of the indices such that
‘Clz;) ()N({x} x Ly)| is maximized. That is, Cy(, covers the largest fraction of the
affine subspace {x} x Ly; in particular, since ¢k C. (1) 2 {z} x L, there are
at least |Ly|/K (=m"/K >m"~'"! > 2) points in the set C’lz;)(l) N({z} x Ly).
Intuitively, the subcircuits { Cj(,) | € f~Y(*)} are supposed to cover random
linear subspaces, and the rest of the subcircuits computes f.

To make the intuition formal, we will prove the following two claims. The first
asserts that, under our constraints, no affine subspace can cover a large fraction
of two distinct random linear subspaces.

Claim 9.23. I: f~1(x) — [K] is injective.

3Note that any equation az = b (mod m) with a # 0 is satisfied with probability < 1/2 over
a random choice of x.
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The second claim asserts that, if an affine subspace C’lz;/) (1) covers a large fraction
of {2’} x Ly, then it cannot cover a point (z,0%) such that f(z) = 1.

Claim 9.24. Cj(,(x,0°) =0 for any x € f~(1) and 2’ € f~1(x).
Assuming these two claims, it is easy to prove Claim 929,

Proof of Clazm 0 73. For each k € [K], define an AND o MOD,,, circuit C), as
Ci(z) = Ci(x,0%) on input = € Z!,. Define a DNF o MOD,,, circuit C’ :=
Ve K]\ {1@)] £ ()=} C).. By Claim 973, the number of subcircuits in C’ is K —
o).

We claim that C’ computes f. Indeed, for any x € f~1(1), we have C(z,0%) =
g(x,0%) = f(x) = 1; hence, there is some k € [K] such that Cy(z,0%) = 1, which
implies that Cj (z) = 1 by the definition of Cj. implies k ¢ {1(z') |
f(2') = x}; thus C’(z) = 1. On the other hand, for any z € f~1(0), we have
C(z,0°) = g(z,0°) = f(x) = 0; in particular, for any k € [K], Ck(x,0%) = 0.
Thus C} (x) = 0 for any k € [K], which implies C'(z) = 0. O

It remains to prove Claim 923 and B24. We prove the latter fist.

Proof of [Clavm_J.Z]. Assume, by way of a contradiction, that Cj(z,0%) =1
for some x € f~1(1) and 2’ € f~!(x). By the definition of I(z'), there are at least
2 distinct points (2/,a) and (2/,b) in Cl?i,)(l) N ({2'} x Ly). Since Clzi,)(l) is
an affine subspace, we have (2/,a) — (2/,b) + (z,0%) = (z,a —b) € Clz;’)(l) (as in
the proof of Claim 9 T3). It follows that C(z,a — b) = 1. Since C' computes g,
we also have g(x,a — b) = 1, which contradicts the fact that a — b # 0° and the
definition of g. Il

Proof of Clazm~923. Assume that [(z1) = l(z2) =: k for distinct inputs z1,x2 €
f71(x). Take any 2 distinct points (z1,a) and (z1,b) from C; *(1) N ({z1} x Ly,)
and any point (z2,¢) from C; *(1) N ({xza} x Ly,). Since C; '(1) is an affine
subspace, we have (71, a)— (21, 0)+ (72, ¢) = (z2,a—b+c) € C; '(1). We also have
(v2,a—b+c) € {2} X Ly,, since C; (1) N ({2} x Z3,) € g7 (1) N ({w2} x Z3,) =
{z2} X Lg,. Therefore, a — b+ ¢ € Lg,. Since ¢ € Ly, and this is a linear
subspace, it follows that a —b € L,,. On the other hand, by the definition of
a and b, we have 0° # a — b € L,,. However, this is a contradiction because
0°#a—bé€ Ly, N Ly, ={0°}. O

Proof of Thearem T 78. By Claim 919 and @22, we obtain DNFyop,,(9) =
DNFwiop,, (f) + [f ()| for a scattered collection (Lg)yep-1(x). Since s =
O(tlogm), the truth table of g is of length mt*s = m@tloe™) which is a poly-
nomial in the input length for every constant m > 2. Finally, since it is possible
to check whether (Ly),cf-1(4) is scattered in polynomial time, the reduction is
Z€r0-€erTor. (]

On our proof strategy and the restriction to functions over boolean
inputs (m > 2). The linear-algebraic and probabilistic techniques employed
here naturally suggest to view a set of inputs for the input instance f as a subset
of the algebraic structure Z}, (a vector space or module, depending on m). In
order to establish a similar NP-hardness result with respect to functions on the
hypercube and AND-OR-MOD,,, circuits, one is tempted to encode elements
from the structure Z as binary strings, and to consider a bijection ¢: Z}, <
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I' C {0,1}* between vectors and binary strings. However, a binary encoding
allows a bottom-layer modular gate to access individual bits of this encoding,
and as a consequence, this gate might accept a set A C {0,1}* that does not
correspond under ¢ to the set of solutions of a modular equation over Z,,. When
this is the case, our argument no longer works.

Another natural approach would be to restrict the input function to boolean
inputs, and to directly view such inputs as elements in {0,1}" C Z . Here
certain technical difficulties are transferred to our probabilistic analysis involving
affine subspaces of Z7, and it is not immediately clear to us how to modify the
argument in this case.

For these reasons, when m > 2 our techniques do not seem to be directly
applicable to functions defined over boolean inputs only, and a more complicated
argument might be necessary. Note however that this does not exclude the ex-
istence of different and potentially simpler reductions among these and other
intermediary problems.

9.4 Derandomization and Pseudorandom Generators for AND o
MOD,,

In this section, we present a unified way of efficiently derandomizing the zero-
error reductions of Becfion 3. The crucial idea is that certain subconditions of
being nice or scattered can be checked by AND o MOD,,, circuits over Z'; hence,
a pseudorandom generator for AND o MOD,,, circuits can be used to derandomize
the reductions.

In order to achieve this, we show that there exists a quick pseudorandom gen-
erator with logarithmic seed length that fools any ANDoMOD,,, circuit (regardless
of its size), a result that might be of independent interest.

Theorem 9.25. For every ¢ = €(n) > 0 and each m > 2, there exists a quick
pseudorandom generator G = {Gp: [I'n] = Z}}, }nen that e-fools any ANDoMOD,,

circuit over Z7,, where I';, = poly(n,1/e,m) is a positive integer.

Here we say that, for e > 0 and an integer m > 2, a function G,, : [I'y] — Z7,
e-fools AND o MOD,;, circuits if [ E,r,,)[C(Gn(7))] — Evepzn, [C(v)]| < € for every
ANDoMOD,, circuit C; such a function G, is called an e-pseudorandom generator
for AND o MOD,,, circuits. We say that a family {G,}nen of pseudorandom
generators is quick if G, can be computed in poly(I',,) time. (Recall that [I'),]
denotes the set {1,...,T',}, which means that the seed-length of G, is logarithmic
in n, m, and 1/ when its input elements are represented as binary strings.)

9.4.1 Derandomizing the Reductions

We defer a proof of Mheorem 925 to the next subsection, and present its
applications first: The pseudorandom generator implies polynomial-time deran-
domizations of the reductions presented in Bection 93.

Theorem 9.26 (Restatement of Mhearem 91). (DNF o MOD,,,)-MCSP is NP-
hard under polynomial-time many-one reductions.

Our basic strategy is as follows: Each reduction of Bection9-3 employs random
variables that take value on ZF  for different choices of k. To derandomize
the reductions, we simply replace these random variables by the output of the
pseudorandom generator of Mheorem 9 2H; then we try all possible I';, seeds of G,,,
and check whether the generated random variables satisfy the desired condition
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(which can be done in polynomial time). Below we give details for each reduction,
starting with the second.

Derandomizing the second reduction. We start with the reduction from
(DNF o MOD,,,)-MCSP* to (DNF o MOD,,,)-MCSP. The reduction required a
scattered collection of linear subspaces, which is provided by the probabilistic
argument of Claim 9 21. Here we present a deterministic construction of such a
collection.

Theorem 9.27. For any integer m > 2, there exists a deterministic algorithm
that, on inputs t and r, outputs a scattered collection of r-dimensional linear
subspaces (Lp)pem) for H :=m'. Specifically,

1. Ly is a linear subspace of 73, for s := [(2r + 2t) logm + 2],
2. |Ly| =m", and

3. Ly N Ly = {0°} for any distinct h,h' € [H].

The running time of the algorithm is mO(r+t)logm)

In the proof of MThearem U T8, we picked random vectors v., ..., v" ~ Z and
defined L, := span(v},...,v) for each z € f~1(x) C Z!,. We take a similar
approach, but instead of generating vectors uniformly at random, we use the
output of the pseudorandom generator as the source of randomness. Specifically,
let v € [['sm] be a seed of the pseudorandom generator of G,sp; define vectors
(Whs - V) ner) = Grsu(v) € (Z5)H; then, define Ly := span(vy,,...,v},) for
each h € [H]. We show that the probabilistic argument of Claim 921 still works
even if the randomness is replaced in this way:

Claim 9.28. Let Grsg be the pseudorandom generator of Theorem I 23 with
error parameter € = 275, Pick a seed v ~ [I'ysg| uniformly at random, and
define a collection (Lp)ne(m) of linear subspaces as above. Then, (Lp)neim) s
scattered with nonzero probability.

Proof. Note that union bounds hold for any distribution; hence, by using the
union bounds as in CIaim U721, the probability that (Lp)ne[s) is not pairwise
disjoint is

Pr[ Ly N Ly # {0°} for some distinct h, h' € [H] |

< ) ) Pr [Z civh = Zd vh,] : (9.2)

 hwelH) (ed) Lt

where the second sum is taken over all nonzero coefficient vectors (¢;)ief,) and
(dz‘)ie[r} with entries ¢;,d; € Zy,. If the random vectors (v},)s; were uniformly
distributed, the probability in (82) could be bounded by 27° as in Claim 92T
Here the probability is taken over a random seed v ~ [I';sx] of the pseudorandom
generator Gysg. The condition that >._; ¢;vi = >°7_, d;v}, can be checked by
some AND o MOD,,, circuit that takes (v,‘l) n,i as input; thus the circuit is e-fooled
by the pseudorandom generator; as a consequence, the probability (E2) is strictly
less than m? - m?" - (27 +¢€) < 3.
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Similarly,

Pr[ |Ly| < m” for some h € [H] |

<> > -Pr [gcwg—oi

he[H] (c:)
1
<ml-m"- (275 +¢) < 3
Overall, the probability that (Lh)he[H} is not scattered is strictly less than
1,1
s4+5 =1 O
27T 3

Proof of [Theorem 9.27. By Claim 928, there exists some seed v € [I'y5p] such
that the output G,sg(7) defines a scattered collection (Lp)pe(g) of linear sub-
spaces. By exhaustively searching all the seeds, one can enumerate all the outputs
of Gyspr in time poly(I',sg) = poly(rsH, 2% m). Moreover, one can check whether
Grsp(7y) defines a scattered collection for each v € [['5y] in time poly(H,m?).
Overall, the running time of our construction is poly(m?®) = m@(r+t)leem)

The randomized reduction of Mhearem 9 T8 can be now derandomized, using
the deterministic construction of Mheorem 927 for r := ¢ + 2.

Corollary 9.29. There s a polynomial-time (mo(“‘)gm) time on input

length O(m')) many-one reduction from (DNF o MOD,,)-MCSP* to (DNF o
MOD,,)-MCSP.

Derandomizing the first reduction. We now consider the reduction from
the r-bounded set cover problem to (DNF o MOD,,)-MCSP*. Let [n] be the
universe, and S C (@) be an input to the set cover problem. Derandomizing the
reduction amounts to a deterministic construction of a nice collection (Ui)ie[n} of
vectors. We generate the random vectors using the pseudorandom generator for
AND o MOD,,, circuits, and show that the probabilistic argument of Claim 914
still works.

Claim 9.30 (Revised Claim 9716). Let Gy, be the pseudorandom generator of
[Thearem 923 with error parameter ¢ < m~'. Pick a seed v ~ [['y,] uniformly
at random. Define (v',...,0") := G (y) € (ZE)™. Ift > r+ ((r +2)logn +

log |S| +1)/logm, then (v');c)n) is nice with nonzero probability.

Proof. By using union bounds as in CIaim 918, it is sufficient to prove

n™ 2. |S|-m" - Pr |viS = Zdivi - Z cvt| <1 (9.3)
ics i€\ {js}
for coefficients (¢;)ier, (di)ics and jg € I\ S, where the probability is taken over
a random seed 7.
The condition v/$ = Yies div® — Ziel\{js} c;v* can be checked by an AND o
MOD,, circuit that takes (v!,...,v") € ZI" as input. By [heorem 9743, we get

Pr |v/s = Zdivi — Z vt | <mTt4e
€S iel\{js}
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Consequently, due to our choice of ¢t and using € < m~¢, the left-hand side of
(3) is strictly less than

n 2 S| m" - 2mTt < 1,

which completes the proof. ([

In particular, there exists some seed v € [['y,] such that (vl,... v") = Gy, (7)
is nice. The number of seeds is at most 'y, = poly(tn,1/e,m) = poly(n, m?) =
(nm)o(r), which is a polynomial in the input length; hence, in polynomial time,
one can try all possible seeds and find a nice collection (vi)ie[n} of vectors. Thus
the reduction of Theorem 9Tl can be derandomized:

Corollary 9.31. (DNF o MOD,,)-MCSP* is NP-hard under polynomial-time
many-one reductions.

Proof of Chearem F28. Immediate from and @29. O

9.4.2 Near-Optimal Pseudorandom Generators for AND o MOD,,,

This subsection contains a proof of Mheaorem 9 24. We assume basic familiarity
with concepts from analysis of boolean functions [0”DT4]. For simplicity, we first
focus on the case of m = 2, which admits a simpler proof.

Proof for m = 2. An e-biased generator, introduced by Naor and Naor
[NIN93], is a pseudorandom generator for XOR functions. That is, we say that
a function G: {0,1}° — {0,1}" is an e-biased generator if |E, o1}»[xs(z)] —
Ege {0,135 [xs(G(8))]| < € for any S C [n], where xs(x) := ,;cg ;- While this
definition only requires the generator to fool XOR functions, it can be shown
that any Boolean function with small /; Fourier norm can be fooled by e-biased
generators.

Lemma 9.32 (see e.g., [DETT0Y, Lemma 2.5]). Every function f: {0,1}" —
{0,1} can be e[| f||, fooled by any e-biased generator. Here, || f[[; :== 3" gcp [F(9)]-

~

Proof Sketch. Use the Fourier expansion f(z) = > gcp, f(S)xs(z), and apply
the triangle inequality. O

Moreover, it is known that any AND o XOR circuit f has H fﬂl =1.

