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A Sharp Characterization of Pessiland

Shuichi Hirahara* Mikito Nanashima!

Abstract

It is a long-standing open question whether the average-case hardness of NP implies the
existence of a one-way function. The hypothetical world in which this does not hold is called
Pessiland, which is the most pessimistic among Impagliazzo’s five possible worlds. In this paper,
we present the first “sharp” characterization of Pessiland:

e NP is hard on average if and only if the minimum description length of programs in agnostic
learning is hard to approximate on average with an approximation factor £/polylog(¢),
where £ is a new complexity measure of a distribution called advice complexity of sampling.

e A one-way function does not exist if and only if the minimum description length of programs
in agnostic learning is easy to approximate on average with an approximation factor O(¢).

In particular, Pessiland is ruled out if and only if the small quantitative gap in approximation
factors £/polylog(¢) and O(¥) is closed.

Our characterization is based on an optimal NP-hardness result for the Collective Minimum
Monotone Satisfying Assignment (CMMSA) Problem, whose task is, given as input a collection of
monotone formulas with at most £ literals, to compute the minimum weight of an assignment that
satisfies as many monotone formulas as possible. We prove the NP-hardness of approximating the
minimum weight within a factor of ¢/polylogf, improving the previous inapproximability factor
of (M) by Hirahara (FOCS 2022). Our inapproximability factor is optimal up to the polylog¢
factor unless NP C coAM because the CMMSA problem with an approximation factor O(¢) is in
coAM.
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1 Introduction

A one-way function is a function that is easy to compute but hard to invert on average. This is one
of the most fundamental cryptographic primitives because the existence of a one-way function is
sufficient for constructing various “Minicrypt” primitives, such as private-key encryption schemes
[GM84], commitment schemes [Nao91], pseudorandom function generators [GGMS86; HILL99], zero
knowledge protocols for all NP [GMW91; NOV06], and is also necessary for these cryptographic
primitives [IL89; OW93; HN24]. It is thus of central importance to investigate what is a minimal
hypothesis sufficient for the existence of a one-way function. The existence of a one-way function
clearly implies the average-case hardness of NP (with respect to some polynomial-time samplable
distribution). Whether the converse holds or not is the central open question known as the exclusion
of Pessiland — a hypothetical world in which NP is hard on average, yet no one-way function exists
— from Impagliazzo’s five possible worlds [Imp95]. Pessiland is the most pessimistic in that neither
cryptography nor heuristic algorithms for NP exist. Recently, Hirahara and Nanashima [HN23| put
forward an alternative name of Pessiland — “Learnabilica”, in which there exist efficient average-
case algorithms for various learning tasks, such as PAC learning [BFKL93|, learning adaptively
changing distributions [NRO6], distributional learning and agnostic learning [IL90; HN23|.

In this paper, we continue to study the complexity of agnostic learning of minimum programs.
Given random labeled examples (z1,b1), -, (Zm, by,) drawn from an unknown distribution D, the
task of agnostic learning is to approximately calculate the minimum length of programs M such
that the probability that M(z) = b for (x,b) ~ D is close to 1. We introduce some parameter
£ of distributions D, which we call advice complezity of sampling, and present the following new
characterization of Pessiland.

Main Theorem (informal). For some parameter ¢ = ¢(n) = w(1), the following hold.
e NP is hard on average <= agnostic learning with factor /polylog(¢) is hard on average.
o A one-way function exists <= agnostic learning with factor w(f) is hard on average.

Corollary (informal). Pessiland exists if and only if average-case agnostic learning is hard with
an approximation factor £/polylog(¢) and is easy with an approximation factor O(¥).

This is the first “sharp” characterization of Pessiland. Although there has been a flurry of re-
cent characterizations of the existence of one-way functions [LP20; RS21; LP21; IRS22; ACMTV21;
LP22; LP23a; LP23b; HILNO23; Hir23; 11L90; HN23; HLN24], none of them is quantitatively close
to the average-case hardness of NP. For example, Liu and Pass [LP22] presented the equivalence
between the existence of one-way functions and average-case hardness of polynomial-time-bounded
conditional Kolmogorov complexity with respect to the uniform distribution, as well as the equiva-
lence between average-case hardness of NP and average-case hardness of the sublinear-time-bounded
conditional Kolmogorov complexity with respect to some polynomial-time samplable distribution.
Their characterizations leave large quantitative (polynomial vs. sublinear-time bound) and qual-
itative (uniform vs. some distribution) gaps. Recently, Lu and Santhanam [LS24] extended this
characterization to arbitrary polynomial-time samplable distributions (by considering probabilistic
Kolmogorov complexity), which closes the qualitative gap but still leaves the large quantitative
gap in the time bounds. By contrast, our characterizations leave only the small quantitative gap
between approximation factors ¢/polylog(¢) and w(¢), which intuitively suggests that Pessiland is
very unlikely to exist.

Ruling out Pessiland is equivalent to closing the small quantitative gap between these approxi-
mation factors. Whether or not this means we are “close” to actually ruling out Pessiland remains



to be seen, just as in the case of similar sharp threshold results for circuit lower bounds [CJW20].
In fact, our characterization is given by an optimal NP-hardness result of the Collective Minimum
Monotone Satisfying Assignment (CMMSA) problem, which cannot be improved further unless
NP C coAM. This suggests that new ideas are necessary, despite the quantitative closeness to ruling
out Pessiland.

We proceed to describe the details of our results. In Section 1.1, we introduce the notion of
advice complexity of sampling and the definition of agnostic learning of programs. In Section 1.2,
we present the optimal NP-hardness result for CMMSA.

1.1 Agnostic Learning of Minimum Programs
We introduce the notion of advice complexity of sampling.

Definition 1.1 (Advice complexity of sampling; informal; see Definition 3.16 for the formal defini-
tion). For a family D = {Dp},cn of distributions, where Support(D,,) C {0,1}", we say that D is
samplable with advice complexity ¢(n) if there exist a (not necessarily efficient) algorithm S and a
family o = {ozn :{0,1}* — {0, 1}€(”)}HGN of functions such that D, is statistically identical to the
distribution generated by S(n,r, (1)) for a uniformly random string r.

This is analogous to the notion of Trevisan—Vadhan advice [TV07], which is an advice string that
may depend on the internal randomness of a randomized algorithm. For simplicity, the informal
definition is given only for a family of distributions; in fact, we may define the advice complexity of
D, for every distribution D,, over {0, 1}" based on a universal Turing machine (see Definition 3.16).
The new notion of advice complexity of sampling is fairly robust, and is shown to be equivalent
to other notions, such as the oo-Rényi divergence to the universal distribution (the property of
domination by the universal distribution) and a coding theorem of Kolmogorov complexity (up to
a constant factor); see Appendix C for details.

Many natural distributions have small advice complexity. For example, consider a uniformly
random function f: {0,1}" — {0, 1}, and consider the distribution £ of a labeled example (z, f(x))
for a uniformly random x ~ {0,1}". The advice complexity of £ is as small as O(1), despite that
the description length (the Kolmogorov complexity) of the distribution itself is as large as ©(2").

Now we introduce the problem of agnostic learning minimum programs. Ko [Ko91] introduced
the problem of learning minimum programs, denoted by MINLT. Informally, MINLT is the problem
of finding a minimum program M such that M (x;) = b; for all i € [m] for given labeled examples
(x1,b1), -, (Tm, bm) € {0,1}" x{0,1}. Here, we consider an agnostic variant of MINLT: Instead of
finding a minimum program M that is consistent with all labeled examples (x1,b1), -, (Zm, bm),
we aim to find M that is consistent with most labeled examples. For a technical reason,! we
formulate it based on the formulation of Valiant [Val84], where a learner is given oracle access to
an example oracle £, which returns a labeled example (z, h(z)) for an unknown function h, and is
asked to compute a function that approximates h.

Definition 1.2 (GapLearn). For ¢,v: N — [0,1], 0: N — N, and ¢: N — N, the problem
Gap"Learn[l] is defined as follows. Given parameters 1™ and 1° and access to an example or-
acle €, where the oracle € returns random and independent samples drawn from a distribution over
{0,1}"x{0,1} that is promised to be samplable with advice complexity £(n), distinguish the following
two cases:

ITo obtain an equivalence between the average-case hardness of this problem and the existence of a one-way
function in Theorem 1.5, it is crucial that the description of the example distribution is unknown to a learner. On
the other hand, Theorem 1.3 and Corollary 1.4 holds even if the explicit description of an example distribution £ is
given to a learner.



(Yes Cases) There exists a linear-time program h of length s such that

(xBrNg[h(a?) =b] >1—¢e(n).

(No Cases) For all programs h of length at most s - o(n),

T NI )
(xE)rNg[h(:L‘) =0 < 5T

This is an agnostic learning variant of MINLT in that in the Yes case, the polynomial-time
program h is allowed to err on a (n)-fraction of inputs.

Hirahara [Hir22] proved NP-hardness of MINLT under randomized polynomial-time reductions.
Building on this reduction, we prove the following NP-hardness.

Theorem 1.3. There exist functions £(n) = w(l), e(n) = o(1), and o(n) = £(n)/polylogl(n)
such that the problem Gap:"Learn[l] is NP-hard under randomized many-one reductions for every
constant v € (0,1).

Since this NP-hardness is proved by nonadaptive reductions, we obtain some polynomial-time
samplable distribution D (naturally induced by the reduction) with respect to which the average-
case analogue of Gap$?Learn[/] is DistNP-complete (i.e., complete for an average-case analogue of
NP), where D is a distribution over instances of Gap. "Learn[{] (i.e., it chooses parameters n, s and
the description of an example oracle £, which can be represented as a circuit.)

Corollary 1.4. There exist functions £(n) = w(1), e(n) = o(1), and o(n) = £(n)/polylogl(n) such
that for every constant v € (0,1), the following are equivalent.

e DistNP Z HeurBPP (i.e., there is a problem in NP that is hard on average with respect to some
polynomial-time samplable distribution).

o (Gap:"Learn[(],D) ¢ HeurBPP for some polynomial-time samplable distribution D. (i.e.,
Gap?"Learn[{] is hard on average with respect to D).

Here, HeurBPP is the class of distributional problems solvable by randomized error-prone heuristic
schemes, i.e., algorithms that are allowed to err on a small fraction of inputs. See the survey of
Bogdanov and Trevisan [BT06a] for background on average-case complexity.

We complement this by showing that the average-case hardness of Gap?Learn[¢] character-
izes the existence of one-way functions when o(n) = O(¢(n)), based on the average-case learning
algorithms in Pessiland [I1.90; HN23].

Theorem 1.5. For every constant v € (0,1), there exists a constant C' such that for all functions
¢ and e with w(1) < £(n) < n°W and w(1) < e(n)~' <P, the following are equivalent.

o There exists an infinitely-often one-way function.

o (Gap:"Learn[{], D) ¢ HeurBPP for o(n) == C - £(n) and for some polynomial-time samplable
distribution D.

o (GapSLearn[l], D) & HeurBPP for some o(n) < n®M) and for some polynomial-time samplable
dustribution D.

Corollary 1.4 and Theorem 1.5 immediately provide a sharp characterization of Pessiland.



Corollary 1.6 (A Sharp Characterization of Pessiland). Pessiland ezists if and only if for some
(n) =w(l), e(n) =0(1), v € (0,1), o1(n) = £(n)/polylogl(n) and o2(n) = O(¢(n)),
o (Gap’Learn[{], D) ¢ HeurBPP and

o1

o (Gap)Learn[(], D) € HeurBPP.

o2

For comparison, if one instead starts from the ¢*-inapproximability result for CMMSA due to
Hirahara [Hir22], the same argument yields a weaker analogue of Corollaryl.6, namely a character-
ization of Pessiland via GapLearn with approximation gap ¢% versus O(¥) for some small constant
a > 0. Corollaryl.6 sharpens the hardness factor from ¢% to ¢/polylogl, leaving only a nearly tight
gap to the O(¢)-approximation regime.

Optimistically, this characterization can be seen as an approach towards eliminating Pessiland.
Pessiland is ruled out if and only if the small quantitative gap between the inapproximability factors
o1(n) = £(n)/polylogl(n) and o2(n) = O(¢(n)) is closed. However, new ideas are certainly necessary
because our NP-hardness is based on an optimal NP-hardness result of CMMSA, which we explain
next.