Lemma 9.33 (sce e.g., [DT4, Proposition 3.12]). ﬂfﬂl =1 for any Boolean
function f:{0,1}" — {0,1} computable by a nontrivial AND o XOR circuit.

Proof Sketch. Let H + a C {0,1}" be the (nonempty) affine subspace accepted
by f. Take a basis of H-. Write a characteristic function of f using the basis,
and expand it to obtain a Fourier expansion of f. O

Combining these two lemmas, any e-biased generator fools ANDoXOR circuits.
Moreover, Naor and Naor [NNU3] gave an explicit construction of an e-biased
generator of seed length O(logn + log(1/¢)), from which Mheorem 928 follows
when m = 2.

In the proof sketched above, we exploited the fact that {0,1}" = ZI is a
vector space: We took a basis of a linear subspace in the proof of Lemma 933,
In order to generalize the result to the case of m > 2, we need a more direct proof
which does not rely on a basis.
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Proof for any m > 2. Azar, Motwani and Naor [AMNYS] generalized the notion
of e-biased generator on {0, 1}" to Z7, for any integer m > 2, and gave an explicit
construction. We review the generalized notion and their result below.

Definition 9.34 ([AMNYR]). For a probability distribution D over Z7, and a
vector a € 7}, biasp(a) is defined as follows: for g := ged(aq, ..., an,m),

. 1 g
bias = - P = kgl — 2.
lasp(a) g ogll?ffri/g xN%[<a’ 7) = ko] m
We say that a distribution D is e-biased if biasp(a) < € for every a € Z,. We
say that a function G: [I'| — Z, is an e-biased generator if the distribution G(7)
for a random seed y ~ [I] is e-biased.

Theorem 9.35 ([AMNY8, Theorem 6.1]). For m(n) > 2 and ¢ = €(n) > 0,
there exists a quick e-biased generator G = {Gy : [I'y] — Z} }nen for some
Ly = p0|y(TL, 1/€7m)'

We use the same pseudorandom generator GG as in [heorem 933, In what
follows, we will show that any e-biased generator me-fools AND o MOD,,, circuits,
which completes the proof of Thearem 923,

Define e, : Zy, — C* as e (k) := exp(2mv/—1- k/m) for k € Zy,.

Lemma 9.36. For any distribution D on Z}, and any nonzero vector a € ZI,
we have

E [em (<a,$>)]’ < m - biasp(a).

xz~D

Proof. The proof follows the same approach of [AMNYI8, Lemma 4.4]. Let g :=
ged(ay, ..., an,m).

Elen(aa]=| X enlha) Py llaa) =k
0<k<m/g
| X entho) (P llaa) = ke~ £)
0<k<m/g
< ¥ lenlko)l: Py lon) = kol - £
0<k<m/g
< % -1-g- biasp(a) = m - biasp(a),

where the first equality follows from the fact that (a,z) is a multiple of g for
any x € Z", and in the second equality we used that ZO§k<m/g em(kg) = 0 for

ms

g < m, which is true if a # 0™. ]

As a consequence of the previous lemma, we can prove that any affine function
can be “fooled”:

Lemma 9.37. For any e-biased probability distribution D on Z', any vector

m’
a € Z7,, and any scalar b € Zy,,

E lem ({(a,z) +b)] — E [em ((a,z) 4+ b)]| < me.

x~D e~
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Proof. When a = 0", both expectations are constant, and hence the lemma
follows. Otherwise, we have E; z» [en ((a,))] = 0, since this expression can be
written as a product of expectations, and one of them evaluates to zero. Using
Cemma 936, we obtain

E [om(@,2) +D)] — E [em<<a,x>+b>]\

n
x~D 7

= lem(®)]-| E lem ((a,2))] = E [em(<a,$>)]‘ =1

xz~D T~
mbiasp(a) < me.

B len ((a.2))])

m

IN

O

Theorem 9.38. For any e-biased probability distribution D on Z}, and any func-
tion f : Z7, — {0,1} computable by some AND o MOD,,, circuit,

E @)= E [f(2)]] < me

n
T~ T~

Proof. Suppose that an AND o MOD,,, circuit computing f has K MOD,, gates,
and, for each k € [K], let gx: Z', — Z,, denote the affine function that corre-
sponds to the kth MOD,, gate. That is, gx(x) = (ax,z) + by for some vector
ay € 77, and some scalar by € Zj,; moreover, for any input = € Z7,, f(z) =1 if
and only if gi(x) = 0 for all k € [K].

We employ the following construction. Let p(z) be the polynomial over C
defined as follows.

p(z) = — I[I G-enl@) (9.4)
a€Zm\{0}
m m—1
:%Zz—l 7%227 (9:5)
=0

where the second equality holds because the roots of the polynomial 2" — 1 are
{em(a) | @ € Zy, }. Useful properties of this polynomial are that, by (E4), we
have p(em(a)) = 0 for any o € Zy, \ {0}, and that p(e;,(0)) = p(1) = 1 because
of (A3). Using the polynomial, we can write f as follows:

J@) = N lo@) =0]

ke[K]

= N plem(ge(2)) = 1]

ke[K]

= Hpemgk:

ke(J

1
'
€K«

3

3=
AR

em(J - gr(z))

m(argr())

NM%

= % Z €m Z gk (@)
acZE

ke[K]
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Now, by using Cemma 931, we obtain

E f@)] = E [f(z)]

x~D T~
1
<% > E|em > okge() LB, |om > awgn(z)
a€Zf ke[K] ke[K]
< me,

where in the last inequality we used the fact that 3,1k akgr(z) is an affine
function. O

Proof of Thearem J 23. The result is immediate from Theorem 939 and B38. [

9.5 Appendix

9.5.1 Proof of Fact 9.5 — Double Orthogonal Complement in (Z/mZ)"

In this section we present the proof of Fact—d3, which for convenience is
reformulated as stated below. Our presentation follows the proof
outlined in [Gad].

Recall the following concepts. We consider the Abelian group G := (Z/mZ)"
equipped with component-wise addition modulo m, and let (x,y) := Zie[n] T3
mod m, where z,y € G. For a subgroup V of G, define V* :={x € G| (z,y) =
0 for all y € V' }, which is again a subgroup of G.

Theorem 9.39 (folklore). VL =V for any subgroup V of G = (Z/mZ)".

It is easy to see V C V++: indeed, for any x € V, we have (x,y) = 0 for

each y € V* by the definition of V*; hence x € V-+. Therefore, it is sufficient
to show that the size of V1 is equal to that of V. To this end, we prove the
following claim.

Claim 9.40. |V1| = |G|/|V| for any subgroup V of G.

Note that, applying this claim twice, we obtain |Vt = |G|/|[VY] =
|G|/(|G]/|V|) = |V|, which completes the proof of Thearem 939. Claim 940
will be proved by combining the three claims below.

Let H be any finite Abelian group. A character of the group H is a homo-
morphism y: H — C* Let H denote the dual group of H, that is, the group of
all characters of H. (See e.g. [07DT4, Section 8.5] for more details.) It is known
that the order of a group H and the order of its dual group H are the same.

Claim 9.41 ([0D14, Corollary of Proposition 8.55 and Exercise 8.35]). [H| =
|H| for any finite Abelian group H.

For any subgroup V of G, define V* := { x € G | x(v) =1 for every v € V' }.
Claim 9.42. (T/T/ =2 V* for any subgroup V' of G.

Proof. We define an isomorphism ¢: @T/ — V*. Given y € CT/T/ , we define
e(x): G = C* by o(x)(x) == x(z + V) for v € G. We claim that ¢(x) is
indeed in V*: First, p(x): G — C* is a homomorphism since ¢(x)(x + y) =
xXz+y+V)=x(z+V)+y+V)) =x(z+V)x(y+V) for any z,y € G.
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Second, p(x)(v) = x(v+ V) = x(V) = 1 for any v € V. (Here, we used the
fact that the homomorphism y maps the identity 0 + V € G/V to the identity
1eCx)

We claim that ¢ is a homomorphism. Indeed, ¢(x1x2)(z) = (x1x2)(z+V) =

—

Y1+ V)@ + V) = p(x1)(@)¢(x2)(@) for any @ € G and any x1, Xz € G/V;
hence (x1x2) = ©(x1)e(x2)-

/\In order to prove that ¢ is a bijection, we construct an inverse map ¢: V* —
G/V. Given x € V*, define (x)(a + V) := x(a) for any coset a + V € G/V.
Note that this map is well defined since a +V = b+ V implies a — b € V, and
thus 1 = x(a—b) = x(a)/x(b). It is straightforward to see that 9 = ¢ ~!: indeed,
P(e())(a+V) = p()(a) = x(a+ V) and o(d(x))(a) = ¥(x)(a+V) = x(a)
for any @ € G. Hence ¢ is both injective and surjective, and consequently, an
isomorphism. O

Claim 9.43. V* = VL for any subgroup V of G = (Z/mZ)".

Proof. We first prepare some notation: For any i € [n], let e; € G be the vector
whose value is 1 on the ¢th coordinate and is 0 on the other coordinates. Let
w = exp(2my/—1/m) € C* denote the mth root of unity.

We construct an isomorphism ¢: V+ — V*. Given x € V1, define p(z) € V*
as o(z)(y) := w'@Y) for any y € G. Note that the image of ¢ is contained in V*:
indeed, for any v € V-, we have ¢(z)(v) = w®¥ = w0 = 1.

We claim that ¢ is injective. It is easy to see that ¢ is a homomorphism; thus,
it is sufficient to prove that the kernel of ¢ is just 0 € V4. If () is the constant
function 1, then (x,y) = 0 for any y € G; in particular, letting y € {e1,...,en},
we obtain z = 0.

Finally, we claim that ¢ is surjective. For any x € V* and any ¢ € [n], there
is some z; € Z/mZ such that x(e;) = w”: indeed, since 1 = x(0) = x(m - ¢;) =
x(ei)™, x(e;) is one of the mth roots of unity. Now we define z := )" | x;e; €
G. Then, for any y € G, p(z)(y) = ¥ = [, w™¥ = [T, x(e)¥ =
I, x(viei) = x(O1, viei) = x(y); hence p(x) = x for some = € G. Moreover,
for any v € V, we have x(v) = w(®?) = 1 since y € V*; thus we have (z,v) = 0,
which implies that z € V. O

Combining these three claims, we obtain |[V1| = |[V*| = |C7/T/] = |G/V| =
|G|/|V|, which completes the proof of Claim 940.

9.5.2 On Different Complexity Measures for DNF o MOD,, Circuits

In this section, we provide an example of the robustness of our arguments with
respect to variations of the complexity measure. Let p > 2 be a fixed prime. We
sketch the proof of a hardness result for a variant of the (DNF o MOD,,)-MCSP*
problem, described as follows. We consider layered OR o AND o MOD,, formulas®
over Z,, and measure complexity by the total number of (non-input) gates in
the formula.8 A bit more precisely, we adapt the proof of Theorem 910 from
Bubsection 031, and show that this problem is also NP-hard under randomized
reductions.

4Recall that in a formula every non-input gate has fan-out one.

SUnder our notion of layered formulas, an (AND o MOD,,)-circuit with a single MOD,, gate
has size 2. While this is convenient for the exposition, it is not particularly important for the
result.

127



Since ZZ is a vector space over the field Z,, we can define the dimension of an
affine subspace: For a linear subspace H C me let dim(H) denote the dimension
of H, and let codim(H) := dim(H*) = t — dim(H); then, for any a € z,
define the dimension of an affine subspace H + a as dim(H + a) := dim(H),
and codim(H + a) := dim(H). Observe that this notion is well-defined. Using

dimension, we can characterize the number of gates in AND o MOD,, formulas.

Lemma 9.44. Let A be an affine subspace of Z;f). Then, the minimum number of
gates in any layered AND o MOD,, formula accepting A is exactly 1 + codim(A).

Proof Sketch. As in the proof of Lemma 94, a layered AND o MOD,, formula C'
with 1 + s gates accepts the set A = C~1(1) of solutions of s linear equations
over MOD,. Let B € Z;Xt be the matrix that defines these linear equations.
Then, we have dim ker(B) = dim(A), and by the rank-nullity theorem, we obtain
codim(A) =t — dim(A) = t — dimker(B) = rank(B) < s.

Conversely, let A =: H + a for some linear subspace H and some a € Z};, and
let ¥1,...,7s be a basis of H-, where s := codim(H). Then, using orthogonal
complements, it is easy to check that x € A if and only if (y;,x) = (5, a) for all
i € [s]. The latter condition can be written as an AND o MOD,, layered formula
with 14 s gates. O

As a corollary, for any optimal layered (DNF o MOD,)-formula C = \/i(:1 Cy
for a function f: Z; — {0, 1}, where Cj, is an ANDoMOD,, circuit for each k € [K],
the total number of gates in the formula is precisely 1+K+Zf:1 codim(C; ' (1)).

For convenience, given a function f: Z! — {0,1,%}, let size(f) denote the
complexity of f according to our size measure. Now let us revise the proof of
[heorem 9 10. Given an instance S C ( <"T) of the r-bounded set cover instance,
we construct a function f: Z;, — {0, 1,;} in exactly the same way. Below we
adapt the corresponding claims from Subsection 93 1. Then we employ the new
claims to argue that the NP-hardness result still holds.

Claim 9.45 (Adaptation of CTaim 9 TT). Assume that S has a set cover of size
K. Thensize(f) < (t+ 1)K + 1.

Proof. Let C C S be a set cover of size K. For each S € C, let Cg be an
AND o MOD,, circuit over Z!, that accepts span(v®). Define a DNF o MOD,, circuit
C := \/gcc Os. Then the circuit size of C'is 1+ K + Zfil codim(Cg (1)), which
is obviously at most 1 + K(t + 1). O

Claim 9.46 (Adaptation of Claim 9 TH). Let (vi)ie[n} be nice, and s := size(f).
Then S has a set cover of size 2(s —1)/(t —r — (log|S|/logp) + 1).

Proof. Let C' = \/,If:1 C, be an optimal DNFoMOD,, layered formula of size s com-
puting f. Then, as discussed above, we have s =1+ K + Zszl Codim(Clgl(l)).
On the other hand, the same analysis from Claim 9 T3 shows that S has a set
cover of size < 2K. It thus remains to give an upper bound on K.