1.2 Minimum Monotone Satisfying Assignment Problem

The Minimum Monotone Satisfying Assignment (MMSA) problem, introduced by Goldwasser and
Motwani [GM97] and Alekhnovich, Buss, Moran, and Pitassi [ABMPO1], asks for the minimum
weight of a satisfying assignment for a given monotone formula. This is a generalization of several
optimization problems, such as the Set Cover problem (i.e., the case of monotone DNFs) and the
Red-Blue Set Cover problem (i.e., the case of depth-3 formulas with a top AND gate) [CDKMO00;
CNW16]. A sequence of works [DS04; DFKRS11; DHK15] established the NP-hardness of approxi-
mating MMSA within a factor of nl/(0g10sm?" where n is the number of variables (see [Hir22)).
The hardness of approximating MMSA has been instrumental in establishing hardness results in
proof complexity [ABMPO01; AR08] and learning theory [ABFKPO08; Hir22].

The Collective Minimum Monotone Satisfying Assignment (CMMSA) problem, introduced by
Hirahara [Hir22], is a variant of MMSA in which the topmost gate of a given formula is an approx-
imate threshold gate. Informally, this problem asks for the minimum weight of an assignment that
satisfies as many formulas as possible given a collection of monotone formulas as input. In order to
present the formal description of an approximation version, let [n] denote {1,...,n} for each n € N.
A weight function w: [n] — [0,1] is a function such that } ;cp, w(i) = 1. We define the w-weight
of an assignment o € {0,1}" as w(a) =Y '

i€n]: ay=1 w(i).

Definition 1.7 (GapCMMSA for a class €). Let € = {€,}, . be a class of monotone functions,
where ¢: {0,1}" — {0,1} for each p € &,. For e,v: N — [0,1] and 0: N — N, the problem
GapS"€-CMMSA is defined as follows: Given as input a collection ® = {¢1,...,om} C €y, a
weight function w: [n] — [0,1], and a size parameter s € [0,1], the task is to distinguish between
the following two cases:

(Yes Cases) There exists an assignment o € {0,1}" of w-weight at most s such that

@111;[30(04) =1]>1-¢(n),

where @ ~ @ means that ¢ is randomly and uniformly chosen from &.

(No Cases) There ezists no assignment « € {0,1}" of w-weight at most o(n) - s such that

Prlp(a) = 1] = 9(n).



Throughout this paper, we assume that the weight function and the size parameter are lower
bounded by the inverse of a polynomial in the number of variables. We also assume that each ¢;
is an O(logn)-junta (i.e., it depends only on O(logn) variables among n input variables), and thus
each ; can be represented by its truth table without blowing up the input size too much.

When o = 1, this problem is studied under the name of biased CSP [GL22], which includes
natural problems such as the Densest s-Subgraph problem (the case where € is the class of AND
functions over 2 bits).

For a function ¢: N — N, let F[¢{] = {F[{(n)]},cy denote the class of functions computable
by monotone formulas on n variables with ¢(n) literals. Hirahara [Hir22] proved NP-hardness of
Gap27F[(]-CMMSA for o(n) = £(n)® and v(n) = 1/o(n) for some constant a > 0, and left as an
open question whether the inapproximability factor ¢ can be improved to E(n)l_"(l). Our main
technical contribution is to answer this question affirmatively.

Theorem 1.8. Gap. 7 F[¢]-CMMSA is NP-hard under randomized many-one reductions for some
functions £(n) = w(1), v(n) = o(1), e(n) = £(n)~*W), and o(n) = £(n)/polylogl(n).

We also present an upper bound of coAM when o(n) = O(¢(n)), and thus the inapproximability
factor o(n) of Theorem 1.8 is optimal up to a factor of polylogl(n) unless NP C coAM.

Theorem 1.9. For every constant v € [0,1/4), there exists a constant C such that for every
l(n) = w(l) and every e(n) = o(1), the following hold.

e Gap"F[{]-CMMSA € coAM, where o(n) == C - £(n).

e Gap$7Junta[(]-CMMSA € coAM, where o(n) = 299854 and Junta[f] = {Junta[t(n)]},cx
denotes the class of all the £(n)-junta monotone functions ¢: {0,1}" — {0, 1}.

More generally, for any class € = {&, }, .y of monotone functions, we prove Gapg?J)Q—CMMSA €
coAM, where o(n) is an upper bound of the total share size of a secret sharing scheme for &,,. The
first item of Theorem 1.9 follows from the fact that there exists a secret sharing scheme of total
share size ¢ for every access structure represented by a monotone formula with ¢ literals [BL88].
The second item follows from the work of [AN21], which shows the existence of a secret sharing
scheme of total share size 1.50(0) < 20-585¢ for every monotone function over ¢ variables.

Although it is unlikely that Gapi’lo(e)F[f]-CMMSA is NP-hard, we prove that its worst-case
hardness implies the errorless average-case hardness of NP, and that its errorless average-case hard-
ness implies the existence of a one-way function.

Theorem 1.10. Let € = {&,}, . be the class of monotone functions for which there exists a secret
sharing scheme with total share size o(n) > w(1). For every constant v € [0,1/4), there exists a
constant C' such that for every e(n) = o(1), the following hold.

o If Gapy!l €-CMMSA ¢ BPP, then DistNP ¢ AvgBPP (i.e., there exists a problem in NP that is
hard on errorless average with respect to some polynomial-time samplable distribution).

o If (Gapy! €-CMMSA, D) ¢ AvgBPP for some polynomial-time samplable distribution D, then
an infinitely-often one-way function exists.’

2An infinitely-often one-way function refers to one whose security holds for infinitely many security parameters.
We remark that this result also applies to standard one-way functions (whose security holds for any sufficiently large
security parameter) by assuming the average-case hardness for all sufficiently large instance sizes.



Here, errorless average-case means that an algorithm must not output incorrect answers, and
is allowed to output a special symbol “1”, which indicates the failure of an algorithm for a small
fraction of inputs. This notion is equivalent to average-case polynomial-time (i.e., the expected
running time is “polynomially bounded”) [BT06a].

Previously, Hirahara [Hir22] reduced Gap®?F[¢(]-CMMSA to MINLT, and using the learning
algorithm of Hirahara and Nanashima [HN21], observed that its worst-case hardness implies the
average-case hardness of NP if o(n) = 1.014(n) and the soundness error y(n) is sufficiently smaller
than 1/(sn). The first item of Theorem 1.10 improves this result in that «(n) can be as large as a
constant.?

Consequently, Theorems 1.8 to 1.10 reveal a sharp threshold at o(n) ~ ¢(n) in the complexity
of Gap"F[(]-CMMSA: It is NP-hard if o(n) < £(n)/polylogl(n); It is in coAM if o(n) > O(4(n)),
and its worst-case (resp. average-case) hardness implies the average-case hardness of NP (resp.
the existence of one-way functions). This can be compared with the complexity of the shortest
vector problem, which is the foundational problem for lattice-based cryptography [Peil6]. The
complexity of the approximate version GapSVP of the shortest vector problem greatly depends on
an approximate factor 7 (see [Ben23| and references therein). It is NP-hard if v = O(1); It is in coAM
if v = O(y/n/logn); its worst-case hardness implies the average-case hardness of NP if v = O(n);
It is in P if 4 = 20(nloglogn/logn) " Ty compare this with the complexity of GapS”?F[¢(]-CMMSA, our
results provide a sharper threshold than GapSVP using polynomial-time reductions. (A sharper
complexity landscape of GapSVP was recently revealed by considering exponential time complexities
[ABBGKLPSV23].)

Just as in the case of the shortest vector problem, it remains unclear whether the upper bound
of coAM in Theorem 1.9 can be improved to P. In Appendix B, we present a simple approximation
algorithm based on linear programming that solves GapQ!DNF[¢(]-CMMSA for o(n) = £(n), where
DNF[{] denotes the class of monotone DNF formulas over n variables with at most ¢(n) terms. (In
particular, it solves Gap®!Junta[(]-CMMSA for o(n) = 2¢™).) We pose the following algorithmic
challenge of improving this approximation algorithm.

Open Question 1.11. Design a randomized algorithm M such that for every ¢(n) = w(1), every

e(n) = o(1), and every polynomial-time samplable distribution D = {D,}, cy, it holds that

e M decides every instance of Gapf,’l/ ® Junta [(]-CMMSA correctly with high probability over the

internal randomness of M, where o(n) := 206/,

o E.p,[tr(z)?] < O(n) for some constant o > 0, where ¢37(x) denotes the running time of M
on input z.

Currently, it seems consistent with our knowledge that the answer to Open Question 1.11 is
negative. A negative answer to Open Question 1.11 implies the existence of a one-way function by
Theorem 1.10. To the best of our knowledge, this is the first construction of a one-way function
based on the errorless average-case hardness of some CSP with respect to arbitrary polynomial-time
samplable distributions. Related results were obtained in an exciting line of research [DLS14; DS16;
Danl6; Vadl7; DV21], where the average-case hardness of random CSPs with respect to specific
distributions was shown to imply the hardness of PAC learning. We also mention that one-way
functions can be constructed from error-prone average-case hardness of Random SAT with respect
to high-entropy distributions [IRS22; LP23a].

30ur result strictly improves the previous result because the constant C' in Theorem 1.10 can be chosen to be 1.01
if v(n) = o(1).



1.3 Perspective: Can We Rule Out Pessiland?

Since our results are quantitatively “close” to ruling out Pessiland, it is natural to ask how close
we are to actually ruling out Pessiland. There has been a vast literature on barriers for ruling out
Heuristica [FF93; BT06b; Wat12; Imp11; HN21; Vio05] and Pessiland [Wee06; Liv10; AGGMOG6;
BB15; ABX08]. Below, we discuss the two barriers most relevant to our work.

The first barrier is the relativization barrier. Wee [Wee06] presented an oracle under which
Pessiland exists, and thus non-relativizing proofs are necessary for ruling out Pessiland. In fact,
Theorem 1.3 is non-relativizing (see [Ko91; Hir22]). Thus, it may be possible that the inapprox-
imability factor o(n) = O(¢(n)) of Theorem 1.5 can be improved to o(n) = ¢(n)/polylogl(n) by
relativizing proofs, which is sufficient for ruling out Pessiland. Whether there is a relativizing barrier
for improving Theorem 1.5 or not is left as an important open question.

The second barrier is the nonadaptive (black-box) reduction barrier of Akavia, Goldreich, Gold-
wasser, and Moshkovitz [AGGMO06]. They showed that any problem reducible to the task of in-
verting one-way functions via randomized nonadaptive reductions is in coAM, and in particular, no
NP-complete problems can be reducible to the task of inverting one-way functions unless NP C coAM.
In fact, our coAM upper bound for GapCMMSA (Theorem 1.9) is proved by combining their barrier
with a reduction from GapCMMSA to the task of inverting one-way functions. Similarly, Theo-
rem 1.5 is unlikely to be improved by nonadaptive reductions. More generally, we have the following
barrier, based on [AGGMO06].4

Theorem 1.12. Let~y, C, £, and € be as in Theorem 1.5. Suppose there is a randomized polynomial-
time parametric-honest nonadaptive reduction from a paddable language L to Gap$Learn[l] for
o(n)=C-4(n). Then L € coAM.

Here, a parametric-honest reduction is a reduction that produces a size parameter at least nf*(!)
on inputs of length n. Almost all NP-hardness reductions in the literature of meta-complexity
are parametric-honest and nonadaptive (see, e.g., [Hir23; I1a23] and references therein), and thus
the barrier seems formidable. However, in the computational learning theory literature, adaptive
reductions have been successfully employed in the context of boosting algorithms (e.g., [Sch90;
Fel10; KK09; FS12]), and such techniques have been utilized in the literature of meta-complexity
[HN21; GK23]. This suggests that adaptive reductions could offer a viable path toward overcoming
this barrier.

2 Technical Overview

For technical convenience, we work with a slight generalization of CMMSA | called the distributional
minimum monotone satisfying assignment (DMMSA). DMMSA is the same problem as CMMSA,
except that the collection of monotone formulas is given as a distribution of monotone formulas,
where the distribution is specified by a sampling circuit (see Definition 5.1 for the formal defini-
tion). In other words, CMMSA is a special case of DMMSA in which the distribution is uniform
over a polynomially bounded set of formulas. Nevertheless, it is straightforward to observe that
GapDMMSA can be reduced to GapCMMSA with a small loss in error parameters ¢ and ~ via a
BPP-reduction that samples polynomially many formulas from the distribution in DMMSA to form
a collection for CMMSA (see Proposition 5.3). Therefore, we will identify DMMSA with CMMSA
below.
Our main theorems are established based on the following three reductions:

4We thank an anonymous reviewer for suggesting this result.



1. An improved reduction from NP to GapDMMSA;
2. Hirahara’s reduction from GapDMMSA to GapLearn [Hir22];
3. A reduction from GapLearn to the task of inverting an auxiliary-input one-way function.