Since C' computes f, we have C,'(1) C C7Y1) C f'({l,%}) =
Uses span(v?). By counting the number of elements in C,'(1) and
Useg span(v®), we obtain pdim(C (W) < |S|-p". Hence, we have codim(C} (1)) >
t —r —log |S|/log p; therefore,

K
s > 1+K—|—Zcodim(0k_1(1)) > 1+ K+ K(t—r—1logl|S|/logp),
k=1
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which implies K < (s —1)/(t —r — (log|S|/logp) + 1). O

Let K be the minimum size of a cover for S. By the claims above, we have
size(f) StK and K < 2size(f)/t, because t can be taken large enough compared
to the other relevant parameters; hence size(f)/t roughly gives us a 2-factor
approximation. More precisely, we have size(f) < (t+ 1)K +1 <2(t+ 1)K, and
K <2(size(f)—1)/((t+1)/2) < 4size(f)/(t+1) for any t > 2r+2log|S|/log p—1.
That is, the set cover size K satisfies

size(f) < K < 4size(f)
2(t+1) — - t+17

which gives an 8-factor approximation of K. Since we can take r to be a suffi-
ciently large constant in Thearem 97, the result holds.

9.5.3 A Hardness of Approximation Result for (DNF oc MOD,, )-MCSP

The reduction from (DNF o MOD,,,)-MCSP* to (DNF o MOD,,,)-MCSP pre-
sented in Bection"973 is not approximation-preserving: given a partial function
f:Zt, — {0,1, %}, it produces a total function g: ZQltesm) _, {0,1} such that
DNFmop,, (9) = DNFmop,, (f) + |f~1(*)|. The reduction introduces an additive
term |f~1(x)|, and hence a (multiplicative) approximation of DNFmop,, (g) does
not give a good approximation of DNFyop,, (f). In order to fix this situation,
we give an approximation-preserving reduction. Our approach is inspired by a
reduction described in [AHMTOS].

Theorem 9.47 (Approximation-preserving version of [Corollary 9.29). There
s a polynomial-time algorithm that, given the truth table of a partial function
f:Zt, — {0,1,%}, produces the truth table of a total function g: Z2+2% — {0,1}
such that

DNFwmop,, (9) = [/~ (*)| - (DNFmop,, () + 1),

where s := [(6t + 4) logm + 2].

Proof. The idea of the proof is to amplify the circuit size for f; that is, we
would like to force any circuit C' computing g to also compute sub-functions
corresponding to | f~1(x)| copies of f.

We can amplify the circuit size as follows. Let (Lz)zep-1() be a scattered
collection of linear subspaces of Z$ . Define a function ¢’ by ¢'(z,z,w) =
f(x) if 2 € f7Y(*) and w € L,; otherwise ¢'(z,z,w) := 0. Then, under
an appropriate choice of parameters, it can be shown that DNFmop,,(¢) =
|f~1(¥)| - DNFmop,, (f). By combining an analogous reduction and the idea be-
hind the proof of Theorem U T8, we can obtain a total function g such that
DNFmop,, (9) = DNFwmop,,(9") + [f ' (x)] = [/~ (*)| - (DNFwmop,, (f) + 1).7 De-
tails follow.

We first obtain a scattered collection (Lg)ycf-1(s) of 7-dimensional linear
subspaces of Z7, by using Theorem 9727 for r := 2¢ + 2. Then we define
g: 72425 — {0,1} as

f(z) (if f(z) € {0,1} and y = 0° and f(z) =+ and w € L;)

g(r,y,z,w) == 1 (if f(x) =% and y € L)
0 (otherwise)

5A black-box application of produces a function g such that DNFuop,, (9) =
DNFwmop,, (¢') + |¢'~*(*)|, which is not sufficient for our purpose because |g’~* ()| is larger than

POl
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for any ((z,y), (z,w)) € (Z5, x Zt,)%.

Claim 9.48 (Analogue of CIaim 919). DNFyiop,, (9) < |f~1(*)|-(DNFmop,, (f)+
1).

Proof. Suppose that a DNF o MOD,,, circuit C = \/kK:1 Cy computes f. For
each z* € f~1(x), take an AND o MOD,, circuit C,« accepting {z*} x L« (by
LCemma 34). Define

K
Clpzm= Y V@ = rn =0y Gl
ef—1(x) k=1

zref-1

It is easy to see that C’ computes g. O

The rest of the proof is devoted to the reverse direction.

Claim 9.49 (Analogue of CIamma 7). DNFyiop,. () > |£~2(+)|-(DNFumop,, (f)+
1).

Let C = \/i{:1 C) be a minimum DNF o MOD,,, circuit computing g. In
particular, K = DNFpop,,(g) < |f~'(x)| - (DNFmop,, (f) + 1) < m?*1. For each
x € f1(%), let I(x) € [K] be one of the indices such that \Cl?;)(l) N({z} x L, x
ZtH$)] is maximized. Since Ukeix Cil (1) D {x} x Ly x ZtH*, there are at least
|Ly|-miTs /K > m" s /m2+1 > 2 points in the set Cl?a})(l) N({z} x Ly x ZL9).

Define Ty := { Cyy) | f(z) = % }. For each z € f1(x), let T, be the set of all
C such that k € [K] and C}, accepts at least 2 elements from {(x, 0%, z)} x L, for
some x € f~1(1). We will show that the sets Ty, {T%}, f-1() are pairwise disjoint,
and hence K > [To|+ >, c p-1(,) |T:|. We will also prove that [Tp[ = |f~(*)| and
|T.| > DNFmop,, (f), which completes the proof.

Claim 9.50. [: f~(x) — [K] is injective (hence |To| = |f~1(%)|).
Claim 9.51. TyNT, = @ for any z € f~1(x).

Since the proofs of these claims are essentially the same as in Claim 923
and @24, respectively (except that we have extra coordinates taking values in
Zt, x Z%,), we omit them.

Claim 9.52. T,, N T,, = @ for any distinct elements 21,20 € f~1(x).

Proof. The proof is basically the argument from Claim 323. For completeness, we
briefly repeat it here. Towards a contradiction, assume that there exists a circuit
Ck in T,, NT,,. By the definition of T,, and T,, there exist elements z1,z2 €
Y1), a#be L., and ¢ € L,, such that Cj(z1,0%, 21,a) = Ck(z1,0%,21,b) =
Ck(x2,0%, 29,¢) = 1. Since C’k_l(l) is an affine subspace, we have (z1,0%, 21,a) —
(21,0, 21,b) + (22,0%, 22, ¢) = (22,0°,20,a — b+ ¢) € Cp'(1). Since C, (1) N
({(x2,0% 29)} X Z5,) C {(22,0% 22)} X L,, we get a—b+c € L,,. However, given
that ¢ € L,,, we obtain 0° # a—b € L, NL,,, which contradicts L,, NL,, = {0°}.

O

Fix any z € f~!(x). For each C} € T, define an AND o MOD,,, circuit C,
so that C, 1(1) = {z € Z¢, | Ck(z,0°,z,w) = 1 for some w € Z$, }. (Note that
a projection of an affine subspace C}; 1(1) is again an affine subspace because a
projection is a homomorphism.) Now define C, := \/Ck er. Ch-
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Claim 9.53. C, computes f for any z € f~Y(x). (In particular, |T,| >
DNFwop,,, (f)-)

Proof. Fix any x € f~1(1). Since {(z,0% 2)} x L, is covered by Urerx) C (),
and |L,| =m", K <m?*! and r = 2t + 2, there exists k € [K] such that there
are at least 2 elements in ({(z,0% 2)} x L.) N C; '(1); hence, by the definition
of T,, we have Cj, € T,. Moreover, C}(x) = 1 by the definition of C}; thus
Cx(z) = \/CkeTz Cplz) =1.

Now fix any x € f71(0). Since g(z, 0%, z,w) = 0 for every w € Z$,, we get
Ci(z,0%, z,w) = 0 for any C}, € T; thus C}(z) = 0, which implies that C(z) = 0.

O
Combining the claims above, we obtain
DNFmop,,(9) = K > [Tol+ > |Te| > |f7'(*)|- (DNFmop,, (f) + 1).
z€f (%)
This completes the proof of Thearem 9 47. O

We can then establish a hardness of approximation result for computing
DNFmop,, (f). For a function f: Z, — {0,1}, define |f| := m!, which is the

number of entries in the truth table of a function f.

Theorem 9.54. There exists a constant ¢ > 0 such that if there is a
quasipolynomial-time algorithm which approzimates DNFymop,, (f) to within a fac-
tor of cloglog |f|, then NP C DTIME(2(eem ™"y,

reduction [Fei98], one can obtain hardness of approximation results for the r-
bounded set cover problem. While Trevisan only analyzed the case when r is
constant (cf. Thearem 97), a similar analysis? shows that it is NP-hard (under
quasipolynomial-time many-one reductions) to approximate the r(n)-bounded
set cover problem on n points within a factor of ylogr(n) (= yloglogn) for
r(n) :=logn and some small constant v > 0.

Suppose that DNFmop,,(g) can be approximated to within a factor of
(v/6)loglog |g| by an algorithm A, where g: Z!, — {0,1} is a total func-
tion. We show below that if A runs in quasipolynomial time, then NP C
DTIME(2(0sm) 7).

First, note that in order to conclude this it is enough to describe a
quasipolynomial-time algorithm B that approximates r-Bounded Set Cover to
within a factor of ylogr(n) for r(n) = logn. Let ([n],S) be an instance of the
r-Bounded Set Cover Problem. Algorithm B applies the deterministic n©" ().
time reduction provided by to produce a partial Boolean function
f: Zor s _y {0,1,=}. It then invokes the deterministic reduction from Theod

Eem 947 to construct from f a total function g: Z,?@(Tlogn) — {0,1}. Finally, B
uses the approximation algorithm A to compute a (/6) loglog |¢g| approximation
to DNFmop,, (9)- Let g € N be the value output by A. Algorithm B outputs

K =2g/[f(%)].

" Specifically, for the parameters and notation in [E&i9g|, given a 3CNF-5 formula on n
variables, let k be a sufficiently large constant, m := /logn, and ¢ := cloglogm for a large
constant c. Then the output of Feige’s reduction is an instance of the set cover problem on
N (= m(t’m)z) points such that each set is of size at most m2°® < r(N) = log N, and the
gap between yes instances and no instances is (1 — £)Inm = Q(loglog N).
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Note that B runs in quasipolynomial time under our assumptions. It remains
to show that it approximates the solution of the original set cover problem within
a factor of yloglogn. Let K be the cost of an optimal solution to the initial set
cover instance. Recall that 2DNFyop,, (f) is a 2-factor approximation for K
that is, K < 2-DNFpmop,,(f) < 2K. On the other hand, the guarantees of the
algorithm A imply that

DNFwmop,,(9) < g < DNFwop,,(9) - (7/6)loglog|g].

Since DNFmop,, (9) = |f 71 ()| - (DNFmop,, (f) + 1), we get

29
K < == < (7/6)loglog|g| - (K +1)
[f =100
Therefore, for large enough n and on non-trivial instances (i.e. K > 1), the
value K output by B approximates K to within a factor of 2 - (v/6)loglog|g| <
(7v/3) - (logr(n) + loglogn + O(1)) < (v/3) - 3loglogn. O

Finally, we note that when m is prime, it is possible to design a
quasipolynomial-time approximation algorithm for DNFyop,, (f) with an approx-
imation factor of O(log |f]).

Theorem 9.55. Let p be a prime number. There is a quasipolynomial-time
algorithm which approzimates DNFmop, (f) to within a factor of In|f].

Proof. Let |f| = p' be the number of entries in the truth table of f, the input
function. By the results of Bubsecfion 9272, computing DNFuop, (f) is equivalent
to solving a set cover instance. Recall that set cover admits a polynomial-time ap-
proximation algorithm that achieves an approximation factor of In N on instances
over a universe of size N (cf. [SIa97]). Consequently, in order to prove the result
it is enough to verify that computing DNFyop, (f) reduces to a set cover instance
with domain size Ny := |f~(1)| < |f| and of size at most quasipolynomial in |f|.

Indeed, for a non-zero function f: Z;, — {0,1}, DNFmop, (f) is exactly the
minimum number of affine subspaces that cover f~1(1). Therefore, by relabelling
elements, computing DNFpop, (f) reduces to a set cover instance ([Ny|,Sy),
where a set S € Sy if and only if S viewed as a subset of Z}; is an affine sub-
space contained in f~1(1). Each such affine subspace has dimension at most t,
and can be explicitly described by a basis vy,...,vs € Z};, where ¢ < t, and a

vector b € Z;. Hence there are at most po(tQ) such spaces, and consequently,

ISyl < po(tz). In other words, we get a set cover instance over a ground set of
size < |f|, and this instance contains at most |f|?U1°g!/) sets.

Finally, since the sets in Sy can be generated in time at most |f |OCog|F1)
and the set cover approximation algorithm runs in time polynomial in its input
length, the result holds. (I
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Chapter 10

Hardness Under Local Reductions

In this chapter, we show that MKTP is hard for the complexity class DET
under local reductions, that is, reductions whose output bit depends on a small
number of input bits. This is surprising, because prior work on MCSP and
MKTP had highlighted weaknesses of “local” reductions such as DTIME(n®49)
reductions. We exploit our local reduction to obtain several new consequences,
such as the equivalence between circuit lower bounds and hardness of MKTP#
for some class of oracles A. We start with outlining the contributions of this
chapter in the next section.

10.1 Background and Overview

Hardness Under Local Reductions

Murray and Williams [MW1T7] showed that MCSP and MKTP are not TCO-
hard under “local” reductions, i.e., reductions that are not given enough time to
read the whole input. Specifically, they considered a n%4?-time reduction such
that, given random access to an n-bit input and an index ¢ € [no(l)], the reduction
computes the ith bit of the output in n%49 steps, and showed that even PARITY
is not reducible to MCSP under such a local reduction. Murray and Williams
speculated that this might be a promising first step toward showing that MCSP
is not hard for NP under Dlogtime-uniform AC® reductions, since it follows from
[Agrid] that any set that is hard for TCY under P-uniform ACC reductions is also
hard for TC® under P-uniform NC reductions. Indeed, the results of Murray and
Williams led us to expect that MCSP and MKTP are not even hard for PARITY
under nonuniform NC reductions.

Contrary to these expectations, we show that MKTP is hard not only for TCY
but even for the complexity class DET under nonuniform NC° reductions (IThead
tem 103). Here DET is the class of problems that are reducible to the problem
Det of computing the determinant of integer matrices, by NC'-Turing reductions.
DET lies between L and P. Under a plausible derandomization hypothesis, our
nonuniform reduction can be converted into a Dlogtime-uniform §ﬁc0 reduction
that is an AND of NC°-computable queries. Thus “local” reductions are more
effective for reductions to MKTP than may have been suspected.

Our DET-hardness result is proved by building on a randomized reduction
of [AGyMT18], reducing Graph Isomorphism to MKTP. We modify that con-
struction, to obtain a nonuniform AC® reduction (Corollary 10.2). The restricted
version of Graph Isomorphism that we use is known to be hard for DET [Tor(4)].
Our proof of Mheorem 103 then appeals to the “Gap Theorem” of [AARIY], in
order to conclude that DET §r'\I'ICO MKTP; the Gap Theorem states that, for any
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class C closed under TC? reductions, C-hardness under Sﬁlco reductions implies
C-hardness under SI’\IIICO reductions.

Our hardness results (both unconditional hardness results under nonuniform
reductions, and conditional uniform hardness results) are summarized in Iad

bBle TOTI.

Table 10.1: Hardness for MKTP4: MKTP# is hard for DET under the type of
reducibility listed in the first column, if oracle A satisfies the condition listed
in the second column. The last column shows the theorem where the result is
stated.

reductions R condition on A Theorem
nonuniform SI'\LCO every A Theorem 103
P-uniform <AC" E & i.0.SIZEMKTP? (2en) Corollary 109
L-uniform <AC’ DSPACE(n) Z i.0.SIZEMKTP# (gen) [Cheorem 103
Dlogtime-uniform Sé&o 34 TIME(n) hard on average for i.0.SIZEMKTPA (2¢™) || Theorem 104

Equivalence Between Circuit Lower Bounds and Hardness

As shown in [Chapter 1, hardness of MCSP under deterministic reductions im-
plies circuit lower bounds. It is natural to wonder whether the converse direction
holds. That is, does circuit lower bounds imply hardness of MCSP? Note that
it is known that if PSPACE C P/poly then MCSP is NP-hard under ZPP-Turing
reductions [ABKT06H, IK'VTR]; in this sense, NP-hardness of MCSP is open only
in the case when there is a circuit lower bound of PSPACE Z P /poly.

While we are not able to fully answer the question, we make the partial
progress by considering an oracle version of MKTP4. For any oracle A satisfying
MKTP4 C P/poly, we show that DSPACE(n) € i.0.SIZE*(2¢") for some € > 0 if
and only if MKTP# is hard for DET under a certain class of reducibilities. (See
MTheorem 1074, and the Remark after [Corollary 10.10.)

Non-Oracle-Independent Reductions

In Chapter 7, we showed that MCSP# ﬁr'? MCSP for some oracle A unless
MCSP € P. The oracle A is constructed by a diagonalization argument, so it is
a very artificial. A natural question is whether a similar behavior happens for
a natural oracle A. Here we show that DET reduces to MKTP (Chearem T(0°3),
whereas even PARITY is not reducible to MKTPRBF (Corollary T0.10) under some
logspace-uniform ACY reductions, assuming a plausible complexity assumption.
Thus the power of MKTP4 oracles is not monotone increasing with respect to
even natural oracles A such as QBF oracles. It should be also noted that the
reduction from DET to MKTP under logspace-uniform ACY reductions is not
oracle-independent because it does not generalize to a reduction to MKTP4 for
A = QBF. (The part of a proof in which the reduction is not oracle-independent
is simply the plausible complexity assumption which we assume in order to de-
randomize the reduction from DET to MKTP.)

Preliminaries: Uniformity of Circuits

In this chapter, we will use various notions of uniformity of circuit families.
For example, the class ACY (corresponding to families {C,, : n € N} of unbounded
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fan-in AND, OR, and NOT gates having size n®!) and depth O(1)) comes in
various flavors, depending on the complexity of computing the mapping 1" — C),.
When this is computable in polynomial time (or logarithmic space), then one
obtains P-uniform AC? (logspace-uniform ACY, respectively). If no restriction at
all is imposed, then one obtains nonuniform AC’. As discussed in [Val94], the
more restrictive notion of Dlogtime-uniform AC? is frequently considered to be
the “right” notion of uniformity to use when discussing small complexity classes
such as ACY, AC°[p] and TC®. If these classes are mentioned with no explicit
mention of uniformity, then Dlogtime-uniformity is intended. For uniform NC!
the situation is somewhat more complicated, as discussed in [Vol99]; there is wide
agreement that the “correct” definition coincides with ATIME(O(logn)).

10.2 Hardness of MKTP under nonuniform many-one reductions

We modify the ZPP reduction of [AGvMT18 Section 3.1], which reduces the
rigid graph isomorphism problem to MKTP, showing that it can be replaced
by a nonuniform AC® reduction. Here we say that a graph is rigid if it has no
nontrivial automorphisms.

Lemma 10.1. Let A be any oracle. There is a function f computable in
Dlogtime-uniform AC® such that, for any two rigid graphs Go, G1 with n ver-
tices:

o Pr.[f(Go,G1,7) € MKTPA] > 1 — —L; if Gy # Gy, and

24n2
o Pr.[f(Go,G1,7) € MKTPA] =1 if Gy = G.

Proof. We present the proof for A = &; however, it is immediate that the proof
carries over for any oracle A. The function f is given by the reduction presented
in [AGvMT18, Section 3.1], showing that the Rigid Graph Isomorphism Problem
is in Promise-ZPPMKTP  This reduction takes graphs Gy and G; as input, and
interprets the random coin flip sequence r as a tuple (w, II) where II is a sequence
of t random permutations 7y, ..., 7, and |w| = t.

We make use of a result of Hagerup [Hag91], showing that there is a func-
tion e computed by Dlogtime-uniform AC? circuits,? generating a nearly-uniform
distribution on permutations of n elements. More precisely, let S,, denote the
symmetric group on [n]|, where permutation o is represented as a binary string of
the form o(1)...0(n). Then for every ¢ there is a k > ¢ and a Dlogtime-uniform
AC’-computable function e : {0,1}"" — S, U{0"1°8"} such that, for every o € Sy,

Pr [e(s)=o] > 1/nl—27
s€{0,1}7"

and PrSG{O,l}"k [e(s) = 0nloen) < 9",

Following the presentation in [AGYM¥18], our AC? reduction takes two graphs
Gy and G, along with a random string r = wsyss...s; where |w| =t = no)
and each s; has length n*, where k and ¢ (from the previous paragraph) are
chosen so that 27%/2 + t/ on’ < g—dn? Thus, for a randomly-chosen r, with
probability at least 1 — (£/2"), in AC? we can compute the pair (w,II) where
II = my,me,...m = e(s1),e(s2),...,e(st). Next we compute the string z, =

'"Hagerup [Hag91] states this result in terms of CRCW PRAMs with a polynomial number of
processors, running for O(1) steps. It is known [BISYl] that this class coincides with Dlogtime-
uniform ACO.
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T1(Guw,), -, Tt(Gyw,). (With probability at most t/Q”Z, some e(s;) consists of a
block of zeros, in which case our AC? function will set z, equal to a string of zeros,
indicating failure.) We observe this is computable in AC’: Graphs are encoded
as adjacency matrices. Thus, given a graph G and a permutation 7, the bit (7, s)
of (@) is the same as the bit (i,j) in G, where 7(i) = r and 7(j) = s. That is,
position (r,s) in the output is the OR; ; (taken over all relevant positions (4, j)
in the encoding of ) of [G;; AND [the encoding of 7 contains the strings (7,7)
and (7, s)]]. This latter condition can easily be checked in AC°.

The proof in [AGvMT18, Section 3.1] shows that, if Gy = G, then KT (z,) <
t(logn!) +t/2.

On the other hand, [AGvM™18] observes that if Gy # G then the entropy
of the distribution on strings z;, (assuming ¢ uniformly random permutations
and a uniformly-randomly chosen string w) is at least ¢ + ¢ log(n!), and hence the
probability that KT(x,) < (t+tlog(n!))—t/2 is at most 2-*/2. In our setting, the
permutations are very nearly uniformly random (and it approaches the uniform
distribution as ¢ increases), and there is also the possibility that z, does not
consist of t permuted graphs, but instead is all zeros. This latter condition arises
with probability at most t/ on’, Recalling that 27%/2 + ¢/ o’ < 2_4”2, we now
have the following:

o If Gy = G, then KT(z,) < t(logn!) + /2.

e If Gy # Gy, then with probability > 1—274"* we have KT(z,) > t(logn!)+
t/2.

We are now ready to define the AC’-computable function f: f(Go, G1,7) =
(xr,0), where 6 = t(logn!) + t/2. We have established that f has the desired
properties. (I

Corollary 10.2. Let A be any oracle. The rigid graph isomorphism problem is
reducible to MKTPA via a nonuniform Sﬁco reduction.

Proof. A standard counting argument shows that there is a value of r that can
be hardwired into the probabilistic reduction of Cemma T 1 that works correctly
for all pairs (Gp, G1) of n-vertex graphs. (Note that the length of the input is
2n2, and the error probability is at most 1/247°)) O

Theorem 10.3. Let A be any oracle. DET is reducible to MKTP# via a nonuni-
form SI'\I'ICO reduction.

Proof. Since DET is closed under SIICO reductions, it suffices to show that
MKTP4 is hard under Sgco reductions, and then appeal to the “Gap” theorem
of [A/ARYY], to obtain hardness under Sﬁco reducibility. Tordn [Tor04] shows
that DET is AC%-reducible to GI. In fact it is shown in the proofs of Theorem 5.3
and Corollary 5.4 of [Tor04] that DET is AC’-reducible to GI via a reduction that
produces only pairs of rigid graphs as output. Composing this reduction with the
nonuniform AC? reduction given by completes the argument. [

We mention that the reduction of Thearem 103 is “natural” in the sense of
[KCOO]: A reduction is said to be natural if the size parameter of the reduction
depends only on the input length.

Since our reduction is efficient, an appeal to the circuit lower bounds of
Razborov and Smolensky [Raz87, SmoR7] now yields the following corollary:
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Corollary 10.4. MKTP* is not in AC°[p] for any oracle A and any prime p.

In Chapfer 17, we will strengthen to an average-case lower
bound.

10.3 Equivalence between hardness of MKTP and circuit lower
bounds

The reader may wonder whether the nonuniform reduction can be made uni-
form under a suitable derandomization hypothesis. We do not know how to
obtain a uniform AC’-many-one reduction, but we can come close, if the oracle
A is not too complex. Recall the definition of ctt-reductions: B <&, C' if there
is a function f € C with the property that f(z) is a list f(z) = (y1,...,Ym), and
x € B if and only if y; € C for all j. Furthermore, we say that f is a natural
logspace-uniform SCAt%O—reduction to MKTP if each query y; has the same length
(and this length depends only on |z|), and furthermore each y; is of the form
(2j,0) where the threshold 6 depends only on |z|.

The following theorem can be viewed as a “partial converse” to results of
[MWT7, AHKT7], which say that problems in LTH C E require exponential size
circuits if MCSP or MKTP is hard for TC? under Dlogtime-uniform §ﬁf0 reduc-
tions.? That is, the earlier results show that very uniform hardness results imply
circuit lower bounds, whereas the next theorem shows that somewhat stronger
circuit lower bounds imply uniform hardness results (for a less-restrictive notion
of uniformity, but hardness for a larger class). Later on, in Theorem 1074, we
present a related condition on reductions to MKTP# that is equivalent to circuit
lower bounds.

Theorem 10.5. Let A be any oracle. If there is some ¢ > 0 such that
DSPACE(n) < i.o.SIZEMKTPA(QE"), then every language in DET reduces to
MKTPA via a natural logspace-uniform ScAt%O-Teduction.

Proof. Let B € DET. Thus there is an AC? reduction g reducing B to the Rigid
Graph Isomorphism Problem [Tor(04]. Consider the following family of statistical
tests T,(r), indexed by strings x:

On input r:
Compute z = f(g(z),r), where f(Go,G1,7) is the function from
Cemma TOT.
Accept iff (z € B iff z € MKTP4).

Since B € DET C P, the test T (r) has a polynomial-size circuit with one MKTP4
oracle gate. (In fact, the statistical test is an NC? circuit with one oracle gate.) If
x € B, then T, accepts every string r, whereas if x & B, T, accepts most strings
r.

Klivans and van Melkebeek [K¥M0OZ] (building on the work of Impagliazzo
and Wigderson [[WY7]) show that, if DSPACE(n) requires exponential-size cir-
cuits from a given class C, then there is a hitting set generator computable in
logspace that hits all large sets computable by circuits from C that have size n*.
In particular, under the given assumption, there is a function h computable in
logspace such that h(0™) = (r1,72,...,7rse) with the property that, for all strings

x of length n, there is an element of h(0") that is accepted by 7.

*Recall that LTH = (J, ZxTIME(O(n)) is the linear-time analog of the polynomial time
hierarchy.
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Now consider the logspace-uniform AC? oracle circuit family, where the circuit
for inputs of length n has the strings h(0") = (r1,72,. .., pe) hardwired into it.
On input z, the circuit computes the queries f(g(z),r;) for 1 < i < n€ and
accepts if, for all i, f(g(x),r;) € MKTP4. Note that if 2 ¢ B, then one of the
r; is accepted by T, which means that f(g(z),r;) & MKTP4; if 2 € B, then
f(g(x),7;) € MKTPA for all 4. This establishes that the reduction is correct. [J

It is also possible to prove a result analogous to Cheorem 107H, in terms of
Dlogtime-uniform AC? reductions, in place of logspace-uniform AC? reductions.
However, this requires a much stronger, average case circuit lower bound, for sets
in LTH (as opposed to DSPACE(n)):

Theorem 10.6. Let A be any oracle. There is a constant ¢ such that, if there is
some € > 0,b > 1 and a set B in the d-th level of LTH such that, for all large n
and every oracle circuit C of size 2",

Pr [B(z) = CMETPY(2)] < 1 — 1/nb,
ze{0,1}™

then every language in DET reduces to MKTP4 via a natural Dlogtime-uniform
SCAt%O -reduction of depth d + c.

Proof. The idea is similar to the proof of Theorem TOH. Let B € DET. We
consider the same family of statistical tests Ty (7).

Viola [Vio0H, Theorem 4.3] shows that, under the hypothesis of Thearem 106,
there is a pseudorandom generator G: {0,1}°0°8™) — [0 1}"° that is secure
against all statistical tests computable by circuits of size n®. In particular, as
in the proof of Thearem T4, we obtain a hitting set generator h. The depth
required by the construction in [Vio03] is d + O(1).