Here, an auziliary-input function is a collection f = {f.}.c {0,13+ of functions such that, for every
z,x € {0,1}*, the value f,(x) can be uniformly computed in polynomial time (where z is referred
to as the auxiliary input). The inversion task is to find a preimage of f,(r) for most r with respect
to f, for every z € {0,1}* using a single inversion algorithm that takes (z, f.(r)) as input.

The first reduction maps each 3-SAT instance of size n to a Gap,DMMSA instance, where the
leaf size of monotone formulas is ¢(n) = w(1) (thus, the total size of secret sharing is at most /)
and the approximation factor is o(n) = £(n)/polylogf(n). This is the most technical part in this
paper, where we combine the previous reductions from [DS04; Hir22| with a suitable long code test.
A detailed overview of the reduction, which establishes Theorem 1.8, is presented in Section 2.1.

The second reduction is essentially from the previous work [Hir22], where the relation between
the total size of secret sharing schemes and the advice complexity of sampling was not explicitly
addressed. We simply observe that the advice complexity of the sample distribution in the resulting
learning problem is at most the total size of the secret sharing scheme for the authorized set induced
by the formulas in the support of instances of DMMSA. For completeness, we provide a formal proof
in Section 6. We derive Theorem 1.3 (and Corollary 1.4) from the first and second reductions.

The third reduction reduces Gap,Learn to the task of inverting an auxiliary-input function, pro-
vided that the approximation factor o is linear in the advice complexity of the sample distribution.
The reduction is based on the theory of Solomonoff’s inductive inference [Sol64a] and universal
extrapolation developed by Impagliazzo and Levin [IL90] and Hirahara and Nanashima [HN23].
This third reduction establishes Theorem 1.5. Combined with the second reduction, it also yields
Theorems 1.9 and 1.10. More details are provided in Section 2.2.

2.1 Improved NP-Hardness of GapDMMSA

Our reduction from 3-SAT to GapDMMSA refines the approach presented in [DS04; Hir22]. In
particular, the previous work [Hir22, Theorem 5.2] established the NP-hardness of approximating
the minimum weight of CMMSA up to a factor of £* with respect to the leaf size ¢ of the supported
formulas, where a > 0 is a small constant. In this work, we improve the approximation factor to
¢/polylogl for a super-constant ¢(n) = w(1), where n is the instance size of CMMSA.

Coding in the Reduction

A main idea for the improvement is to change the encoding of alphabets from the previous one.
To see the role of encoding in the reduction, let us first review the previous proof by Hirahara
[Hir22]. The proof mainly follows that of [DS04] and is based on the PCP theorem of [DFKRS11;
DHK15] with low (sub-constant) soundness error. The PCP system is naturally interpreted as an
instance of MaxCSP over variables x1,z3,..., 2, with an alphabet set ¥ of the PCP system [cf.
ABO09, Section 11]. In the previous reduction, in order to transform the MaxCSP problem into a
CMMSA instance (since constraints in MaxCSP are not generally monotone), new binary variables
Xi are introduced for each pair of a variable x; and an alphabet a € ¥. Intuitively, X;, = 1
represents the claim that x; is assigned the alphabet a in the original MaxCSP. Each constraint ¢
in the resulting CMMSA instance corresponds to a constraint C' (say, over variables (z;,,...,z;i,))
in the MaxCSP instance. Here, ¢¢ is defined to be a monotone DNF formula that asks whether
there exists a satisfying assignment (ay,...,ax) for C such that X; ., = 1 for each j € [k]. The



weight of each X, is set propositionally to the number of the occurrences of z; in the MaxCSP
instance.

In the reduction above, we can interpret any assignment for the reduced CMMSA instance as
a coding of an assignment for MaxCSP. Here, for each a € ¥, the (valid) coding of a is defined
as c(a) € {0,1}*) where ¢(a); = 1 if and only if i = a. For the reduced CMMSA instance, we
expect to assign {X; 4 }eex according to the coding of an assignment to {x;}. Specifically, for each
assignment a; to x;, we expect to assign c(a;) € {0, 1}‘2‘ to {Xiq}aex. It is not hard to observe
that if there exists a satisfying assignment to the MaxCSP instance, then the valid coding provides
a satisfying assignment for the reduced CMMSA instance. This establishes the completeness proof
for Yes instances.

The soundness proof for No instances is less straightforward and requires decoding with error
correction. Specifically, we need to extract an assignment for the MaxCSP instance from an arbitrary
low-weight assignment for CMMSA, which may be an invalid encoding and thus require error
correction. Previously, this was performed using a probabilistic argument and the low soundness
of the PCP system, but this analysis presents the following bottleneck for our purposes. Notice
that the valid coding of an assignment has weight 1/|X|, and the leaf size of CMMSA is at least |X|
(in fact, it is polynomial in |X|, depending on the number of satisfying assignment for constraints).
Even if we achieve the optimal leaf size of |X]|, in order to show the nearly linear relationship between
leaf size and the inapproximability factor of weights in the DMMSA instance, we need to establish
soundness even when the given assignment to DMMSA has a weight close to 1.

The difficulty in proving the soundness arises from the fact that the assignment to DMMSA can
be arbitrary, with only the requirement that its weight is less than (but very close to) 1. Recall
that the weight of the trivial assignment, which assigns all variables to 1, is 1. Namely, when the
given assignment for DMMSA has a weight of almost 1, it may claim almost all possible alphabets
simultaneously for the variables of MaxCSP. This results in very poor decoding just by randomly
selecting from nearly all alphabets, and it is unclear whether the soundness of the currently known
PCP systems (or even the sliding scale conjecture) can handle this for the soundness proof.

To address this difficulty, we aim to prevent such malicious coding. A natural approach is to
use a local test to enforce valid codings. However, each formula in the DMMSA instance must be
monotone, and it is unclear whether we can implement a local test for the coding above as monotone
formulas.

Long Code and Local Test by Monotone Function

These observations lead us to change the previous coding to long code, which allows a desired
monotone local test. Let us review the long code. For each alphabet a € ¥, we encode it by a
binary string lc(a) of length 2/*I, where Ic(a) is indexed by a subset S C ¥ and defined as

1 ifaesS
W=V irags

Thus, instead of {X;,}eex, we introduce variables {X; s}scy for each variable z; in our new
reduction. Furthermore, we use a p-biased long code, assigning the weight of each variable X; ¢ to
be propositional to plSl(1 — p)I*I=I5I for each i and S. The quantity corresponds to the probability
that S is selected when each element in ¥ is independently chosen with probability p. The small
bias p is crucial for making the inapproximability factor nearly linear in the leaf size: when p = 1/2
(i.e., the unbiased case), the weight of the valid encoding is exactly 1/2, so the best achievable
inapproximability factor is 2 regardless of the leaf size. In particular, for a super-constant leaf size



¢ = w(1), we need to set p to be sub-constant, as the best achievable gap in weight between Yes
and No cases is 1/p.

Now we describe how we locally test the long code in our reduction. Recall that (i) our objective
is to reduce MaxCSP to DMMSA, so each local test must be formulated as a monotone formula,
and (ii) in our soundness proof, we can assume that the weight of a given assignment for DMMSA
(i.e., the weight of the encoded assignment) is bounded. Our local test builds on the one presented
by Ghoshal and Lee [GL22|, with slight modifications tailored to meet our specific requirements.

Ghoshal-Lee Test

We review the Ghoshal-Lee test. Let f € {0, 1}2‘2‘ be a given coding for the alphabet ». Our
goal is to test whether f = Ic(a) for some a € ¥ or if f significantly differs from all {Ic(a)}qex.
Specifically, we aim to reject all codings that decode poorly to the original MaxCSP assignment.

We can naturally interpret f as a function f: 2 — {0,1}, where 2% represents the power set
of ¥. The Ghoshal Lee test queries f on some points z',...,z% and then accepts if and only
if A;f(z") = 1. The novelty of Ghoshal-Lee test lies in the correlated selection of the points
zt ..., 2? C . Let p~ 1/(d?logp~!) be a parameter representing correlation. For each a € %,
we select b, € {0,1} so that b, = 1 with probability p. If b, = 1, then a either contained in all of
z!, ..., z% with probability p or excluded from all of them with probability 1 — p, where p is the bias
of the long code. Otherwise, if b, = 0, the membership of a in each z? is determined independently;
each 2’ contains a with probability p, independently across z',. .., 2%

The correlation above is intended to make the gap in acceptance probability between complete
and sound cases exponentially large in d, which is essential for the near-linear relationship between
leaf size and inapproximability in our result, as we will explain later. For completeness proof, it
is easy to verify that the acceptance probability for f = Ic(a) is at least p - p, as all of z!,..., z?
contain a with probability at least p - p.

In contrast, Ghoshal and Lee [GL22] derived the soundness from the Invariance principle [Mos10]
and Gaussian bound [KS15]. Let p = E,[f(x)], where z C ¥ is selected with bias p. Informally,
their soundness proof shows that each f satisfies one of the following:

e The acceptance probability of the Ghoshal Lee test for f is at most approximately p?;
e f has a coordinate with large influence,

where the influence of a coordinate ¢ is defined as a variance on coordinate i (see Definition 3.1).
Intuitively, the above shows that if f has no coordinate with large influence (and p = E[f] is
bounded), the acceptance probability decreases exponentially in d, allowing us to reject f with
high probability. Otherwise, f must have a coordinate with large influence (often called a notable
coordinate), which appears to be a good candidate for decoding since the value of f is strongly
affected by such coordinates. Note that, in general, the number of coordinates with large influence
is not bounded (e.g., a parity on all coordinates). However, it is well-known that we can restrict
the number of notable coordinates by adding a small noise to the queried points (see Lemma 3.3).

The Modification of the Test

Recall that we need to choose p to be o(1) for our purposes. The Ghoshal-Lee test has an acceptance
probability at most p even for valid long codes, resulting in a poor satisfiability probability of o(1)
for yes cases in the resulting DMMSA instance. To address this, we modify the test by changing
the predicate. Note that the previous work [GL22] applied the AND predicate to establish a tight
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inapproximability result for the Densest-Subgraph (i.e., biased MaxAND) problem, but we do not
need to restrict the predicate to AND as long as it is monotone.

Our modification is very simple: we repeat the Ghoshal-Lee test M times and take the OR of
the results, which yields monotone d-DNF formulas of size M as predicates. In our setting, we select
d and M such that d ~ polylogp™ and M ~ p~'p~! = p~!polylogp=!. This choice ensures (i) the
acceptance probability of 1 — o(1) for valid long codes, and (ii) the acceptance probability of o(1)
for invalid codes with no large influence coordinate and weight 1 — €2(1). Since the weight of valid
long codes is p, the gap of weights between two cases (i) and (ii) is Q(p~!), which is nearly linear
in the leaf size Md ~ p~'polylogp~'. Note that the correlated selection in the Ghoshal-Lee test
is essential for this relationship; if each queried point were selected independently, the acceptance
probability in complete cases would drop to p?. To compensate, we would need to set M ~ p~¢,
resulting in the leaf size Md > p~¢, but the gap in weights (i.e., inapproximability factor) would

remain at most p— 1.

Reduction to DMMSA with Long Code Test

Finally, we explain how we combine the modified Ghoshal-Lee test with the proof of NP-hardness for
DMMSA. Recall that the previous work [GL22] relied on the Small Set Expansion Hypothesis, which
is known to be equivalent to the Unique Games Conjecture with an additional expansion property
[RST12]. Their approach required a strong connection between a global bias across all variables and
each long code component [see GL22, Section 3.2]. In contrast, for our purposes, we do not need such
a strong connection, allowing us rely solely on the PCP theorem. However, the MaxCSP resulting
from the PCP theorem is much less structured than those obtained from the Small Set Expansion
Hypothesis or the Unique Games Conjecture. It is known that a test that distinguishes long codes
from codes with no notable coordinates using a predicate ¢ is automatically transformed into an NP-
hardness result for MaxCSP with constraints ¢ under the Unique Games Conjecture [KKMOOT;
ODo14, Theorem 7.40]. Our reduction, however, does not follow this framework, as we do not
assume the Unique Games Conjecture. Instead, our approach is more ad hoc, leveraging an implicit
pairwise checkability of the Ghoshal-Lee test.

To show the NP-hardness, we use the two-prover projection PCP system with low soundness
error, presented by Moshkovitz and Raz [MR10]. This PCP system can be interpreted as a MaxCSP
instance with a constraint graph represented by a biregular graph (L, R, E'), where each vertex in
L UR is regarded as a variable, and each edge e € FE is regarded as a constraint. Each vertex v € L
(resp. v € R) takes an alphabet in a set X1, (resp. Xr), with |X1| > |Xg|. Each e € F is associated
with a partial function m.: X7 — X, representing the acceptable relations of alphabets assigned to
the endpoints of each edge. Specifically, a constraint (v,v’) € F is satisfied if v (resp. v’) is assigned
with a € ¥, (resp. b € X1) so that me(a) = b; if mc(a) is undefined, the constraint is not satisfied.
We apply this PCP theorem above in the setting where w(1) < |X.|, |Xr| < o(logn).