The rest of the proof proceeds precisely as in the proof of Thearem 103H. [

We remark that the hardness assumption of MThearem T0H (DSPACE(n) €
i.0.SIZEMKTP? (2°")) can probably be weakened (saying that DSPACE(n) requires
large circuits of some restricted sort), since the class of statistical tests that need
to be fooled consists only of NC? circuits with one oracle gate. On the other hand,
Cheorem 107 indicates that the hardness assumption that we use is equivalent
to the existence of uniform reductions, for certain oracles A — so it is not clear
that there is much to be gained by searching for a weaker hardness assumption.

MTheorem 103 deals with the oracle problem MKTP#, but the most interesting
case is the case where A = &, both because the hypothesis seems most plausible
in that case, and because MKTP has been studied in connection with MCSP,
which has been studied more than the associated oracle circuit problem MCSP4.
The hypothesis is false when A = QBF, since the KT# measure is essentially the
same as the KS measure studied in [ABKT06H], where it is shown that PSPACE =
ZPP#xs  and thus PSPACE has polynomial-size MKTP®BF_circuits. Strikingly, it
is of interest that not only the hypothesis is false in this case — but the conclusion
is false as well. (See [Corollary 10.10.)

For certain oracles (and we discuss below how broad this class of oracles is),
the existence of uniform reductions is equivalent to certain circuit lower bounds.

Theorem 10.7. Let MKTP4 € PA/poly. Then the following are equivalent:

e PARITY reduces to MKTP# via a natural logspace-uniform SCAt%O-reduction.
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e For some e > 0, DSPACE(n) ¢ i.0.SIZE4(2¢™).

e For some ¢ > 0, DSPACE(n) € i.0.SIZEMKTP? (gen),

e DET reduces to MKTP via a natural logspace-uniform ScAt(t:O -reduction.
Furthermore, if PARITY reduces to MCSP wia a natural logspace-uniform SCAtEO-
reduction, then all of the above hold.

Proof. First, we show that the first condition implies the second.

Let {C,, : n € N} be a logspace-uniform family of oracle circuits computing
PARITY, consisting of AC? circuitry feeding into oracle gates, which in turn are
connected to an AND gate as the output gate. Let the oracle gates in C,, be
91,92, - - ., gne. On any input string z, let the value fed into gate g; on input x be
(gi(z),0), and recall that, since the reduction is natural, the threshold § depends
only on n, and thus it is a constant in C),.

At this point, it is useful to recall a lemma from [AHKTY] (distilled from

MCSP4 on inputs f € {0,1}™, with the size parameter fized to 0, is solved by a
DNF formula of size m - 20(6%log0)

Thus, by Cemma TR, each MKTPRBF oracle gate can be replaced by a DNF
formula of size at most nO(1)20(0?10g0), Inserting these DNF formulae into C,
(in place of each oracle gate) results in a circuit of size nO(1)20(6log9) computing
PARITY. Let the depth of this circuit be some constant d. It follows from [Has86]
that nO(1)20(6%10g0) > 29(”1”‘171)), and hence that > nl/4d,

Note that all of the oracle gates g; must output 1 on input 0"~'1, and one of
the oracle gates g;, must output 0 on input 0”. Thus we have KT (g;,(0")) >
0 > n'/* It follows from [ABKT06H, Theorem 11] that the function with
truth table g;,(0™) has no circuit (with oracle gates for A) of size less than
(KTA(in(On)))I/g > 91/3 > n1/12d_

Note that, in order to compute the j-th bit of some query ¢;(0™), it suffices
to evaluate a logspace-uniform AC circuit where all of the input bits are 0.
Since this computation can be done in logspace on input (0"1¢07), note that the
language H = {(n,,7) : the j-th bit of query ¢;(0") is 1} is in linear space. Let
m = |(n,1,7)|, and let s(m) be the size of the smallest circuit D,, computing H
for inputs of length m. Hardwire the bits for n and also set the bits for ¢ to ig.
The resulting circuit on |j| < m bits computes the function given by g;,(0™), and
it was observed above that this circuit has size at least n!/20d > 9m/20d,

This establishes the first implication. (Note also that a similar argument
yields the same conclusion from the assumption that PARITY reduces to MCSP4
via a natural logspace-uniform Sé%o-reduction.)

The assumption that MKTP4 € P4 /poly suffices to show that the second
condition implies the third. More formally, we’ll consider the contrapositive.
Assume that DSPACE(n) C i.o.SIZEMKTPA(QE”) for every e > 0. An oracle gate
for MKTP# on inputs of size m can be replaced by a circuit (with oracle gates for
A) of size m® for some constant c. Carrying out this substitution in a circuit (with
oracle gates for MKTP#) of size 2 yields a circuit of size at most 2¢" 4-2¢" (27,

Let 6 > 0. Then we can pick € small enough so that 2 4 2°7(2¢7)¢ < 207
thereby establishing that DSPACE(n) C i.0.SIZE#(2°") for every § > 0. This
establishes the second implication.
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Theorem TO A establishes that the third condition implies the fourth. The
fourth condition obviously implies the first. O

To the best of our knowledge, this is the first theorem that has given conditions
where the existence of a reduction to MCSP4 implies the existence of a reduction
to MKTP#. We know of no instance where the implication goes in the opposite
direction.

The logspace uniformity condition in Mhearem T4 can be replaced by other
less-restrictive uniformity conditions. We mention the following example:

Corollary 10.9. Let MKTP ¢ PA/poly. Then the following are equivalent:
e PARITY reduces to MKTP4 via a natural P-uniform ScAtCt:O -reduction.
e For some € > 0, E Z i.0.SIZEA(2").
o For somee>0,EZ i.o.SIZEMKTPA(Qm).
e DET reduces to MKTP# wvia a natural P-uniform §CA§O -reduction.

Furthermore, if PARITY reduces to MCSP? via a natural P-uniform SCAt%O-
reduction, then all of the above hold.

At this point, we should consider the class of oracles for which [Chearem 107
applies. That is, what is the set of oracles A for which MKTP4 e PA /poly?
First, we observe that this condition holds for any PSPACE-complete set, which
yields the following corollary:

Corollary 10.10. PARITY does not reduce to either MKTP®RBF or MCSPQBF
via a natural logspace-uniform Sé%o-reduction,

Remark. As an instructive example of an oracle A for which MKTP# € P4 /poly,
consider the set A = {(M,z,1™) : M is an alternating Turing machine that
accepts z, and runs in time at most m and makes at most log m alternations}. A
is complete for the class ATIME — ALT(n°, O(log n)) under Sgco reductions. It
is easy to see that MKTP4 € ATIME — ALT(n°M, O(log n)), and thus MKTP4 €
pA, (Other examples can easily be created in this way, using an even smaller
number of alternations.) Note that, for this oracle A, it seems plausible that all

four conditions in Mheorem 107 hold.

Nonetheless, we do grant that this does seem to be a strong condition to
place upon the oracle A — and it has even stronger consequences than are listed
in Mheorem 1074, For instance, note that the proof that the first condition in
Cheorem 1074 implies the second relies only on the fact that PARITY requires
large AC? circuits. Thus, an identical proof shows that these four conditions are
also equivalent to the condition that PARITY is reducible to MKTP# via a natural
ctt-reduction where the queries are computed by logspace-uniform ACY[7] circuits.
(Or you can substitute any other problem and class of mod circuits, where an
exponential lower bound is known because of [Raz87, SmoR7].) In fact, as in the
proof of [AHKTY, Lemma 3.10] we can apply random restrictions in a logspace-
uniform way (as described in [AgrIl]) and obtain a reduction from PARITY to
MKTP# where the queries are computed by logspace-uniform NC° circuits! For
example, here is an argument showing that MAJORITY is reducible to MKTP#
(for oracle A satisfying the hypotheses of Thearem T017) via natural ctt-reductions
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computed by logspace-uniform AC®[3] circuits iff PARITY is reducible to MKTP4
via reductions where the queries are computed by logspace-uniform NCY circuits:

Assume first that MAJORITY is reducible to MKTPA via natural ctt-
reductions computed by logspace-uniform AC[3] circuits. The proof that the
first condition in Mheorem TO A implies the second also shows that the second
condition holds if MAJORITY is reducible to MKTP# via natural ctt-reductions
computed by logspace-uniform AC°[3] circuits. (The only things that need to be
changed, are (1) every occurrence of “PARITY” should be changed to MAJORITY”
(2) the phrase “consisting of AC? circuitry feeding into oracle gates” should be
changed to “consisting of AC°[3] circuitry feeding into oracle gates”, and (3) “Note
that all of the oracle gates g; must output 1 on input 0" 117 should be replaced
by “Note that all of the oracle gates g; must output 1 on input 1"”.) Thus,
under our assumption, all four of the conditions in Theorem 10 hold. In partic-
ular, PARITY reduces to MKTP via a natural logspace-uniform SCAtEO—reduction.
The AC’-computable function f that computes the list of oracle queries has the
property that there is a logspace-computable restriction p that leaves n® input
variables unset (for some e > 0) with the property that the function f|, on n¢
variables is NC-computable. (See, e.g., [AARYR, Lemma 7] and see [Agrll] to
see how p can be computed in logspace.) This yields the claimed reduction from
PARITY to MKTP# where the queries are NC*-computable.

Conversely, assume now that PARITY is reducible to MKTP# via a natural
§é€0—reduction where the queries are computed by logspace-uniform NCP circuits.
This is a stronger condition than the first condition on Mhearem 104, and hence
all four of these conditions hold. In particular, DET reduces to MKTP via SCAt%O
reductions. The claim now follows, since MAJORITY € DET.

We find these implications to be surprising. The “gap” phenomenon that was
described in [AARYS] (showing that completeness under one class of reductions
is equivalent to completeness under a more restrictive class of reductions) had
not previously been observed to apply to AC?[p] reducibility.

We want to highlight some contrasts between MThearem TOH and Carol
lary 10.10. MKTP®BF is hard for PSPACE under ZPP-Turing reductions
[ABKT06h], whereas MKTP is in NP. Thus MKTPRBF appears to be much
harder than MKTP. Yet, Theorem T3 shows that, under a plausible hypoth-
esis, the “easier” set MKTP is hard for DET, whereas (by [Corollary 10.10) the
“harder” problem MKTP®BF cannot even be used as an oracle for PARITY under
this same reducibility. In other words, the (conditional) natural logspace-uniform
gCAt%O reductions from problems in DET to MKTP given in Thearem T H are not
“oracle-independent” in the sense of [Chapter 1.

Prior to this work, it appears that there was no evidence for any variant of
MCSP or MKTP being hard for a reasonable complexity class under SPLF reduc-
tions. All prior reductions (such as those in [ADT7, ABKT06H, AGvM™18]) had
been probabilistic and/or nonuniform, or (even under derandomization hypothe-
ses) seemed difficult to implement in NC. But Mhearem 1074 shows that it is quite
likely that MKTP is hard for DET under S% reductions (and even under much
more restrictive reductions). Previously, we had viewed the results of [AHKTT]
as providing evidence that none of these variants would be hard for P under, say,
logspace reducibility. Now, we are no longer sure what to expect.
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10.4 On the importance of uniformity

Surprisingly, the notion of uniformity appears to be central. In particular,
the reader is probably wondering whether the logspace-uniformity condition in
[hearem 103 (relating hardness of MKTP# to worst-case circuit lower bounds)
can be improved to Dlogtime-uniformity. As a partial answer to this question,
we note that Viola [VioD5] shows that there is no black-box construction of a
pseudorandom generator computable in AC? that is based on worst-case circuit
lower bounds. In this section, in Theorem TO T2, we show that, when consid-
ering hardness of MKTP and MCSP, small details about the complexity of the
reduction (including the precise depth, and the notion of uniformity) cannot be
ignored.

First, we recall Corollary 3.7 of [AHKT7], which states that MKTP®BF is not
hard for P under < reductions unless PSPACE = EXP. It turns out that this

—1m
holds even for logspace-Turing reductions.

Theorem 10.11. MKTPQBF is not hard for P (or NP) under <k reductions
unless PSPACE = EXP (PSPACE = NEXP, respectively). MKTP®EF is not hard
for PSPACE under §% reductions. The same holds for MCSPQBF

We include this proof here, both because it improves a corollary in [AHKTT],
and because the proof can be viewed as a warm-up for the proof of Thearem T T.

Proof. First, note that <% and <k reducibilities coincide [LL76]. Thus assume
that MKTP®EF is hard for P under <} reductions; we will show that PSPACE =
EXP. (The proof for MCSPQBF is identical, and the variant concerning hardness
for NP is analogous.)

The proof idea is as follows: Assume that P C L%KTPQBF. (Here, Lt means a
<k reduction.) By standard padding, we obtain EXP C PSPACE%KTPQBF. Any
query of a PSPACE; machine has low KT®BF complexity. Moreover, one can
check whether a string has low KT®BY complexity in PSPACE. Combining these
two facts, we obtain EXP C PSPACEXIKTPQBF = PSPACE. A formal proof follows.

Let B € EXP. Let B’ = {gvl()leI : x € B} and note that B’ € P. Consider the
<k reduction that reduces B’ to MKTP#. On any input string v, let the i-th
oracle query be ¢;(y). The language {(7, j,z) : the j-th bit of qi(:nl()z‘m‘) is 1} is
in PSPACE and thus is in P®BF. It follows that qi(mIOQ‘I‘) is of the form (y;, 6;),
where KT®BF () = |,4,7|°M). Thus, to evaluate the oracle query ¢; on input
xlOQlI‘, this PSPACE computation (on input x) suffices: Compute the bits of 6;;
this can be done in PSPACE, since the number of bits in 6; is at most |z|9(),
and each bit is computable in PSPACE. If 6; > |x, 1, j|¢ (for the appropriate value
of ¢), then return “1” since the query y; certainly has KT# complexity less than
this. Otherwise, try all descriptions d of length at most 6;, to determine whether
there is some such d for which U®BF(d, j) is equal to the j-th bit of ¢; (allowing
at most |z, 1, j|° steps for the computation of U).

The rest of the S'{t reduction on input 2102 can be computed in space
|z|9M) | by re-computing the values of the oracle queries, as required.

The unconditional result that MKTP®BF is not hard for PSPACE under g%
reductions follows along the same lines, choosing B € EXPSPACE, and leading to
the contradiction EXPSPACE = PSPACE. O

A similar approach yields the following result:
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Theorem 10.12. For each d > 0, if ¥, C P*/poly and PSPACE ¢ PH?,

then neither MKTPA nor MCSP4 is hard for NC' under Dlogtime-uniform §ﬁc0
reductions of depth d.