In the reduction, we introduce new variables for the long code, i.e., for each v € L (resp. v’ € R),
we introduce variables {X, s}scx, (resp. {Xy r}rcsy), which take binary values for a DMMSA
instance. Note that the left and right vertices have different roles: left alphabets specify acceptable
right alphabets, but the converse does not hold. Furthermore, the two sides have different alphabet
sets, which yields different long codings, and we need to consider them separately.

Implementing the Long-Code Test with Consistency

We define the distribution on monotone formulas in the DMMSA instance by specifying its sampler.
First, it selects an edge e = (v,v’) € E uniformly at random. We interpret {X, s}scs, (resp.
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{Xy r}rcsy) as a function f,: 2% — {0,1} (resp. g, : 2°% — {0,1}), which is expected to be a
valid long code. The goal is to check the following conditions simultaneously:

1. f, and g, are both valid long codes for alphabets a € ¥ and b € ¥R, respectively;
2. the constraint on e is satisfied, i.e., m.(a) = b.

The idea to accomplish the above is very intuitive: we apply the modified Ghoshal-Lee test to
fv, but instead of checking

\/ fv(x(ijl)) A fv(x(i’2)) JARRRNA fv(x(i’d))v

1€[M]
we replace f, with g, o e on 2@2) 2D and check

\/ fv(x(z‘,l)) A Gy © We(x(i,Z)) AN gy o ﬂe(x(i,d))’
i€[M]

where 7. (z) € 2% is defined as i € 7 (z) iff 3j € x s.t. 7 (j) = .

It is not hard to observe that if (f,, g,/) are valid long codes for (a,b) with m.(a) = b, then the
above is satisfied with the same acceptance probability as the original test. This completes the proof
of completeness for the reduction. In contrast, the soundness proof requires much less immediate
argument, as discussed below. For simplicity, we ignore the small noise used to limit the number of
notable coordinates in this section.

The soundness proof relies on the following pairwise checkability of the Ghoshal-Lee test. Let
f,g: 2%t — {0,1} be a pair of possibly invalid coding for X7 with max{E,[f],E.[¢g]} < u. For
convenience, let us call the test f(z') A (Aa<i<ag(z?)), as performed in the reduction, the pairwise
Ghoshal-Lee test. Then, each (f, g) satisfies one of the following:

e The acceptance probability of the pairwise Ghoshal-Lee test for (f, g) is roughly at most u?;
e f and g has a common notable coordinate.

This pairwise testability follows from the underlying functional analysis, particularly the multilinear
Gaussian stability bound of [Mos10; KS15], used in the soundness analysis of [GL22]. For a formal
description, see Theorem 5.14 and Section 5.4.

First, we consider the warm-up case where ¥, = ¥ and all constraints are permutations (i.e.,
a unique game instance) to provide intuition for the soundness proof. In this case, the distribution
of T.(x) is identical to that of &, where x € 2% is drawn from the p-biased product distribution,
regardless of e. We assign weights to the variables {X, s}scs, and {X, r}rcs, according to the
p-biased distribution (for S and T).

Using a standard probabilistic argument, we can show that any DMMSA assignment with suf-
ficiently small weight ensures that, for almost all edges, the endpoints (v, v’) are assigned to codes
(fv, gor) with weights bounded by a constant u, i.e., Ey[fy(2)], Ez[gy(2)] < p. We call such an
edge “good.” For any good edge e = (v,v’), it holds that E,[g, o m.(z)] < p, as me(z) is identi-
cally distributed to z. Thus, the (OR of) pairwise Ghoshal-Lee test for (f,, g, o 7e) presents two
possibilities: (i) the test is rejected with high probability, or (ii) there exists a common notable
coordinate for (fy, gy o me).

Suppose a good edge satisfies case (ii). For each notable coordinate i of g, o, it is not hard to
verify that the coordinate 7. (i) is notable for g,,. Namely, any good edge e satisfying case (ii) has
(i,me(7)) (i-e., an acceptable pair of alphabets) contained in the product set of notable coordinates
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of f, and g,». Note that the product set is defined per vertex and does not depend on the edge e.
Consequently, by assigning values to the original MaxCSP, where each vertex is assigned a value
randomly chosen from the notable coordinates of the corresponding codes induced by the DMMSA
assignment, a notable fraction of good edges satisfying case (ii) should be satisfied.

In the reduction, we observe that the size of the set of notable coordinates decreases as the
bias p increases, independently of the soundness of the original PCP theorem. Thus, by selecting
p to be a large enough sub-constant relative to the soundness, we ensure that the fraction of good
edges satisfying case (ii) is not too large; otherwise, the random assignment above would violate
the soundness of the PCP theorem. Therefore, for any bounded assignment to DMMSA, almost
all edges must fall under case (i), meaning the assignment does not satisfy the constraint selected
according to the distribution.

To remove the assumption that 7, are permutations, we observe that the same argument above
can be applied if, for z € 2L drawn from the p-biased product distribution, me(z) € ¥R ig
distributed according to a p’-biased product distribution for some p’ € [0, 1] regardless of e. In this
case, we assign weights to the right variables {X, r}rcy, according to the p'-biased distribution
(for T'). To achieve this, in the actual reduction, we leverage the hardness of MaxCSP with the
additional structure, which we call Balanced Label-Cover (Definition 4.3). The problem has a
balanced structure such that for each edge e and each right alphabet b € ¥, the number of the left
alphabets a € X, such that m.(a) = b is the same. To establish the base NP-hardness of Balanced
Label-Cover, we combine the alphabet reduction technique developed in [MR10] to obtain the 2-
query projection PCP with the hardness of approximation for 3SAT established in [Has01], which
has a specific structure in which each variable appears in the same number of clauses.

For details about the NP-hardness of Balanced Label-Cover, see Section 4. For the analysis of
the reduction in the asymmetric case, see Section 5.

2.2 A Reduction from Learning to Inverting Auxiliary-Input Functions

Theorems 1.5, 1.9 and 1.10 are based on a reduction from Gap,Learn with ¢ = O(¢) to inverting
an auxiliary-input function, where ¢ denotes the advice complexity. The reduction builds upon the
theory of universal extrapolation [IL90; HN23].

In the reduction, we consider a specific case where a distribution £ of samples for GapLearn is
represented by two strings: nonuniform advice z and a randomly selected advice z’. Specifically, £ is
represented as £ := D, » for some samplable distribution family D = {D, ,-}. The goal, then, is to
reduce GapLearn for D, ./ to inverting an auxiliary-input function f, indexed by z on average over
Z'. Here z and 2’ serve different roles in the context. For instance, in GapLearn instances derived
from Hirahara’s reduction from DMMSA to learning, z corresponds to the DMMSA instance, and
2’ represents randomness used in the reduction.

The advantage of treating z and 2’ separately is that the description size of the inverter depends
only on z and not on z’. This enables us to achieve a good approximation factor for GapLearn
that is independent of any randomly selected nonuniform advice 2’ embedded in the underlying
distribution &.

Specifically, Hirahara and Nanashima [HN23] showed that to learn Dz, 2’ from independent
samples, it suffices to extrapolate i.i.d. samples (treated as a prefix string) according to the universal
distribution Qf|z for a sufficiently large polynomial ¢. Here, sz represents the distribution of the
output of a fixed universal Turing machine U executed in t steps on a randomly selected input
I ~ {0,1}' given the advice string z. This extrapolation task can be reduced to inverting a
polynomial-time computable function f, indexed by z, resulting in the reduction from learning to
inverting an auxiliary-input function f = {f.}.

13



When there exists a hypothesis of size s with o(1) accuracy error, the extrapolation-based learner
succeeds using at most m(s) = O(s) samples with high probability over the choice of 2/, by the chain
rule for KL divergence (see Lemmas 7.5 and 7.7). We use this sample-complexity upper bound to
distinguish, for a given input z, between the following two cases: (i) D, ./ is a yes instance for most
Z’, and (ii) D, is a no instance for a noticeable fraction of z’.

More concretely, given access to an inverter for the auxiliary-input function, we construct a
tester that checks whether the extrapolation-based learner succeeds using m(s) samples with high
probability over the choice of 2’ and the samples drawn from D, .. This is feasible because the
tester can generate samples from D, ., on its own, by choosing 2’ itself and then executing the
sampling procedure using the inverter. The tester accepts z if this success test passes. By the
sample-complexity guarantee above, if D, ./ is a yes instance of GapLearn for most 2/, then the
tester accepts z with high probability. This proves completeness.

For soundness, we must show the converse direction: if the tester accepts z with high probability,
then case (ii) cannot occur. It is enough to prove that in this situation, for most 2/, there exists
a highly accurate hypothesis h for D, ., whose description size is at most O(¢) - s. Indeed, such a
hypothesis certifies that D, ./ is a yes instance for most z’. Thus, our remaining task is to construct
such a hypothesis.

A natural first attempt is the following. Since acceptance of z means that the extrapolation-
based learner succeeds with high probability when given m/(s) samples, one may try to hardwire into
the learner both m(s) independently drawn samples from D, ., and the inverter I, for f., thereby
obtaining a highly accurate hypothesis h. However, this yields only the bound || < m(s) -n +|L|,
where n is the bit-length of each sample. This is too large for our purposes, since in general the
sample length n can be much larger than the advice complexity ¢ needed to generate samples from
D, .. Therefore, this naive hardwiring argument does not suffice.

To reduce the description size of h to a bound in terms of £, we do not hardwire the entire training
sample set itself. Instead, we hardwire a succinct description of the training set that exploits the
advice complexity of the sampling procedure. Recall that the m := m(s) samples are generated
from m random seeds 7 = (r!,...,r™), chosen independently of z and 2’, together with an advice
string «, . 7 of length m - £. By a standard probabilistic argument, there exists a choice of random
seeds 7 such that, with high probability over the choice of 2/, the learner succeeds on the training
set for D, ,» generated using 7.

Now fix such a tuple 7. The property that “with high probability over the choice of 2/, the
learner succeeds on the training set for D, .- generated using 7" is computable, albeit inefficiently,
from z, 7, and the description of the learner; here the learner is determined by the inverter, whose
description depends only on z. Hence, we may define 7 to be the lexicographically first tuple of
seeds satisfying this property. Thus, the description size of 7 is at most O(K(z) + logn), where
K(z) denotes the Kolmogorov complexity of z. Moreover, by the choice of 7, with high probability
over the choice of 2/, the learner succeeds on the training set for D, ./ generated using 7.

We therefore hardwire 7* together with the corresponding advice string o, ./ 7, and thereby
obtain a hypothesis 712,73/ of description size at most

O(Jaz 7| + K(7*)) < O(m(s) - £ + K(z) + logn).
This bound is sufficient to establish Theorems 1.5, 1.9 and 1.10. Below, we highlight each case.

Theorem 1.10 (Item 1). First, we reduce GapgDMMSA for formulas whose induced autho-
rized set admits secret sharing of total size £ to a GapLearn instance with distribution D, ,/
over samples and size parameter s, where z is the GapDMMSA instance and 2’ is a random
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seed, using Hirahara’s reduction [Hir22| (see also Section 6). The key properties of this reduc-
tion are as follows: (i) the advice complexity for sampling from D, ./ is at most ¢, (ii) the size
parameter s is polynomially larger than |z|, and (iii) the approximation factor of GapLearn
for D, . corresponds to that of GapDMMSA for z. Consequently, the description size of the
hypothesis constructed above is at most O(m(s) - ¢ + K(z) +logn) = O(¥) - s.

Therefore, GapO(g)Learn on the support of Hirahara’s reduction can be reduced to inverting
an auxiliary-input function, and Gapg,)DMMSA is also reducible to the same inversion task.
This implies that the worst-case hardness of Gapg ) DMMSA yields the hardness of inverting
an auxiliary-input function (often called an auxiliary-input one-way function), which is known
to imply the errorless average-case hardness of NP [HS17; Nan21].

Theorem 1.10 (Item 2). The argument above shows that GapyDMMSA for an instance z is
reducible to inverting a function f, indexed by z. In particular, if Gapy ) DMMSA is hard on
average under a samplable distribution D over instances z, then f, is hard to invert on average
over z ~ D, which yields a standard one-way function. Moreover, the reduced inversion task
for f, is testable for every z by empirically estimating the probability that an algorithm
outputs a valid inverse of f,(r) for a random seed r. This allows us to detect any error in the
reduction on each input z, as observed in [Nan21; Hir23; HN24]. Consequently, we can base
the existence of one-way functions on the erroriless average-case hardness of GapO(g)DMMSA
under any samplable distribution.