Proof. We present the proof for MKTP4; the proof for MCSP# is identical.

Assume that MKTP# is hard for NC! under Dlogtime-uniform StAtCO reduc-
tions of depth d; we will show that PSPACE C PHA.

By the closure properties of PH, it will suffice to show that ATIME(n) C PHA.

Let B € ATIME(n). Let B’ = {2102” : 2 € B} and note that B’ € NCI.
Consider the oracle family (C,,) that reduces B’ to MKTP#. Let the oracle gates
in Conypy1 be g1,92,...,9¢. On any input string y, let the query that is fed into
gate g; be ¢;(y). The language {(2* + |z| + 1,4, 4, ) : the j-th bit of qi($102‘z‘)
is 1} is in XY, and thus is in P4 /poly. Tt follows that qi(x102|$|) is of the form
(yi,0;), where KT4(y;) = |x,,§|°M). Thus, to evaluate oracle gate g; on input
:c102|x‘, this PH4 computation (on input z) suffices: Compute the bits of 6;; this
can be done in PH, since the number of bits in 6; is at most |2|°(), and each bit
is computable in PH. If §; > |z, 1, j|° (for the appropriate value of ¢), then return
“1” since the query y; certainly has KT complexity less than this. Otherwise,
guess a description d of length at most 6;, and universally check (for each j) that
UA(d,j) is equal to the j-th bit of ¢; (allowing at most |z,4,7|° steps for the
computation of U).

To evaluate the rest of the circuit, note that the unbounded fan-in AND and
OR gates that sit just above the oracle gates can also be evaluated in PHA (at
one level higher in the hierarchy than is required to evaluate the oracle gates).
Repeating this process through the remaining O(1) levels of the circuit yields the
desired PH# algorithm for B. [l

Remark. The significance of Theorem T T9 is best viewed by combining it with
Chearem TOH. If we choose A to be any PP-complete set, or if we choose A to
be one of the sets discussed in the Remark after Corollary 10.10, then for all d

we have X, C P4 and both of the hypotheses

e PSPACE ¢ PH*, and
o DSPACE(n) ¢ i.0.SIZEMKTP# (gen)

are plausible. Thus, for such oracles A, under a plausible hypothesis, we have
both MKTP is not hard for NC! under Dlogtime-uniform StAtCO reductions, and
MKTP# is hard for DET under logspace-uniform Sé&o reductions. Thus different
notions of uniformity are a key part of the puzzle, when trying to understand the
hardness of problems such as MKTP and MCSP.

As another example, choose A to be any set that is complete for EZ 4o, and
assume PSPACE # PH. Then under the strong-but-plausible hypothesis that
there is a set B € Xy TIME(n) that has large symmetric difference with any set
in SIZEMKTP®(2n) e have $,, C P4 and PSPACE ¢ PH* = PH, thereby
satisfying the hypotheses of both Theorem TO T and Mheorem TO®H. Thus, for
this choice of A, under a plausible hypothesis, we have both MKTP# is not hard
for NC! under Dlogtime-uniform g{}co reductions of depth d, and MKTP# is
hard for DET under Dlogtime-uniform <A reductions of depth d’ + ¢ (where c
is the constant from Mheorem TO6).

In both of these examples, the key ingredient seems to be that, in order for
AC® to be able to reduce problems to MCSP4 or MKTP4, it is essential to be
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able to formulate useful queries, by either having sufficient depth, or by having
sufficient power in the uniformity condition.

We are even able to extend our approach in some cases, to apply to AC’-Turing
reducibility.

Theorem 10.13. Let NP4 C P4 /poly. If PSPACE € PHA, then neither MKTPA
nor MCSPA is hard for NC' under Dlogtime-uniform §éc0 reductions.

Proof. The proof is similar to that of [Cheorem T0T2. Assume that MKTPA
is hard for NC! under Dlogtime-uniform §éc0 reductions; we will show that
ATIME(n) C PH4 by presenting a PHA algorithm to evaluate the gates in the
S/%CO reduction of the NC! language B’ from the proof of [hearem 1012

Note that in a circuit computing an S/%CO reduction, there is an “initial” layer
of oracle gates, whose queries are computed nonadaptively, while all oracle gates
at deeper levels have queries whose values depend upon oracle gates at earlier
levels in the circuit. Note also that, under the given assumption NPA C PA /poly,
we can conclude that PHA C PA/pon.

The proof now proceeds along precisely the same lines as the proof of ITheod
Eem I, which shows that a PHA computation can compute the value of each
wire that feeds into the “initial” layer of oracle gates. Similarly, as in the proof
of Mheorem TO T, all of the AND, OR, and NOT gates at higher levels can be
computed in PH4, given that the gates at lower levels can be evaluated in PHA.
Thus, we need only show how to deal with oracle gates at deeper levels.

Consider any such oracle gate g. On any input string y, let the query that
is fed into gate g when evaluating the circuit on input y be g4(y). The language

{2l +|z|+1,g,4,2) : the j-th bit of qg(:v102|z‘) is 1} is in PHA and thus (by our
new assumption) is in PA/poly. It follows that qg(x102|1‘) is of the form (y,0),

where KT4(y) = |z, 9,7|°M. Thus, to evaluate oracle gate g on input a:l()?m,
this PH* computation (on input z) suffices: Compute the bits of 6; this can be
done in PHA, since the number of bits in 6; is at most 12| and each bit is
computable in PH. If 6; > |z, g, j| (for the appropriate value of ¢), then return
“1” since the query y certainly has KT4 complexity less than this. Otherwise,
guess a description d of length at most §, and universally check (for each j) that
U4(d,7) is equal to the j-th bit of g, (allowing at most |z,4,j|¢ steps for the
computation of U). O

In order to compare our results with those of [AHKT?, MWIT7], we also state
a related theorem, whose proof is similar:

Theorem 10.14. Let NP? C P4 /poly. If CH ¢ PHA, then neither MKTPA nor
MCSP# is hard for TC® under Dlogtime-uniform S%CO reductions.

Proof. The proof is nearly identical to that of [Cheorem TO T3.

Under the assumption that MKTP# is hard for TC? under Dlogtime-uniform
S%CO reductions; it suffices to show that the linear-time counting hierarchy (see
[AKRF01] for a definition) is contained in PH? by presenting a PH# algorithm
for a set B in the linear-time counting hierarchy. The language B’ is now in
TCY, instead of merely being in NC!. The rest of the proof proceeds virtually
unchanged. (One can modify the statement of Mhearem TO 17 in a similar way,
but we do not include this modification here.) ]
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A consequence of Thearem TO T3 and Mheorem TO 14 is the following corollary,
which has the same flavor of results of the form “MCSP is hard for class C implies
a likely but hard-to-prove consequence” as presented by Murray and Williams

0 .
more general géc reductions.

Corollary 10.15. If either of MKTP or MCSP is hard for NC! (or TC®) under
Dlogtime-uniform S%CO reductions, then NP # NC (NP # TC?, respectively).

Proof. This follows from MThearem TO T3 and Thearem T0 14 when A = @. If
NP = NC, then NP C P/poly, and PH = NC # PSPACE. Thus neither MKTP
nor MCSP is hard for NC! under Dlogtime-uniform S%CO reductions. Also, if
NP = TC’ then NP C P/poly, and PH = TC® # CH [AT99]. Thus neither
MKTP nor MCSP is hard for TC? under Dlogtime-uniform §éc0 reductions. [

Corollary 10.17 should be compared to the earlier work of [MWI7, AHKTT].
Murray and Williams presented nonuniform lower bounds that would follow from
MCSP or MKTP being hard for NP under Dlogtime-uniform SQICO reductions. In
[AHKT7] even stronger nonuniform consequences were shown to follow from the
weaker assumption of hardness for TCO. (See Mahle TO2.) In Mheorem TO T3, we
present a weaker uniform lower bound that follows from the weaker assumption
that MCSP or MKTP is hard for TC? under a more powerful notion of reducibility.

Table 10.2: Consequences of hardness for MCSP and MKTP: If MCSP or MKTP
is C-hard under R, then condition & holds. The last column shows where the
result is found.

class C reductions R statement S Reference
TCO Dlogtime-uniform <AS" | NP ¢ P/poly and LTH ¢ i.0.SIZE[2¢"] [EHKTY]
PARITY L-uniform <AC’ MKTP ¢ P/poly or
DSPACE(n) ¢ i.0.SIZE[2¢"] [CEearem 10d
TCO Dlogtime-uniform SFAFCO NP & P/poly or CH = PH
(hence NP # TC?)
NC? Dlogtime-uniform gATC" NP & P/poly or PSPACE = PH
(hence NP # NC)
NP Dlogtime-uniform gl}co NP Z P/poly or NEXP = MA
(hence NP # MA N P/poly) Corollary 10.19
NP L-uniform g%co NP & P/poly or NEXP = PSPACE
NP P-uniform gATC" NP Z P/poly or NEXP = EXP Corollary 1019

We also present another result in this vein, about NP-completeness. Prior
work [MWT7, AHKTY] had obtained stronger consequences from the stronger
assumption that MCSP is NP-complete under Dlogtime-uniform Sﬁlco reductions.

Corollary 10.16. If either of MKTP or MCSP is hard for NP under Dlogtime-
uniform Séco reductions, then

NP # MA N P/poly.

Proof. If you modify the proof of Theorem 1013, replacing NC! by NP and re-
placing PSPACE by NEXP, you obtain that, if NP C P/poly, then NEXP # PH im-
plies that neither MKTP nor MCSP is hard for NP under Dlogtime-uniform §éc0
reductions. (That is, if we assume that MKTP is hard for NP under Dlogtime-
uniform S%CO reductions, then the argument from MTheorem TO T3 shows that
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NEXP C PH, by presenting a PH algorithm to evaluate the gates in an AC® oracle
circuit reducing an NP language B’ to MKTP.)

Or, restating this using the same hypothesis as in the statement of the corol-
lary, if MKTP or MCSP is hard for NP under Dlogtime-uniform S%CO, then either
NP & P/poly or NEXP = PH. Since (NP C P/poly and NEXP = PH) is equiva-
lent to NEXP C P/poly, and since NEXP C P/poly is equivalent to NEXP = MA
[IKW02], we obtain that NP-hardness of MCSP or MKTP implies NP Z P/poly
or NEXP = MA. (Murray and Williams obtain essentially this same consequence
under the stronger assumption that MCSP is complete under Sﬁlco reductions,
but are also able to show that NEXP Z P/poly in this case.)

In either case, we obtain the consequence NP # MA N P/poly. ([

We close this section with another variant of Cheorem T T3, proved via the
same technique:

Theorem 10.17. Let NP? C P4 /poly. If NEXP ¢ PSPACE? (or NEXP ¢
EXPA), then neither MKTPA nor MCSPA is hard for NP under logspace-uniform

0 . . 0 . .
<AC" reductions (P-uniform <4C reductions, respectively).

Corollary 10.18. MKTP®BF is not hard for NP under logspace-uniform §%CO

reductions (P-uniform §%CO reductions) unless PSPACE = NEXP (EXP = NEXP,
respectively). The same holds for MCSPRBF,

Although the following corollary discusses Séco reductions, it also says
something about S%ﬂ reducibility. This is because, assuming DSPACE(n) ¢
i.0.SIZEMKTP? (2¢7), any <k reduction to MKTP can be simulated by a logspace-
uniform g’%co reduction to MKTP. (To see this, note that, by Thearem 103,
MKTP is hard for DET under this class of reductions, and hence each of the
logspace-computable (nonadaptive) queries can be computed using oracle gates
for MKTP, and similarly the logspace computation that uses the queries can also
be simulated using MKTP. Similar observations arise in [AQY].)

Corollary 10.19. If either of MKTP or MCSP is hard for NP under logspace-
uniform S%CO reductions (P-uniform §%C0 reductions), then NP & P/poly or
NEXP = PSPACE (NEXP = EXP, respectively).
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Chapter 11

Natural NP-Intermediate Problems

A problem in NP is called NP-intermediate if it is neither solvable in P nor
NP-complete. It has been known since the work of Ladner [Lad75] that some NP-
intermediate problem exists under the weakest assumption that P # NP. How-
ever, no “natural” NP-intermediate problem was known under similar complexity-
theoretic assumptions. The NP-intermediate problem constructed by Ladner is
very artificial because it is constructed by a diagonalization argument.

Problems such as factoring and Graph Isomorphism are sometimes put for-
ward as candidates for NP-intermediate problems. Indeed, these problems are
in NP N coAM [Bab83], and hence these problems cannot be NP-complete unless
NP C coAM. On the other hand, there is no strong complexity-theoretic argu-
ment explaining why these problems should not lie in P. (It should be noted that
the recent breakthrough result of Babai [BabIfi] showed a quasi-polynomial-time
algorithm for Graph Isomorphism.)

In this chapter, we show the first natural NP-intermediate problems under
very weak complexity-theoretic assumptions. We show that if NP Z P/poly then
approximating the size of the maximum clique in a graph within a factor of
n'=°M) is NP-intermediate. We also show that Gap,MCSP is NP-intermediate
for €(n) = o(1) under the existence of auxiliary-input one-way functions.

11.1 GapMCSP is NP-Intermediate

In this section, we show that Gap MCSP is NP-intermediate when ¢(n) = o(1)
and an auxiliary-input one-way function exists. We first observe that Gap MCSP
is equivalent to the following optimization problem. (See also [Gol06] for similar
comments. )

Fact 11.1. Gap MCSP is polynomial-time Turing equivalent to the following
approximation problem: Given a truth table T of length 2™, the task is to output
a value f(T') € N such that

size(T) < f(T) < 20=<UTD)™ . size(T).

Note that Gap, MCSP becomes easier when € becomes smaller. If ¢(n) = o(1),

then it is easy to see that Gap, MCSP can be computed in DTII\/IE(2”O(1)). Here
we show that a much faster algorithm can be obtained when MCSP reduces to
Gap.MCSP via a polynomial-time reduction.

Theorem 11.2. For any efficiently computable nonincreasing e(n) = o(1), if
MCSP e PGapMCSP ypeon MCSP € P.
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The idea is that the Gap MCSP is “strongly downward self-reducible.” We
will show that any Gap,MCSP instance of length n is reducible to n'=¢ MCSP
instances of length n¢. To this end, we will exploit the following simple fact.

Lemma 11.3. For a function f: {0,1}* — {0,1}, a string x € {0,1}* and
k€N, let f,: {0,1}"7% — {0,1} be a function defined as f.(y) := f(x,y). Then,
the following holds:

max  size(f,) < size(f) < 2F- ( max  size(fz) + 3) ,
ze{0,1}F ze{0,1}F

(In other words, max,¢ o 1yx size(fz) gives an approximation of size(f) within a
factor of 2F.)