Theorem 1.9. We have shown that solving Gapg)DMMSA for an instance z is reducible to
inverting a function f, indexed by z. This instance-wise reduction is called a fixed-auxiliary-
input reduction. It is known that any promise problem II that can be reduced to inverting
an auxiliary-input function via a fixed-auxiliary-input nonadaptive black-bozx reduction is con-
tained in coAM [AGGMO06; ABX08]. Our reduction above is nonadaptive but not black-box,
since it embeds the description of the inverter for the auxiliary-input function into the learning
algorithm. Nevertheless, it uses the inverter in an almost black-box manner, with the only
non-black-box aspect being the bound on the description size. For this description-restricted
setting, we adapt the technique of [AGGMO06] to obtain the coAM upper bound. Specifically,
the oracle simulated by the coAM protocol in the prior work becomes description-restricted in
the presence of randomness, and this randomness can be compressed together with the seed
set 7. This yields a simulation of a description-restricted inverter within coAM, ensuring that
our reduction applies. For more details, see Section 7.3.

Theorem 1.5. We outline the implication from the average-case hardness of GapLearn, with advice
complexity ¢ for sampling, to the existence of a one-way function. Let 2 = {Z,}nen be a
family of distributions over distributions £ of samples for learning. We apply the reduction
above to D,, ¢, where n indexes & and £ is a description of a distribution drawn from %,
and reduce the task of finding the minimum description size s of a hypothesis for D, ¢ (on
average over &) to inverting f,,. In this setting, the inverter I,, for each f, has description size
O(logn), and the description size of the hypothesis h constructed above is at most O(m(s) -
{+K(n)+logn) = O() - s (assuming s > logn; otherwise, the minimum hypothesis can be
found by brute-force search). Thus, solving Gapp (g Learn on average over & ~ 7, reduces to
inverting f = {f,}. If the former is average-case hard, then f is a one-way function.

The converse implication, from one-way functions to the average-case hardness of GapLearn,
follows from the fact that pseudorandom functions can be constructed from any one-way
function [HILL99; GGMS86], which implies the average-case hardness of learning even when
arbitrary polynomial-time computable hypotheses are allowed [Val84].
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Organization of This Paper

The remainder of this paper is organized as follows. In Section 3, we review some preliminary
notions for the formal arguments. In Section 4, we introduce Balanced Label-Cover and establish
its NP-hardness as the foundational hardness result for our NP-hardness proof. In Section 5, we
formally define GapDMMSA and present the reduction from Balanced Label-Cover to GapDMMSA,
which completes the proof of Theorem 1.8. In Section 6, we review Hirahara’s reduction [Hir22]
from GapDMMSA to GapLearn, which, along with the reduction in Section 5, completes the proof
of Theorem 1.3. In Section 7, we present the reduction from GapLearn to inverting an auxiliary-
input function and discuss its implications, including the proofs of Theorems 1.5, 1.9 and 1.10. In
Section 8, we mention open problems arising from this work.

3 Preliminaries

All logarithms are base 2 unless stated otherwise. We use € to represent an empty symbol. We
distinguish € from e and often use ¢ for a small parameter such as an accuracy error. Let (,) be a
(standard) pairing function that maps N x N to N.

We use the notation negl to represent some negligible function, i.e., for any polynomial p and
sufficiently large n € N, it holds that negl(n) < 1/p(n). We also use the notation poly to refer to
some polynomial.

For eachn € N, let [n] := {1,2,...,n}. For every z,y € {0,1}*, let xoy denote the concatenation
of z and y. For readability, we may omit o from z oy. For each = € {0,1}" and each i € [n], we let
z; denote the i-th bit of . For every z € {0,1}", let z3) = z10--- o} and T = T 0 -+ 0 Tps
for each k < K <n.

For a function f: {0,1}" — {0,1}™ and y € Imf, we define f~1(y) = {z € {0,1}" : f(z) = y}.

For each p € [0, 1], let Ber(p) be a Bernoulli distribution with parameter p. For any distribution
D, we use the notation x ~ D to refer to the sampling of x according to D. For any finite set S, we
use the notation x ~ S to refer to the uniform sampling of  from S. For any distribution D and
k € N, let D®* denote the k product distribution whose marginal distribution is identical to D.

In this paper, we assume basic knowledge of probability theory, including the union bound,
Markov’s inequality, Jensen’s inequality, and Hoeffding’s inequality. For an event E where trials
to determine whether E occurs are repeated efficiently, we say that an algorithm M performs the
empirical estimation of the probability that E occurs with accuracy error € € [0, 1] and confidence
error 0 € [0,1] if M computes a value v with Pr[E] — e < v < Pr[E] 4 ¢ with probability at least
1 — & over trials. By Hoeffding’s inequality, only O(s~21ogé~!) are needed for such estimation.

For any distributions D and &, let At (D, E) denote the total variation distance between D and
E. Let KL(D||E) represent the KL divergence between two distributions D and &.

For every distribution D over {0,1}*, every x € {0,1}*, and k¥ € N, we use the notation
Nexty(z; D) to refer to the conditional distribution of the k-bit prefix of a subsequent string of x
selected according to D. If 2 does not match any prefix in the support of D, we regard Next(x; D)
as the distribution of the empty symbol.

For every promise problem IT = (Ilyes, II,0) and every x € Ilyes U 1L, we define II(z) as

1 if ILes
H(x): Iz elly
0 ifxell.

A family D = {D,, },en of distributions is said to be (polynomial-time) samplable if there exists
a polynomial-time randomized algorithm D (called a sampling algorithm or a sampler for D) such
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that, for each n € N, the distribution of D(1™) is statistically identical to D,,. This definition can
also be extended to a distribution family D = {D.},c1o,1}+ indexed by binary strings 2, where the
polynomial-time sampler takes the binary index z as input to sample from D,.

We say that a randomized algorithm A solves a promise problem II on errorless average over
D with failure probability 6 € (0,1) if (1) A outputs II(x) or L (which represents “failure”) with
probability at least 3/4 over the choice of randomness for A for every = € Support(D), and (2) the
failure probability that A(x) outputs L overwhelmingly (i.e., with probability at least 3/4) over the
choice of x ~ D is bounded above by §. We say that a distributional problem (II, {D,, },en) has an
errorless heuristic algorithm A with failure probability §: N — (0, 1) if for all n € N, the randomized
algorithm A solves a promise problem II on errorless average over D,, with failure probability §(n).
Let AvgsBPP be the class of distributional problems that have an errorless heuristic algorithm with
failure probability d(n). In this paper, we only consider distributional problems (II, D) for which D
is samplable.

We define the leaf size of a formula as the total number of literals appearing in the formula. For
¢ € N, let F[¢] denote the set of monotone formulas of leaf size at most .

3.1 Analysis of Boolean Functions

We review some notions required for the analysis of Boolean functions.

Definition 3.1 (Influence). For each function f: {0,1}" = R, i € [n], and p € [0,1], we define the
(u-biased) influence of the i-th coordinate on f as

Inff(f) = E$1,~~~7$i—17$i+1,rn [Varﬂfi [f(wh cee 7xn)H )
where each xj is selected according to Ber(u).

Definition 3.2 (Noise operator). For n € N and p,u € [0,1], we define Niy as a mapping from
z € {0,1}" to a distribution of y € {0,1}", where each y; is selected as

Yi = &5 with probability p
y; ~ Ber(u) with probability 1 — p.

We define the p-biased noise operator TY, (with parameter p) as the linear operator on f: {0,1}" —
R defined as

Tgf(ff) = Ewa’;(:c) [f(y)] :

Lemma 3.3 ([cf. GL22, Lemma 8.4]). For every function f: {0,1}" — [0,1], and every u,n,7 €
(0,1), it holds that

{i €[n]: Inff(T_, f) > 7} < (pr) "

,n,k €N, and x € {0,1}", we
). ,x(k)) selected according to

W a®

Definition 3.4 ([GL22, Definition 8.1], restated). For p,u € [0, 1]
1

define a distribution N%’k(w) over ({0,1}™)* as a distribution of (x
the following procedure: for each i € [n], (i) let b; ~ Ber(p), and (ii) select (x ) as

7

@, 2@ = (T s Ti) Z.fbi =1
Ber(u)®*  ifb; =0
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3.2 Hitters

We will use a useful tool called hitters. For the survey on this subject, refer to [Golll]. In this
work, we particularly use the pairwise-independent hitter, whose sample complexity m is far from
optimal, but it has pairwise independence which is useful for our purpose.

Lemma 3.5 ([see Golll, Appendix C.2]). There exists a polynomial-time deterministic algorithm
HPY satisfying the following for every £,e=*,6=! € N:

o HPY(r, 1=, 1‘571), where r € {0,1}%, outputs m := 1/(6) strings x1,...,x, € {0,1};
o For every S C {0, 1} with |S| > 2¢,

Pr |HPY(r, 15_1, 15_1) produces some x; such that x; € S| > 1 —6;
T

e The strings produced by HP(r, 1571, 1571) is pairwise independent, i.e., for each i,j € [m]
with i # j and v;,vj € {0,1}¢,

Prlz; = vi] = 27¢ and Pr((z;,x;) = (vi,v;)] = 27%.

3.3 Cryptography and Secret Sharing
We review some notations in cryptography.

Definition 3.6 (One-way function). A polynomial-time-computable function f = {f,: {0,1}Pel()
{0, 1}p°'y(")}neN is said to be an infinitely-often one-way function if for every polynomial-time ran-
domized algorithm A, there exist infinitely many n € N such that

TP}; [fn(AQQ", fu(r)) = fa(r)] < negl(n),

where  ~ {0,1}PYM) s o random seed.

The parameter n in the definition above is often referred to as a security parameter. For read-
ability, we may omit the subscript n from f,, and 1" from the input to adversaries. Note that
our result for constructing an infinitely-often one-way function based on average-case hardness also
extends to the standard one-way function, whose security holds for all sufficiently large security
parameters, assuming average-case hardness on all sufficiently large instance sizes.

Next, we introduce an auxiliary-input variant of one-way functions, introduced by Ostrovsky
and Wigderson [OW93]. Roughly speaking, auxiliary-input primitives are defined as a collection
of candidates for secure primitives indexed by an auxiliary input z € {0,1}* and have a relaxed
security condition that for each adversary A, there exists an auxiliary input z4 € {0, 1}* depending
on A such that the primitive indexed by z4 is secure for A.

We define an auxiliary-input function as a function family f = {f.}.c{0,1}+ indexed by binary
strings z. We say that f is polynomial-time computable if each f,(z) is polynomial-time computable
from (z,x).

Definition 3.7 (Auxiliary-input one-way function). A polynomial-time computable auziliary-input
function f = {f.: {0,1}PoW(2) — {0,1}p°'y(‘z|)}ze{071}* is said to be an auziliary-input one-way
function if for every polynomial-time randomized algorithm A, there exist infinitely many z € {0, 1}*
such that

Prifz(A(z £2(r)) = f2(r)] < negl(|2]),

where 7 ~ {0,1}PY(=) is a random seed.
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It is known that the existence of auxiliary-input one-way functions implies the errorless average-
case hardness of NP.

Proposition 3.8 ([HS17; Nan21]). If there exists an auziliary-input one-way function, then there
exist IT € NP, samplable distribution D, and a polynomial p such that (IL, D) ¢ Avg, ;,BPP.

We also review the notion of secret sharing. For each n € N, we define an authorized set A C [n]
over n parties as any monotone set system over [n], i.e., S € A and S C T imply T € A. Namely,
every monotone function f: {0,1}" — {0,1} induces an authorized set A as

Ap={Scn]: flxs) =1},
where xg € {0,1}" is the characteristic string for S.

Definition 3.9 (Secret sharing). A secret sharing scheme for an authorized set A over n parties
is a pair of a polynomial-time randomized algorithm Share and a polynomial-time deterministic
algorithm Rec such that

e Share takes a bit and then outputs n shares si,...,s, € {0,1}*;
e Rec takes n strings and outputs a bit;
e (Completeness) For every b € {0,1}, every S € A, and every s},...,s, € {0,1}*,

Pr [Rec(s),...,s,)=b|s,=s;VieS =1,

81,--4,5n
where (s1,...,8y) < Share(b);

o (Security) For every randomized function fi,..., fn: {0,1}* — {0,1}*, every b € {0,1}, and

every S ¢ A,
1
Pr Rec(f1(s)),-- -, fm(sh)) =b] = =,
{Si}v{fi},{sg}[ (fi(s1),-- - fin(sn)) = 0] = 5
where (s1,...,8y) < Share(b) and

{s’- =s; (wp. 1) ifieS

(2
sh ~ {0, 1} otherwise.