Proof. We first claim that max,cggyx size(fs) < size(f). Indeed, let C' be a
minimum circuit that computes f and let x be an arbitrary string of length k. For
each z € {0,1}*, define a circuit C, as Cy(y) := C(z,y) on input y € {0,1}"*.
Then, since C, computes f, and the size of C, is at most that of C, we have
size(f,) < size(f).

Next, we claim that size(f) < 2% - (maxxe{071}k size( fy) + O(l)). For any

x € {0,1}*, let C, be a minimum circuit that computes f,. We build a circuit that
computes f =: fe recursively as follows: f,(x,y) = (-x1 A foo(z2,...,2k,Yy)) V
(1 A fa(z2,..., 2k, y)) for any string z of length less than k, and f,(y) = Cx(y)
for any = € {0, 1}*. Since size(f,) < size(f.0) + size(f.1) + 3 we obtain

size(f) < ) Caly) +3- (2" - 1)

z€{0,1}k

< 2F. ( max size(fz) + 3) :

xe{0,1}F

O

Proof of Thearem 171 2. Let M be a polynomial-time oracle machine which re-
duces MCSP to Gap MCSP. Let |T'|° be an upper bound for the running time of
M, given a truth table T', and let |T'| = 2™.

We recursively compute the circuit complexity of T' by the following proce-
dure: Run M on input 7. If M makes a query S to the Gap MCSP oracle,
then divide S into consecutive substrings S1,- - - , Sgr of length |S|-27* such that
Sy -89-Sk = S (where k is a parameter, chosen later, that depends on |S]),
and compute the circuit complexity of each S; recursively for each i € [2¥]. Then

continue the simulation of M, using the value 2% - (maXiE[Qk] size(S;) + 3) as an

approximation to size(S).

We claim that the procedure above gives the correct answer. It suffices to
claim that the simulation of M is correct in the sense that every query of M is
answered with a value that satisfies the approximation criteria of Gap MCSP.
Suppose that M makes a query S. By the assumption on the running time of M,
we have [S| < |T|¢ = 2"¢. By Cemma T3, we have

size(9) < 2F . (m[aij size(.S;) + 3) < 2F . (size(S) + 3).
i€

In particular, the estimated value satisfies the promise of Gap MCSP if 2F .
(size(S) + 3) < |S|' (5D size(S). Since we may assume without loss of generality
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that size(S) > 3, it suffices to make sure that 251 . size(S) < |S|*=<USD . size(S).
Let |S| = 2™. Then, in order to satisfy £k +1 < (1 — ¢(|S|)) - m, let us define
k = (1 —€(|S|)) - m — 1. For this particular choice of k, the estimated value
2k . (maxiepk] size(S;) + 3) of the circuit complexity of S satisfies the promise
of Gap MCSP, which implies that the reduction M computes the correct answer
for MCSP.

Now we analyze the time complexity of the algorithm. Each recursive step
makes at most 22" many recursive calls, because there are potentially 2°* many
queries S of M, each of which may produce at most 2% < 2" recursive calls. The
length of each truth table S; that arises in one of the recursive calls is |S;| =
|S|-27F = gm—k — 2¢<ISDm+1 We claim that |S;| < 21(*/2) holds for sufficiently
large n. Let us take n to be large enough so that (2%/2) < 1/2¢. If m > n/2,
then |S;| < 2¢™)m+l < 9e(2"/2)entl < 9l+(n/2) Otherwise, since m < n/2
and €(|S|) < 1, we obtain |S;| < 2¢(ISD-m+1 < 914+(n/2) " Therefore, on inputs of
length 27, each recursive call produces instances of length at most 21+(%/2) The
overall time complexity can be estimated as 2¢™.2¢m/2.9¢'n/4 .. — 927 {61 some
constant ¢ (say, ¢ = 3¢), which is a polynomial in the input length 2. O

Remark. If we drop the assumption that €(n) be computable, then the proof of
[Chearem 112 still shows that if MCSP e PGaPeMCSP /noly then MCSP € P/poly.

Corollary 11.4. Let ¢(n) = o(1). If Gap.MCSP ¢ P/poly then Gap MCSP

is mot hard for NP (or even for MCSP) under §¥/p°|y reductions, and is thus
NP-intermediate.

Proof. This is immediate from the preceding remark. If MCSP e pGap:MCSP /poly
then MCSP € P/poly, which in turn implies that Gap MCSP € P/poly. O

In what follows, we show that the assumption of is true under
very modest cryptographic assumptions. Specifically, we assume the existence
of auxiliary-input one-way functions secure against polynomial-size circuits. (We
note that, in [Chapter 3, the security of auxiliary-input one-way function is defined
with respect to randomized polynomial-time machine; here we need a stronger
notion of security.)

Theorem 11.5. If an auxiliary-input one-way function secure against
polynomial-size circuits exists, then there is a function e€(n) = o(1) such that
Gap MCSP is NP-intermediate. (Namely, Gap.,MCSP ¢ P /poly and Gap MCSP
s not NP-hard under Si/pdy reductions.)

Proof Sketch. Let f be an auxiliary-input one-way function secure against any
polynomial-size circuit. Let S(n) be the size of the smallest circuit A such that
for some y € {0,1}" of length n, Pr,[f,(A(fy(z))) = fy(x)] > 1/2 where n = |y
and x is chosen uniformly at random. By assumption, S(n) is not bounded
by any polynomial. Let ¢(n) be a nondecreasing unbounded function such that
n¢/<") < S(n) for infinitely many n, where c is a constant that we will pick later.

Observe that GapMCSP defines a natural property useful against
SIZE(2‘-(”)”). By inspecting the reduction from an auxiliary-input one-way func-
tion to a natural property (Iheorem 377), one can show that there exists an
nO/«m®M) gize oracle circuit that inverts the auxiliary-input one-way function
f with oracle access to Gap. MCSP. If Gap.MCSP € P/poly, then we obtain a
circuit of size nO1/<m’™) that inverts f. However, this is a contradiction for a
large enough c. (I
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Remark. Observe that Theorem TT 1 can also be rephrased in terms of uniform
probabilistic adversaries, if we assume that the one-way functions require time
ne™ to invert, for some easy-to-compute function e.

11.2 Reductions among GapMCSPs Require Large Stretch

In the previous section, we studied Gap, MCSP where ¢(n) = o(1). Our results
do not rule out the possibility of NP-hardness of Gap MCSP when ¢ is a fixed
positive constant. Here we observe that, even if € is a constant, a similar proof
technique enables us to show that a reduction requires large stretch: We say that
a reduction from GapsMCSP to Gap MCSP has stretch n® if, on input 7', the
reduction makes queries of length at most |T'|°.

Theorem 11.6. Let 0 < e < § < 1. If GapsMCSP is reducible to Gap MCSP
via a polynomial-time Turing reduction of stretch at most n¢ for some ¢ < d/e,

then GapsMCSP € P.

Proof. The argument is almost identical to the argument in the preceding sec-
tion. Given an input to GapsMCSP, simulate the reduction from GapsMCSP
to Gap MCSP. As before, if the reduction makes a query S, then divide S into
consecutive substrings Sy, . .., Sor of length 2™~ where m is defined as |S| = 2™
and k is a parameter chosen later depending on m. For each i € [2¥], recursively
solve GapsMCSP on the instance S;, and let f(S;) be the answer of the recursive
call. Now, we estimate the circuit complexity of S as 2F - (max;eory f(Si) + 3)
and continue the simulation.

We claim the correctness of the simulation for a certain choice of parameter
k = k(m). Let e denote the estimated circuit complexity of S, that is, e :=
2k . (max;cpor) f(Si) + 3). The goal is to show that e satisfies the promise of
Gap MCSP, or equivalently,

size(S) < e < |S|17¢ - size(S). (11.1)

We may assume that answers of recursive calls satisfy the promise of GapsMCSP
by induction: that is, size(S;) < f(S;) < S| - size(S;). Thus, by Cemma 113,

we have

e>2k. (max size(S;) + 3) > size(S),
i€[2k]

as required in the first inequality of (II). Now we turn to the second in-
equality of (I[IX). We may assume, without loss of generality, that e <
2kl -max;cpr] f(S5;). Therefore, we obtain

e < 21 max f(S:)

i€[2F]
< ok+l. m[ai(] |Sl-]1_5 - size(S;) (by the promise of Gap5MCSP)
€2
= ok HIHm=k)1-0) . max size(S;) (since | Sj| = 2"7*)
i€[2K]
< RHIHM=F)(1-0) . giz6(S) (by Cemma T13)

< S|P - size(S),

where the last inequality holds if £+ 1+ (m — k)(1 —6) < m - (1 —¢), that is,
k< m—me/d —1/6. Thus we define k as k := m — me/d — 1/§, which ensures
the second inequality of (II).
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Now we turn to analysis of the running time of the algorithm. Let 2" be
the length of the input to the algorithm. By the assumption on the stretch of
the reduction, we have |S| < 27¢, that is, m < nc. Therefore, |S;| = 2™ % =
ome/0+1/6 < gnee/3+1/8 - Since ce/d < 1, the algorithm above runs in polynomial
time. (Indeed, let ¢(N) be an upper bound of the running time of the algorithm
on inputs of length N and p := ce/§ < 1. We have t(N) < NOWt(N”). Solving
this recursive inequality, we obtain t(N) = NO())) O

11.3 Approximating Maximum Clique is NP-Intermediate

We observe that the strongly downward self-reducibility property that we
exploited above is fairly common. For instance, it has been noticed previously
that CLIQUE also has this property [Sri03, AKT0]. Thus a similar proof technique
enables us to show NP-intermediateness of the following problem.

Definition 11.7. For any function e: N — (0,1), let Gap,CLIQUE be the ap-
proximation problem that, given an n-vertex graph G, asks for outputting a value
f(G) € N such that

w(G) < F(GQ) < n'~ M (@),

Here, as usual w(G) denotes the clique number of G: the size of the largest clique

mn G.

Theorem 11.8. NP & P/poly if and only if there is an €(n) = o(1) such that

Gap.CLIQUE has no solution in P/poly and is not hard for NP under §fli/p°|y
reductions.

Proof. Assume NP ¢ P/poly. Define e(n) to be the least ¢ such that, for all
m < n, there is a circuit of size m® + ¢ that computes a function f(G) (for
m-vertex graphs G) such that w(G) < f(G) < m'~V¢ . w(G). If e(n) = O(1),
it follows from [H&s9Y] that CLIQUE € P/poly, contrary to assumption. Thus
e(n) = w(l).

Let € = €(n) = 1/e(n); thus e(n) = o(1). It follows immediately from the
definition of e(n) that Gap.CLIQUE has no solution in P/poly.

If we partition the vertices of an n-node graph G into n'=¢ parts Vi, ..., V,1-«
of size at most [n¢], then w(G) < (n'7¢) - max; w(G;), where G; is the induced
subgraph of G' with vertices in V;. (See [Sri03, AKTO] for other applications of
this observation.)

Now, precisely as in the proof of Thearem 119, it follows that if CLIQUE
were P /poly-Turing reducible to Gap,CLIQUE, then CLIQUE € P/poly, contrary
to our assumption. This shows that Gap,CLIQUE is not NP-hard under P/poly
reductions, and thus completes the “only if” direction of the Theorem. (The
converse is trivial.) O
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Chapter 12

Unconditional Lower Bounds

It is widely believed that solving MCSP is hard; indeed, in Chapter 3, we
showed that MCSP is not easy unless every one-way function is invertible. In
this chapter, we present further evidence that MCSP is indeed a hard problem by
establishing several unconditional circuit lower bounds for MCSP and its variants.

12.1 De Morgan Formula Lower Bounds for MCSP

In this section, we prove an unconditional formula lower bound for computing

MCSP.

Theorem 12.1. There exists a universal constant d > 0 such that MCSP|s]
requires a de Morgan formula of size N2=°) for any size parameter s: N — N
such that n® < s(n) < n°M. Here N := 2" and N denotes the length of inputs
of MCSP[s].

A De Morgan formula is a circuit where the fan-out of each gate is at most
1 (i.e., the underlying graph is a tree), each internal gate is an AND or OR gate
with fan-in 2, and the leaf is labelled with a literal (i.e., an input z; or its negation
—z;). We denote by L(p) the size of a de Morgan formula ¢, that is, the number
of the literals that appear in ¢.

The main idea of Mhearem 1271 is to use a pseudorandom restriction. Im-
pagliazzo, Meka and Zuckerman [IMZI2] showed that the size of any formula
hit with a pseudorandom restriction shrinks. We then observe that MCSP]s]| hit
with a pseudorandom restriction does not become a trivial function unless the
size parameter s is too small, because each bit of a pseudorandom restriction can
be efficiently computed.

We proceed to reviewing several ingredients. One of the fundamental results
about de Morgan formulas is that a random restriction shrinks a formula. For
a “restriction” p: [N] = {0,1,%} and a function f: {0,1} — {0,1}, let f[,
denotes the function such that f[ (21, -+ ,2n) = f(y1,- -+ ,yn) Where y; := p(i)
if p(i) € {0,1} and y; := x; otherwise. In other words, p(i) = * means that the
variable is left unrestricted, and in the other case the variable is set to p(i). We
consider a random restriction, i.e., a distribution R of restrictions p. A random
restriction p ~ R is said to be p-regular for p > 0 if Pr, g [p(i) = *] = p for every
i € [N] and Pr, r[p(i) = b] = (1 — p)/2 for every i € [N] and every b € {0, 1}.
We denote by R, the distribution of p-regular random restrictions p such that
p(t) is drawn from the p-regular distribution for each i € [N] independently.

Lemma 12.2 (Hastad [Has98|, Tal [Talld]). Let ¢ be any de Morgan formula.
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Then, for every p > 0, it holds that

E_[L(gl,)] = O (©*L(e) + Vi"L(g))
p~Ryp

Cemma T2 shows that a formula shrinks quadratically under a random re-
striction p ~ Rp. However, MCSP(s|[, becomes a trivial function with high
probability, since almost all the inputs are set to uniformly random bits. We
thus need to use a pseudorandom restriction. Impagliazzo, Meka and Zuckerman
[IM717] showed that there is a distribution R’ such that for every restriction
p € supp(R’), the circuit complexity size(p) of p is small. (Here we identify
p: [N] — {0,1,%} with p € {0,1,*}", and size(p) < s means that there is a
circuit C' of size at most s such that p(i) = C(i) for every i € [N].) We explain
the idea below, following a simple exposition of [KRTT7]. First, a De Morgan
formula can be decomposed into small formulas in the following sense.