We say that an authorized set A admits secret sharing of total size s if it holds that |s1|+- - -+|sp| < s
for every bit b and randomness for Share.

We extend the definition above to a collection of monotone formulas. We say that a collection F
of monotone formulas admits secret sharing of total size s if there exist polynomial-time algorithms
Share and Rec such that for every ¢ € F', (Share(-; ¢), Rec(-; ¢)) is a secret sharing scheme for the
induced authorized set A, of total size at most s.

Theorem 3.10 ([ISN93; BL88|). Any monotone formula of leaf size £ admits a secret sharing
scheme for the induced authorized set of total size at most £.

Let &y be the set of monotone formulas that admits a secret sharing scheme for the induced
authorized set of total size at most ¢. Then, the above shows that &, contains every monotone
formula of leaf size ¢, i.e., F[{] C &,.
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3.4 Algorithmic Information

In this paper, we fix a prefix-free universal Turing machine U arbitrarily. For each ¢t € N and input
IT to U, we let U'(IT) denote the outcome obtained when we execute U on input II only in ¢ steps.
We define the Kolmogorov complexity as follows.

Definition 3.11 (Kolmogorov complexity). For everyt € N and every x,z € {0,1}*, we define the
t-time-bounded Kolmogorov complezity of x given z as K!(z|z) = mingeo,1y+{ 1] : UYIL, 2) = x}.
We also define the (time-unbounded) Kolmogorov complezity of x given z as K(x|z) = lims_, o0 K (2]2).
We omit the description “z” if z is the empty string, i.e., K'(x) = mingegoqy+{[TI| : UY(IT) = x}.

We also extend the definition above to a finite set S of strings. For S = {s1,..., s} and a string
z, we define K(S|z) = K((s1, ..., sk)|2)-
For any k € N and any x, z € {0,1}* with |z| = k|z|, let DPg(z; 2) := zo(x, 21)p,0---o(x, 2F)p, €

{0, 1}#1+* where z = 21 o0 2F, |27 = |2 for each i, and (,)p, represents the inner product in Fs.
We introduce Algorithmic Information Extraction Lemma, presented in [Hir22]. For m strings
fi,---s fm € {0,1}* and a subset B C [m], we use the notation fz to refer to {f;,,.. -+ fijp)» Where

B = {il,...,i|B‘} (’il <...< 2|B|)
Lemma 3.12 (Algorithmic Information Extraction Lemma [Hir22]). For any a,k,e~',\,m € N,
any fi,..., fm € {0,1}*, and any function D: {0,1}* x ({0, 1}M+*F)ym 5 10,1}, there exists a set
B C [m] such that
KP(fg) < |B|- (mk + a + O(log mAas™1)),
and for every a € {0,1}%,
|Pr[D(a, X1,...,Xm) = 1] = Pr[D(a, X1, ..., X],) = 1]| <e.

Here, X; is a random variable chosen according to DPy(fi; z;) for z; ~ {0,1}*, and X! is a random
variable identical to X; if i € B; otherwise (i.e., if i € [m]\ B) selected according to the uniform
distribution over {0, 1} +F,

We also use the following fact.

Fact 3.13 ([cf. CTO06]). There exists a polynomial T such that for each p € (0,1/2) and each
z € {0,1}" with wt(z) < pn,

K™ (z) < O(H(p)n +logn) < O(p"™n +logn),
where H(-) represents the binary entropy function.

We define the universal probability and computational depth. For every t € N and every string
y, we define the distribution ny as a distribution of U'(IL,y) for I ~ {0,1}*. When y = ¢, we omit
the subscript “|y”.

For every ¢t € N and every string z,y € {0,1}*,

¢ t
q(ely) = —log Pr  [U'(ILy)=2].

For every t € N and x € {0,1}*, the ¢-time-bounded computational depth cd?(z|y) of x given

yis defined as
cd'(z]y) := o' (zly) — K(zly).

The following well-known fact shows that the ¢-time-bounded computational depth of a sample
drawn from D is logarithmically small with high probability when t is sufficiently larger than the
time complexity required to sample from D.

20



Lemma 3.14 ([cf. HN23]). For every samplable distribution D = {D,},c(01}+, for any large enough
polynomial T, it holds that for every z € {0,1}*, every i € N, and every t > 7(|z|),

1
LHamlz) < >1— .
xf£z[cd (zp]2) < 2logt] > 1 ;

We derive the following lemma from the above.

Lemma 3.15. For every samplable distribution D = {D., }.c(0,1}+, every polynomial p, for any large
enough polynomial T, for every long enough z € {0,1}*, every i € N, every t > 7(|z|), and every
event E determined by x ~ D, such that Pry[E] > 1/p(|z|), it holds that

Eop. [cd' (z);)]2)|E] < 5log t.

Proof. We select a large enough polynomial 7 such that it satisfies the conditions in Lemma 3.14.
We also assume that 7(z) is larger enough than the time bound for sampling according to D,, and
for each & € Support(D,), it holds that cd’(zjy|z) < |z] + O(1) <t (for each i and each t > 7(|z[)).
Further, we assume that ¢ > p(|z|) for each ¢t > 7(|z|). We use Lemma 3.14 and obtain that

P£ [E A cd'(z)]2) > 4logt] < Plr) [ed" (zp;)]2) > 4logt] < t2,

Thus,

1 p(]2])
P qe 4logt|E] < < <
p led (@glz) > 4logtE] < 55 PeB] = 2 =0

and ;
Eqp. [cd (z))]2)|E] < 1- (4logt) + ; < 5logt.

3.5 Sampling with Advice
We consider the notion of the advice complexity of sampling as a parameter of problems.

Definition 3.16 (Advice complexity of sampling). A distribution D over {0,1}" is said to be
samplable with advice complexity ¢ if there exists a function a: {0,132 — {0,1}¢ such that D
is statistically identical to the distribution generated by U(a(r),r,n) for r ~ {0,1}*" conditioned
on the event that U(a(r),r,n) # L, and the probability that U(a(r),r,n) # L is at least 1 — 272",
where ¢ = 100.

The equivalence to the definition presented in the introduction is discussed in Appendix C.

4 Balanced Label Cover

In this section, we introduce the problem Balanced-Label-Cover and show the NP-hardness from
the PCP theorem developed in [MR10]. This is the source of our NP hardness result for DMMSA.
First, we introduce the original problem of Label-Cover.

Definition 4.1 (Label-Cover). An instance of LABEL-COVER is composed of a bipartite multi-
graph G = (V1,, Vg, E) and two finite alphabet sets ¥, and ¥, where |X1| > |Eg|. Every vertex in
Vi, is supposed to get a label in Xy, and every vertex in Vg is supposed to get a label in Y. For
each edge e € E, there is a constraint defined as a partial function we: X — Xg.
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Given a labeling to the vertices of the graph, i.e., functions ar: Vi — X1 and ag: Vg — Xpg,
an edge e = (v,w) € E is said to be satisfied if m.(ar(v)) = ar(w) (note that the constraint is
unsatisfied if we(ap(v)) is undefined).

The goal is to find a labeling that maximizes the number of satisfied edges. We say that v fraction
of the edges are satisfiable if there exists a labeling that satisfies v fraction of the edges.

For each left vertex e € F, we use the notation X, to represent
Yrje :=1{a € ¥ : me(a) is defined}.

We may call a € ¥, valid on e if a € Xp|.. Note that two edges e and e/ that share the left
vertex may have different valid alphabets, i.e., ¥, # ¥r. For convenience, we regard the partial
constraint function m.: X, — X i as the total constraint function m.: 2 Lle = XR-

Next, we introduced the following additional structure on LABEL-COVER instances. This is a
key in our reduction to DMMSA.

Definition 4.2 (Balanced). For finite sets S, T, we say that a function 7: S — T is balanced if
|7~ Y(a)| = |7~L(b)| = |S|/|T| for every a,b € T. Moreover, we say that a partial function 7: S — T
18 balanced if it is balanced when regarded as a total function whose domain is the set on which 7 is
defined.

Definition 4.3 (Balanced Label-Cover). A Balanced-LABEL-COVER instance is the same as that
of LABEL-COVER with the following additional properties: let G = (Vi, Vg, E) be a constraint
graph, let Y1, X be alphabet sets, and let {mc}ecr be constraints. Then,

L |3l = [Zg)e| for any e, e’ € E;
2. me: Xpje = YR is balanced for any e € E.

We will show that the NP-hardness of approximation for Balanced-LABEL-COVER. The proof
is based on the query reduction technique developed in [MR10] with additional observations on
their bipartite Locally Decode/Reject Codes (LDRCs). Moreover, we can assume that the fraction
of left vertices is larger enough than right vertices by the simple transformation shown below. The
lemma is stated as follows.

Lemma 4.4. For everye: N — (0, 1] with e(n) > 1/(logloglogn)®W | there exists a reduction from
solving 3-SAT of instance size n to distinguishing the following two cases where (i) a given Balanced-
LABEL-COVER instance is completely satisfiable or (ii) at most e(n) of its edges are satisfiable
under the promise that the label cover instance has a constraint bipartite graph G = (V, Vg, E) and
alphabet set (X1,XR) and satisfies

\VL| + |Vr| = poly(n);

G is biregular;

|2X1] = o(logn) and |Xr| = o(loglogn);

|VL‘ 1

R VA ERivem > TS for every e € E (in fact, |Spc| does not depend on e).

N S
1-i_IEL|e

The proof will be given in Section 4.1.
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4.1 NP-hardness of Balanced-Label-Cover

First, we introduce some notions required for the proof of the NP-hardness.

Theorem 4.5 ([cf. Has01, Theorem 2.24]). There exists a constant € > 0 such that it is NP-hard
to distinguish, for a given 3-SAT instance satisfying

e cach clause contains exactly three distinct variables as literals;
e cach variable appears in clauses exactly five times,

the following two cases: (i) the given instance is satisfiable and (ii) at most 1 —e fraction of clauses
i the given instance is satisfiable.

We also review bipartite LDRCs.
Definition 4.6 ((Edge Reading) Bipartite LDRC [MR10]). Let

<x171, R ,x17k>, Ceey <.%'N71, .. ,.%'N7]€> S [n]k

be a list of k-tuples. A (Edge Reading) Bipartite LDRC for the k-tuples is

g = ((A, B, E), 4,28, {ﬂ'e}eeE, {Vahdv}veAa {T€}€€E7 {Pe}egE),
where
e G:= (A, B,FE) is a reguler bipartite graph;

o §':=(G,X4,Yp,{m.}ecr) is an instance of LABEL-COVER, where for each e = (v,w) € E,
7l(a) = me(a) if valid(a) = 1; otherwise (i.e., valid(a) = 0), w.(a) is undefined;

e cvery edge e € E carries a k-tuple 7. € [n]* from the list and an evaluation function pe: ¥4 —
{O, 1}]6’

o for each j € [N], the tuple (xj1,...,;k) appears on the same number of edges.

Given labeling f: A — X4 and g: B — X to the vertices (A, B), an edge e is said to be “satisfied”
if it is satisfied in G'. For a massage x € {0,1}", the edge e = (a,b) is said to “decode” x if
pe(f(a)) = (ziy,...,xi,), where e = (i1, ..., 0).

Let 6o € (0,1), and let L: (0,1) — R>q be a decreasing function. The LDRC is said to be
(00, L)-bipartite LDRC if it satisfies the following conditions:

o (Completeness) For every x € {0,1}", one can efficiently compute assignments f: A — ¥4
and g: B — X such that all edges are satisfied and decode x.

e (Soundness) For every right assignment g: B — Xp, every 6 € [0y, 1), there exists | < L(0)
messages x1, . ..,x; € {0,1}" such that the following holds for any left assignment f: A — X z:
when picking uniformly at random an edge e € E, the probability that e is satisfied but does
not encode any one of x1,...,x; is at most O(0).

Theorem 4.7 ([MR10, Theorem 14]). There exists a constant « € (0,1/2) such that the following
holds: Let k := k(n) < (logn)?®, let € := e(n) with (logn)~* < e < 1. Then, there is an efficient
algorithm that given a collection of size N of distinct k-tuples from a set [n], outputs a (¢, L() =
(5_0(1))—bipartite LDRC for these tuples. Moreover, its size is (N +n) - n°Y | the alphabets satisfy
log |2 4| < k- poly(1/e) and log |Sp| < log(1/¢), the degree of the A (i.e., left) vertices is e~ 9*),
and the degree of the B (i.e., right) vertices is =)
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We can further observe the additional property for the construction of bipartite LCRC proposed
in [MR10].