Lemma 12.3 (Tal [TalT4]). Let ¢ be a de Morgan formula. Let ¢ € N be any
parameter. Then there exist m (< O(L(p)/{)) formulas, denoted by @1, , om,
each of size at most £, and there exists a read-once formula v of size m such that

Y(p1(x), - om(x)) = () for every x € {0,1}V.

In light of this, ¢ shrinks even under p-regular ¢-wise independent random re-
strictions, since each small formula shrinks. Here we say that a random restriction

p is L-wise independent if every set I <€ (UZ}) ) of £ coordinates is independent,
that is, Pr[p(i) = b; (Vi € I)] = [[;c; Prp(i) = b;] for every b € {0,1,*}/. There
is a randomness-efficient way to sample such an ¢-wise independent random re-
strictions.

Lemma 12.4 (Alon, Babai and Itai [ABISG]). For every N € N, p > 0 and
¢ € N, there exists a p-regular {-wise independent random restriction p ~ Rp
such that size(p) < poly(¢,log N, log ]%) for every p € supp(Rp¢). We denote this
distribution by Rp .

Lemma 12.5. There exists some universal constant ¢ > 1 such that, for every
de Morgan formula ¢, for any parameter p > 0 and any £ = ©(p~2), it holds that
E [L < ep®L(p).
i [LeL)] < ep’Lie)
Proof. By Cemma 123, we decompose ¢ so that ¢¥(¢1(z), -+, om(z)) =
every input x. Since 1 is a read-once formula, we have L(¢[,) < S Ly 1)
for every restriction p. Therefore,

e an)

IN

E [L(eil,)] (since ¢; depends on < ¢ variables)

(by CemmaT279)
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In Cemma T3, we cannot take p to be small enough for our purpose; however,
by composing independent p-regular random restrictions r times, we can reduce p
while keeping size(p) small. Here the composition pips of two restrictions p1, ps is
defined naturally as follows: p1p2(i) = p1(i) if p1(2) € {0,1} and p1p2(i) = pa(i)
otherwise, for each i € [N]. Let R}, denote the distribution of the composition
of r independent p-regular ¢-wise independent random restrictions. In particular,
Ry is p"-regular and ¢-wise independent.

Lemma 12.6. There exists some universal constant ¢ > 1 such that, for every
de Morgan formula ¢, for any parameters p > 0,7 € N, £ = ©(p~2), it holds that

pw%ye[L(wp)] < pPL(p).

Proof. By induction on r > 1. Fix any restriction o € supp(R;zl).
We pick a random restriction p ~ R, . By applying CemmaTZ8 for ¢f,, we
obtain

pNI%p,Z[L(((p ra) rp)] < CpQL((,O ra)'

By averaging this inequality under the distribution o ~ R;_Zl, we obtain

E [Lgl)l<ep® E_[L(wl,)]

op~Ry O'NR;;;l
<ep? - P IL() (by the induction hypothesis)
= pL(p).

O

Now we argue that, for a pseudorandom restriction p € RI’; s» MCSP[s][ , does
not become a trivial function with high probability. Specifically, we show that
MCSP(s][, depends on almost all variables left unrestricted.

Lemma 12.7. Assume s > n. Let p: [N] — {0,1,%} be a restriction such that
size(p) < s—O(1). Let V be p~t(%), that is, the set of all the indices of variables
left unrestricted by p. Then, for any formula ¢ computing MCSP|s|, we have
L(gl,) = [V| = O(slogs).

Proof. Let Vo C V' be the set of variables on which ¢[, does not depend. It
suffices to claim that [Vg| = O(slog s) because L(¢[,) > [V] — V0.

Let 0: [N] — {0,1,%} denote the constant-0 function. Consider an input
p0 € {0,1}", that is, the string where each * of p is replaced with 0. Since
size(p) < s — O(1), one can easily observe that size(p0) < s. Therefore, p0 is an
YEs instance of MCSP(s]. Since ¢!, does not depend on Vg, for every assignment
o: Vo — {0,1}, ¢ also accepts the input po0. Now by counting the number of
YES instances in MCSP[s], we obtain

ool < {0 € {0,1}V | ¢ accepts z }
= #{z € {0,1} | z € MCSP[s] } < 20(s108),

O

We are now ready to prove unconditional de Morgan formula lower bounds.
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Proof of Thearem T21. Let ¢ be any de Morgan formula computing MCSP]s].
Fix any small constant € > 0.
By Lemma 178, for any parameters p > 0,7 € N, £ = O(p~?), it holds that

E [L(pl,)] < c¢p*Ligp). (12.1)
P~Ry

Observe that ¢"p?" = (10")2710&/1?C = (p")?7¢, where we fix p to be a small enough
constant so that € =log, , c.
On the other hand, by Cemma T2,

L(el,) 2 [p~"(x)| = O(slog s), (12.2)

for every p such that size(p) < s — O(1).

We will take r so that r < log N = n. By the construction of R;,e’ we have
size(p) < poly(r,£,log N) = poly(1/p?,n) = poly(n) for every p € supp( o)
Thus there exists a universal constant d such that size(p) < n? — O(1) for all
large n € N. We assume that n¢ < s as the hypothesis of Thearem 1211,

Therefore, we can combine (IZ1) and ([Z2) to obtain

where, in the last inequality, we take r so that O(slogs) < p"N/2 < n®1). We
thus obtain

_ a12—€/,,0(1) 2—2¢
oy = NN

for all large n € N. O

An obvious open question is to prove a better formula lower bound.
Open Question 12.8. Show that MCSP requires a de Morgan formula of size
w(N?).

12.2 Average-case AC[p| Lower Bound of MKTP

In this section, we show an unconditional average-case AC’[p] circuit lower
bound of MKTP. The whole section is devoted to proving the following result:

Theorem 12.9. There exists some function s(n) such that (MKTP[s],U) is not
in Avg AC°[p] for any prime p and any constant € € (0,1).

Our proof is based on the techniques of Fefferman, Shaltiel, Umans and Vi-
ola [ESUVT3] They constructed a pseudorandom generator G secure against
AC°[p] such that each output bit of G has small KT-complexity. We first fo-
cus on the case when p # 2. In this case, we use the following pseudorandom
generator G based on PARITY.

Definition 12.10 ([FSUVI3]). For a parameter k = k(m) chosen later, define
G: ({0,1}™F — {0, 1}mk+E g5

for every (z1,...,xx) € ({0,1}™)*. Let n :=mk + k.
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Lemma 12.11 (implicit in [FSUVT3]). If there is an oracle A that distinguishes
G from the uniform distribution with advantage € for some constant € > 0, then
there is an AC circuit C' with A-oracle gates such that C4(z) = PARITY(z) for
any input x € {0,1}™.

Proof Sketch. For completeness, we include a brief proof sketch. They showed
that, by using resamplability of PARITY, there is an NC° circuit Cy with one
4.5]). By using resamplability again for ¢ independent choices of randomness
(for some appropriately chosen t), we obtain circuits Cf‘, e ,C{‘ each of which
approximates PARITY. Now taking the majority vote of these circuits, we can
compute PARITY on all inputs. Here, the majority can be implemented by using
Approximate Majority [AB84] in AC?, because the advantage of approximating
PARITY is at least a constant e. As a result, we obtain an AC? circuit with A-

O

Therefore, it is sufficient to claim that an errorless heuristic algorithm for
MKTP]|s] distinguishes the pseudorandom generator G. We first claim that the
KT-complexity of any output of the pseudorandom generator G in Cemma T2 11|
is small.

Claim 12.12.
KT(G(z1,...,zk)) < mk + poly(m,logk)

for every seed (z1,...,x3) € ({0,1}™)F.

Proof. We use a description d := (z1,...,2x). Given an index i € {1,...mk+k}
of G(x1,...,xp), if i < mk then output the ith bit of the description d; if i > mk
then compute and output PARITY (2;_,k), which takes poly(m,logk) steps. [

Therefore, for a sufficiently large polynomial k(m) = mPW_ it holds that
KT(G(z1,...,72x)) < mk + o(k) < n —logn =: s(n) (and thus an MKTP|s]
oracle distinguishes G from the uniform distribution).

Now assume, towards a contradiction, that there is an errorless heuristic
AC®[p] circuit Ay that computes MKTP[s] with failure probability e. We de-
fine another circuit A as A(y) := 1 if Ag(y) =1 or L; otherwise A(y) := 0. Note
that A does not err on YES instances of MKTP[s]; that is, A(G(z1,...,2x)) =1
for every seed (x1,...,2x). On the other hand, consider the uniform distribution
y ~ U,. Observe that the probability that Ag(y) = L is at most €, and the
probability that y is an YES instance of MKTP[s] is at most 271087+ = o(1).
Therefore, Pryy, [A(y) = 0] > 1 — € —o(1). Hence A distinguishes the output
of G from the uniform distribution with advantage 1 — e — o(1). Now we ap-
ply Cemma TZ11 to obtain an ACY circuit C4 with A-oracle gates that solves
PARITY. Since A € AC%[p], it shows that PARITY € ACY[p], which contradicts
the lower bounds of Razborov-Smolensky [Raz87, Smof&7] for an odd prime p.

When p = 2, we use a pseudorandom generator Gcup based on a problem
called CMD (connectivity matrix determinant), which was introduced by Ishai
and Kushilevitz [IK00, IK0Z]. For the exact definition of Gcmp, the reader is
referred to [ESIVI3]. Here we only need the following property, which easily
follows from the fact that CMD is computable in polynomial time.

Fact 12.13.
KT(Gemp (1, - -, xk)) < mk + poly(m, log k)

for every seed (z1,...,7;) € ({0,1}™)*.
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Lemma 12.14 ([ESUVI3]). If there is an oracle A that distinguishes Gcmp
from the uniform distribution with advantage a constant ¢ > 0, then there is an
AC°[2] circuit C' with A-oracle gates such that C4(z) = MAJORITY(x) for any
x € {0,1}™.

as in Cemma 1211, CMD can be solved by an AC%[2] circuit with A-oracle gates.
Since CMD is @L-complete under NC° reductions ([IK02]), MAJORITY can be
also solved by an AC°[2] circuit with A-oracle gates. O

Combining FacE 12713 and Lemma 1214, we obtain an ACY[2] circuit that

solves MAJORITY, which contradicts the lower bound of [Raz&87, SmoR7| for the
majority function. This completes the proof of Chearem T2°J.
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Chapter 13

Conclusions

In this thesis, we investigated the complexity of MCSP and its variants. Our
results further highlight that improved understanding of MCSP will have major
impacts in complexity theory. In particular, any hardness of Gap, MCSP implies
further evidence that DistNP € AvgP, i.e., there is no efficient errorless heuristic
algorithm solving NP problems on average (cf. Chapter 4). This can be seen as a
significant step towards excluding Heuristica. We strongly believe that our results
and techniques developed in this thesis are a key to understanding Heuristica well
and advancing complexity theory further.

Currently, NP-hardness of €MCSP is known only for € = DNF or DNF o XOR
(cf. Chapter 9). Extending it to larger circuit classes € is challenging as argued
in [Chapter 7. However, there is no fundamental barrier that prevents us from
obtaining such a result. Thus we believe that it is possible to push this direction
further, and moreover we believe that pushing this direction would give us new
insight about a circuit class €.

Another potential approach for showing NP-hardness of MCSP is via non-
relativizing proof techniques. While there is some relativization barrier (cf.
Chapfter 4), a non-relativizing proof technique enables us to prove NP-hardness of
MCSP under the unlikely assumption that PSPACE C P/poly [ABKF06h, IKVIR|.
Extending this proof technique to obtain NP-hardness of MCSP unconditionally
is left as an important open question, as it will exclude Heuristica. It should be
noted that a similar situation happens often in complexity theory: Santhanam
[San09] proved that MA/1 € SIZE(n*) for every constant k by analyzing two
cases depending on whether PSPACE C P/poly or not. Similarly, one might be
able to prove NP-hardness of MCSP assuming PSPACE Z P/poly.

An important direction left as future work is to go beyond Heuristica: Can
one construct a one-way function from hardness of MCSP? In the seminal work
of Ajtai [Ajt96] about worst-case to average-case reductions, a one-way function
was constructed based on the worst-case hardness of the shortest vector problem.
As shown in Chapter 3, the existence of auxiliary-input one-way functions implies
intractability of MCSP. As an intermediate step towards the existence of one-
way functions, we pose the question of the converse direction: Can one construct
auxiliary-input one-way functions from hardness of MCSP? For example:

Open Question 13.1. Show that an auxiliary-input one-way function exists if
Gap MCSP ¢ P/poly for every constant € > 0.

Subsequent to our work, the “hardness magnification” phenomenon was found
by Oliveira and Santhanam [OSTR], later with Pich [OPST8]. Very roughly speak-
ing, given a circuit lower bound for MCSP(s], one can construct another function
of s-bit inputs that have the same circuit lower bound. Thus in particular, a very
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weak circuit lower bound for MCSP|[s] is enough to prove a circuit lower bound
such as NP ¢ P/poly. Unfortunately, the results presented in are
not enough to be combined with their results. First, one needs to compute an
error-correcting code within a circuit class € in order to apply the hardness mag-
nification phenomenon. Thus the lower bound of MCSP[s] ¢ Formula(N2—°(1))
cannot be combined with their ideas. Second, the size parameter s must be small
enough (e.g., s(n) = (log(n))¢ for some fixed constant ¢, where n denotes an input
length). In our lower bound of MKTP[s] & ACY[p], the size parameter s(n) must
be close to n, and thus the hardness magnification does not amplify the circuit
lower bound.

It was an open question to extend our circuit lower bound MKTP ¢ AC°[p]
to the case of MCSP. Very recently, the circuit lower bound MCSP ¢ ACY[p] was
proved by Golovnev, Impagliazzo, Kabanets, Kolokolova, and Tal (personal com-
munication). However, all the proof techniques for showing AC°[p] circuit lower
bounds do not seem to yield any lower bound for Gap MCSP. An interesting open
question is to prove ACO[p] circuit lower bounds for a 2-factor approximation of
MCSP or MKTP.

Open Question 13.2. Show that there is no ACO[p] circuit that can approximate
the minimum circuit size of a given truth table within a factor of 2.

More broadly, we believe that understanding the complexity of MCSP is not
only a fundamental question itself, but also an approach of advancing complexity
theory. We conjecture that there are still a number of exciting results about
MCSP waiting to be found.
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