Lemma 4.8. Let G = ((A, B, E), X4, 2B, {Te tecr, {validy, }vea, {Te }ecr, {pe }ecE) be the constructed
bipartite LDRC as in Theorem 4.7. Then, for every e = (v,w) € E, every massage x € {0,1}", and
every b € X, the number of a € ¥4 such that (a,b) satisfies e (i.e., valid,(a) =1 and m.(a) = b)
and make e decode x (i.e., pe(a) = (x4, ..., xi, ), where Te = (i1,...,1)) is the same (regardless of
e, , and b).

We observe the lemma above in Appendix A. Now, we show the NP-hardness of Balanced-
LABEL-COVER based on the query reduction technique presented in [MR10].

Proof of Lemma 4.4. Let e: N — (0, 1] be an arbitrary function satisfying e(n) > 1/(logloglog n)°M.
Let L(-) be the function in Theorem 4.7 when it is applied for k(n) = (logloglogn)©8lo&los™ and
e(n). We define dg(n) := e(n)/L(e(n)) > poly(e(n)) > 1/(logloglogn)°M.

By Theorem 4.5, we can map a 3-SAT instance ¢ of instance size n to another 3-SAT instance
¢ = @4 = (C1,...,Cp), where each C; represents a clause on exact 3 distinct variables, each
variable appears in clauses exactly 5 times, and the instance size is polynomially bounded in n.
Without loss of generality, we assume m > logn; otherwise, P = NP and we can construct a trivial
reduction that solves the given instance and maps it to a canonical instance according to the answer.
Let €g be the constant in Theorem 4.5, i.e., if the original instance is unsatisfiable, then for every
assignment a to @, at least eg-fraction of clauses are unsatisfied by a.

We invokes the pairwise-independent hitter HPY on ¢ = logm, £o, and dp(n)/2 and construct
a new PCP system as follows: Its proof is an assignment a to ¢. The PCP verifier V' uses a
2¢ = O(logn)-bit random string r to obtain i1, ...,i, € {0,1}¢ from HP*(r, 150, 1200(m)" ") Let us
identify each i; as the corresponding index in [m] (recall that ¢ = logm). Then, V locally checks
whether a satisfies

Ciyy N---NCy, if all of variables in Cj,, ..., C;, are distinct
Cgy N+ ANCy, otherwise

by querying 3¢ points on a, where ki,...,k; € [m] are arbitrarily chosen indices so that all of
variables in Cy,, ..., Cy, are distinct. Namely, all constraints in the new PCP system perform 3-
CNF formula of g clauses over 3q distinct variables, and thus, the number of assignment satisfying
each CNF-constraint is the same. We further claim that this is the 3¢-query PCP system for 3-SAT
as follows:

Claim 4.9. If the given 3-SAT instance ¢ is satisfiable, then there exists a proof that V accepts
with probability 1. By contrast, if ¢ is unsatisfiable, then V rejects any proof with probability at least

1-— 50(n)

We defer the proof of Claim 4.9 and continue the proof.

For each random string r € {0,1}% to V, let 4], ... .15, € [m] be the query points. We assume
that k(n) > 3¢(n) since q(n) = 1/, 50(n) ™! = (logloglogn)°") and k(n) = (logloglogn)~(). We
construct a (g, L)-bipartite LDRC of Theorem 4.7 and Lemma 4.8 for the list {77, ...,45, },cq0,132¢
of k(n)-tuples, where we add k(n) — 3q(n) distinct indices different from {i,..., 45 }. Let

g = ((A7 B, E), YA, YR, {ﬂ'e}eeEv {Validv}veAa {Te}e€E7 {pe}eEE)
be the constructed bipartite LDRC. By Theorem 4.7, we have

O(logloglogn)

O(’EAD — O(2k:po|y(s(n)_1)) — 2(log10glogn) 2o(loglogn) _ O(lOg n)
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We construct a LABEL-COVER instance G’ as
g/ = ((A, B7 E)7 EA) EBv {Wé}eeE) )

where, for each e = (v,w) € E, we define the partial function 7,: ¥4 — X p so that the domain
Y4l of mg is

Y e = {a € ¥4 : validy(a) = 1 and pe(a) is verified by V' on randomness 7},

where r is a random string such that 7. = (i1, ...,4},), and m.(a) = 7¢(a) for each a € X ..

Note that (A, B, E) is biregular by Definition 4.6 and Theorem 4.7. In addition, we can observe
that G’ is balanced (i.e., G’ is an instance of Balanced-LABEL-COVER) as follows: Since the number
of assignment satisfying each CNF-constraint of ¢ is the same, the number of accepted massages
decoded by each p. is the same. By Lemma 4.8, for each edge e, each assignment « satisfying a
CNF-constraint, and each b € X, the number of A-alphabets a that satisfy 7, and pe(a) = « is
the same. Thus, all the constraints are balanced. Furthermore, ¥4, = X4 for any pair (e, e') of
edges; otherwise, there must exist two messages that violate Lemma 4.8.

We define k := k(n) as the minimum value satisfying

\2A|>
E-|Al> 1+ == )-|B|
iz 1+ j55) 12
Note that k(n) = O(|X4]|B|) < poly(n). Moreover, it is easy to observe that
k|A| — <1 - 1> k|A| = _ E|A]
1+ [Z4l/|E5] 1+ [Zal/|EB]
> | B

1
>(1-—+——|B|
> (1 ) 12
Thus, for each e € F,

BAL 1 - 1
RIA[+ Bl = 1+[Z4l/|Z8l = 1+ [Zael/[Z8]

Finally, we construct the Balanced-LABEL-COVER instance G” satisfying the properties of
Lemma 4.4 by duplicating the left vertices of G’. In particular, we copy A vertices k times as
AWM AWK and copy the edge set E as ED ... E®) where (a9, b) € EW iff (a,b) € E for each
i, a® e AW copied from a € A, and b € B. Let A” = U;A® and E” = U; E®. We also copy the
constraints {7 }ccp in the same manner and obtain {7”}.cg». Then we construct G’ as

g, = ((A”, B, E”), EA, EB, {ﬂ-g}eEE”) .

Now we verify each property.

Completeness. If the original instance ¢ is satisfiable, then so is ¢ by Claim 4.9. In this case,
by following the assignment for the bipartite LDRC that encodes the satisfying assignment to ¢, it
is easy to observe that all constraints are satisfied by the completeness of the bipartite LDRC.

Soundness. We verify the soundness for G’, i.e., there is no assignment to A and B that satisfies
greater than Ce(n)-fraction of edge constraints in G’ for some absolute constant C'. This implies
the same soundness for G” because if there exists such an assignments to A” = U; A and B, then
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it must satisfy greater than Ce(n)-fraction of edge constraints in (A®, B, E®) for some i, which is
identical to G'.

We observe the soundness for G, which follows from the same argument as the proof of [MR10,
Theorem 15]. Suppose that the original instance ¢ is unsatisfiable. Then, the PCP verifier V' accept
any proof (i.e., the assignment to ¢) with probability at most dg(n) = e(n)/L(e(n)) by Claim 4.9.
Consider arbitrary assignments to A and B. By the soundness of the bipartite LDRC G, there exists
at most [ < L(e(n)) proofs m,...,m such that the probability that the edge e € E is satisfied in
G, but does not decode any of 71, ...,m, is at most O(e(n)). Notice that each proof m; can satisfy
at most £(n)/L(e(n))-fraction of constraints in the PCP system. Thus, the fraction of constraints
(of the PCP system) satisfied by some proof in 7y, ..., 7 is at most L(e(n)) -e(n)/L(e(n)) = e(n).
Therefore, the fraction of the constraints in G’ is at most O(e(n))+e(n) < C-£(n) for some absolute
constant C.

Balanced constraints. It holds since all constraint functions in G’ are balanced, and G” is
constructed just by duplicating vertices and constraints of G'.

The first item. It is verified as follows:

A"+ |B| < k(n) - (|A] + |B]) < poly(n) - (2% 4+ m) - m*") < poly(n).
The second item. (A”, B, E") is biregular since (A, B, F) is biregular.
The third item. We have already shown that |X 4| = o(logn). By Theorem 4.7, we also have
|X5| < 1/e(n) = o(loglogn).
The fourth item. For every e € E”,
A MAL 1
| A"+ 1Bl K|A|+[B] ~ 1+ |Sael/[EB]

We complete the proof by showing Claim 4.9.

Proof of Claim 4.9. 1t is easy to verify the completeness since ¢ := g is satisfiable when ¢ is
satisfiable. Thus, it suffices to show the soundness.

Suppose that ¢ is unsatisfiable. Fix an assignment a to ¢ arbitrarily. Then, there exists a
subset S, of m clauses in ¢ such that [S,| > €0 - m and C'(a) = 0 (i.e., unsatisfied) for all C' € S,.
Recall that the PCP verifier V uses its randomness r to select ¢ indices i1, . ..,44 € [m] according to

HP(r, 150 1, 1250(”)71) and checks whether Cj; A --- A C;, is satisfied if no variable is shared among
Ciys- .., Ci,. Namely it suffices to show that

lzr [all variables in Cy, A --- A Cj, are distinct A 3j € [¢] s.t. Cj; € Sa] > 1—do(n),
where (i1,...,1q) < HP"(r, 1%, 1200(m)~") Let E denote the event above.
By the property of the hitter and the fact that |S,| > o - m, it holds that
Pr [Vj € [q] Ci; ¢ Sa] < do(n)/2.
In addition, by the pairwise independence of HPY, we have
};r [EI 7,5" € [q] s.t. j # j and Cy; and Ci,, share a variable}

<¢®>- Pr [C;and Cy share a variable]

1,3’ ~[m]
32 9 9 log log log n)°) 1
S q2 e S q2_ S (25050(71))72 S (Og 0og Ogn) =0
m logn logn logn loglogn
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where the first inequality follows from the union bound and the pairwise independence, and the

second inequality holds by the union bound (over the 32 pairs of variables in C; and Cy) and

Theorem 4.5, i.e., the fact that all the variable appear in the exactly same number of clauses in .
Thus, for all large enough n € N,

Pr(3j,5' € [¢] s.t. j # j and Cj; and Ci,, share a variable| < do(n)/2,

and by the union bound,
Pr[=E] < do(n)/2 + 60(n)/2 = do(n).

Thus, we obtain that Pr[E] > 1 — §p(n), which completes the proof. o

5 NP-Hardness of Distributional Minimum Monotone Satisfying
Assignment

In this section, we show the NP-hardness of DMMSA and Theorem 1.8.

5.1 Distributional Minimum Monotone Satisfying Assignment
First, we formally introduce the Distributional Minimum Monotone Satisfying Assignment problem.

Definition 5.1 (Distributional Minimum Monotone Satisfying Assignment). Let € be a set of
monotone formulas. An instance of Distributional Minimum Monotone Satisfying Assignment for
¢ (€-DMMSA) over n wvariables has a pair of a distribution D of monotone formulas in € over
variables X = {x1,...,z,} and a weight function w: X — [0,1] with )~ .y w(x) = 1.

For a €-DMMSA instance D over n wvariables and threshold T € [0, 1], we define the T-value
val, (D) € [0,1] of D as

val; (D) := min {a €10,1] : 3o € {0,1}" s.t. w(a)=a and SDlirp[go(oz) =1]> T},

where
w(a) = Z w(x;).
;=1

For tv,7ny € [0,1] and o,l € N, we define the promise problem GaplY ™ €-DMMSA as the
following promise problem (I1y,1Iy):

Iy = {(D,w,1",s) :vali_,, (D) < s}
Iy ={(D,w,1",s) :val;, (D) > o - s},

where n,s € N and (D, w) is a €-DMMSA instance over n variables.
We also define the problem above when Ty, Tn, 0 are specified as functions in the same manner.

In this paper, we always assume the weight function w satisfies w(xz) > 1/poly(n), where n is
the number of variables, for each € X, and w is represented in polynomial size in n.
The main theorem in this section is stated as follows.

Theorem 5.2. There exist functions £ := {(n) = w(1) and vy := vy(n) = o(1) such that solving 3SAT
negl(¢),y F

¢/ polylogt [(]-DMMSA wvia a polynomial-time deterministic reduction.

of size n is reducible to Gap
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Recall that F[/] is the class of monotone formulas of leaf size at most ¢. This immediately implies
Theorem 1.8 because of the following simple proposition.

Proposition 5.3. Gap:7€-DMMSA is reducible to Gapiﬂ/p(m)’vﬂ/p(m)Q—CMMSA for every class
¢ of monotone formulas and every polynomial p via BPP-reduction, where m is the size of the
original instance.

Proof. Let (D,w,1",s) be an arbitrary instance of Gap:7¢€-DMMSA. The BPP-reduction just se-
lects m = O(p(m)?-n) monotone formulas according to D. Let C be a collection of the selected for-
mulas. Then, we claim that (C,w, 1", s) is an yes (resp. no) instance of Gapiﬂ/p(nmﬂ/p(n)Q—CMMSA
with probability at least 2/3 over the choice of C.

By the Hoeffding’s inequality, for every assignment «,

Pr [p(a) = 1] = Pr [p(a) = 1]| <1/p(m).
p~C p~D
with probability at least 1 — 1/(3 - 2™) over the choice of C.
Thus, if the original instance is yes instance, then there exists an assignment such that w(«a) < s
and

Prlp(@) =1 = 1-c=1/p(n)

with probability at least 1 — 1/(3-2") > 2/3. If the original instance is no instance, then by the
union bound, there is no satisfying assignment such that

Pr [o(e) =1] <7y +1/p(n)
p~C
with probability at least 1 — 2™ /(3-2") = 2/3. O

5.2 Block V-Noise Operator

In this section, we introduce some additional notions on the analysis of Boolean functions for the
proof of Theorem 5.2.

Definition 5.4 (Block V-noise operator). Forn € N, let P = (S1,...,Sm) be a disjoint set system
of [n], t.e., S; C [n] and S; N S; = 0 for every i,j € [m] with i # j. For p,u € [0,1], we define
\/-NZ;’“ as a mapping from x € {0,1}" to a distribution over {0,1}" sampled according to the
following procedure: (i) select bj ~ Ber(p) for each j € [m], (i) sample y € {0,1}", where each y;
is selected as

Yi = X5 ifiESj cmdbjzl
yi ~ Ber(u}) ifi € S; and bj =0
0 otherwise (i.e., i ¢ U;S;),

where p =1~ (1 — )Y18il e, 1— (1 — u})'sﬂ" = 4.
We define the p-biased block \V-noise operator \/—TZ,)’“ (with parameter p) as the linear operator
on f:{0,1}™ — R defined as
\/-Tf’“f(:p) = EyNV_vaH(w) [f(y)]-

Any partial function 7: [n] — [m], where n,m € N, determines a set system (7=1(1),..., 7 1(m))
over [n], and we abuse the notation 7! to represent the set system induced by 7. Note that 7!
is disjoint whenever 7 is surjective.

We introduce a notation V - 7.
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Definition 5.5. For any n,m € N, any string x € {0,1}", and any partial function 7: [n] — [m],
we define V- m: {0,1}" — {0,1}™ as the mapping defined as for each x € {0,1}" and each j € [m],

Vem(x); = \/ x;.
iem~1(4)
The following proposition is derived immediately from the definitions.

Proposition 5.6. For n,m € N, a partial and surjective function 7: [n] — [m], and 1,p € [0,1],

it holds that the distribution of V - W(V—Nzil’“(a:)) is statistically equivalent to Nb(V - w(z)) for all
z € {0,1}".

Proof. In both cases where (i) y ~ V - W(V—Ng_l’“($)) and (i) y ~ NG (V- 7w(x)), it is easily checked
that the probability that y; = 1 is exactly

{p+(1—p)u if v.m(z); =1
(1—p)p ifv-m(z);=0

for each i € [m]. O

Now we show the following key lemma.

Lemma 5.7. For every n,m € N with n > m, every partial function 7: [n] — [m], every p,u €
[0,1], every function f:{0,1}" — R, and every i € [n| in the domain of m, if 7 is balanced, then

wtt! (VT (f o (v o)) < Inft (TH()
where p' =1 — (1 — )™/, e, 1 — (1 — /)™ =y for m/ == |{i € [n] : 7(i) is defined}|.

-1 —1
Proof. For readability, we may omit the subscript and superscript from Vv-Tp *, Th, v-Nj #

N’ below.
For each j € [n], let ; be a random variable selected according to Ber(y'). Let z = z10---oxy,
and Z[p)\; = (T1,.., i1, Tit1,---,Zn). Then, we have that

Il (VT3 (f o (v m)) = Eayy, [Ea, [vT( o (V) (8)2] = (Ba, [V-T(f 0 (v 7)) (2)])?]
= B, [(Bsovne) [ >)2} Eape | (EaiBavon(n [F(V - 7(@))])7]
< E, [Esovng [f(V - 7(@)%]] — B, [(Eszwva@ v - m@))?]
= E, [f(v m(@))?] - [(E sove (o POV (@) 7]

where the inequality follows from Jensen’s inequality.
For each j € [m], let y; be a random variable selected according to Ber(u). Let y =yi0---oyj
and Yymp\r(i) = (Y15 -« s Yn(i) =15 Ym(i)+1s - - - » Ym)- Then, we have that

, and

Wty (To() = Fupmaco {Eyﬂi) [T (F) @] = (Buuiy [T ) <y>])2]
= E, [E§~N(y) [f@)QH - ]Ey[m]\w(i) [(Eyr(i)E??NN(y) [T (f) (y)])Q]

_E, [f(0)7] — By, {(EM)EM@) [f(y)}ﬂ .
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Since 1 — (1 — p/)™™ = p, it holds that Pr,[(V - m(x)); = 1] = u for each j € [m]. Thus,

E, [f(V-7(2))"] = By [f(3)"].

Therefore,

Infﬁ(i) (T5(f)) - Inff/ (\/—Tg*lvﬂ (fol(v- W)))

G 2 1\ 2
= Ex[n]\i {(EMEQ?“NV-N(I) [f(v- 7T(x)>]) } - Ey[7rz]\7r(i) [(Eyﬂ(i)EyNN(y) [f(y)]) ]
2 o\ 2
= Ex[n]\i [(EmiEQNN(\/-W(x)) [f(y)]) i| - Ey[m]\ﬂ—(i) [(Eyﬁ(i)Ewa(y) [f(y)]) :| )

where the last equality follows from Proposition 5.6.
Namely, it suffices to show that

2 1) 2
Ex[n]\i [(EMEQNN(V'”(@")) [f(y)]) } = Ey[m]\m) [(Eyﬂ(i)EyNN(y) [T (f) (y)]) } .
We introduce some notations. Without loss of generality, we assume that 7(i) = m. Let

{i,i1,...,ig-1} = 7' (m), where k = n/m’ since 7 is balanced. Let & —1(m)\; = (Tiy, .-, Ziy_,)-
Then, the expression above is observed as follows:

N1\ 2
Eap [(ExiEﬁ'vN(V'ﬂ(ﬂf)) [f(y)]) } - Ey[m]\ﬂi)’xw*l(m)\i

2
(E”"i]EgNN(y[m]\w(,-)0<xivﬂfi1V"'Vrz‘k1)) [f(y)]> ]

2
> Ey[m]\ﬂ(i) [(Ex“1(m)\i]EIiEg~N<y[m]\ﬂ(i)0(mivmil\/"'\/wik1)) [f(y)]> ]
2
= Ey[m]\‘n(i) [(Eyw(i)EgNN(y) [f(ﬂ)]) ] )
where the inequality holds since E[X?] > E[X]? for any random variable X. O

5.3 Proof of Theorem 5.2

We present the reduction from 3SAT to GapDMMSA and show Theorem 5.2. Let n be the in-
stance size of the original SAT instance. We first apply the reduction in Lemma 4.4 and ob-
tain a BALANCED-LABEL-COVER instance satisfying the conditions of the lemma. Let G =
(Vi,Vr,E), (X1,XR), and {7 }ccr be a constraint biregular graph, alphabet sets, and (balanced)
constraints, respectively.

Now, we describe the DMMSA instance D, where we use the following parameters:

e k(n) =w(1l): a sufficiently small super constant we specify later.

o = |Ejel/|XR]| for e € E (note that o does not depend on the choice of e).

ur, = 1/(2k(n)): a bias parameter for left codes.

ur =1— (1 —pug)?: a bias parameter for right codes.

d = (logk(n))?: a duplicate parameter.

p = 1/(d*log(4d)): a correlation parameter.
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e 7 =1/(2d): a noise parameter.

The set of binary variables is

X = {xv,S}@eVL,sg{oJ}IEM U {yva}weVR,Te{O,l}‘ER"

and the weight function w is defined as

WU (1 ) IBElwS) g = Ty,S

1
AT My
w(z) e IVLH"VRl (T B .
{wivm (1 = ) PRI 2 =y

Then, it is easily verified that

1 wt(S) |21 |—wt(S)
= - . 1 — L
E w(z) E g Vil+ VA pp (1= pr)

zeX veVL 5e{0,1}1=L]

1 w i,
T DD Di——— et R Lt

PR
weVR Te{0,1}/=xl Vil + VRl

1 1
SH N S I N
%;L VL] + VRl U;R VL] + V|

Below we may regard S € {0, 1}zl (resp. T € {0,1}/*#l) as a subset S C X (resp. T C ¥pg)
interchangeably.

Procedure 1: a DMMSA instance D over X
Output: a DNF formula ¢ over X
Let M :=2u; " p~ ' log? k(n);
Select e = (v, w) ~ E;
Initialize ¢ as an empty formula;
repeat the following M times

Select S € {0, 1}*zl according to M%‘E”;

Select (T1,...,Ty—1) € ({0,1}F21)?=1 according to Ng(d_l)(S);

Add noise as S ~ N{Z_(S) and T/ ~ \/—NT{C_;’“R(TZ-) for each i € [d — 1];
Let T; = V - m(T}) € {0,1}/*8! for each i € [d — 1];

Update ¢ := oV (2, s A Yy N A7y )

end;

return o;

It is not hard to verify that the leaf size £(n) of D is at most
ln)<M-d= 2,uzlp_1d -log? k(n) = k(n) - polylogk(n).
We prove the completeness and soundness, which are stated as the following lemmas.

Lemma 5.8. If the Balanced-LABEL-COVER instance is satisfiable with the promise in Lemma 4.4,
then Va|2_(10gk(n>)2 (D) S ]./k(n) .

Lemma 5.9. Let v =1/logk(n), and let e(n) = o(1) be the function in Lemma 4.4. If valgy (D) <
v/8 and k(n) is a small enough super-constant function, then at least £(n) of edges of the Balanced-
LABEL-COVER instance are satisfiable under the promise in Lemma 4.4.
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Theorem 5.2 is immediately derived from Lemmas 4.4, 5.8 and 5.9. Now, we prove Lemmas 5.8
and 5.9 to complete the proof.

Proof of Lemma 5.8. Since the Balanced-LABEL-COVER instance is satisfiable, there exists an
assignment ar: Vy — ¥p and ar: Vg — X such that for all e = (u,v) € E, it holds that
Te(ap(v)) = ar(w). For each v € VI, (resp. w € VR), let o, := ap(v) (resp. o := agr(w)).

Recall that the instance of Lemma 4.4 satisfies

\%3 1 o
Vil Vel =TT S /e 4o
‘ L e
This implies that
VL]
140) ——F— >0,
( ) Vil + |VR|
and V Vi V
Vil o (1_ VL] )_ Vel (1)
’VL|+|VR| Vil + |VR| Vil + |VR|

We translate (o, ar) to an assignment 5: X — {0,1} for DMMSA as follows:

Ha, €5 if z ==,
Bla)= i €5} R s
]l{aw € T} if z = Yuw, T,

where we also regard [ as the element in {0, 1}‘X | by letting 8, := S8 (z). Note that 8 is composed
of the valid long codes for assignments {c, }pev, Uvy-
The weight of 3 is evaluated as

Pr v € S P w €T
Z \VL\ + ]VR! Sl [ Z |VL\ + \VR\ ®ﬁzR\[a ]
Vi V
% g4 Vel
\VL| + |VR| \VL| + |VR|
VL] |VR|
=M+ (1—(1—pu)°
Vol + Vel T i+ \VR\( (1= pe)°)
vl Vel
ur +
= Vel + Vel T el + Vel T*
V| V|
= Vol + Vel ™" ™ Vel + [Vl "™
\71
=i 9
\VL| + |VR| HL
<2upr
= 1/k(n),

where the first inequality follows from the union bound, and the second inequality follows from
Equation (1).

Thus, it suffices to show that ¢(8) = 1 with probability at least 1 — 9~ 108”k(n) gyer the choice
o~ D.

In the execution of D, suppose that e = (v,w) € E is selected. We consider each sequential
choice of S,{T;}, S, {T!}, and {T;}. If all the following events occur:
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e [y: o, €5,
o FEy: So, = (T3)a, foralli e [d—1];
e E3: Sy, = Sa, and (T3)a, = (T})a, for all i € [d — 1],

then a, € S and «, € T/ for all i; thus, T; = V - me(c,) must contain () = . Therefore, if
Ej3) := E1 AN Ex A E3 occurs at some step, the DNF ¢ must contain a term (2, gAYy, 7y A+ AYy 7, )
and thus ¢(8) = 1 since «, € S and o, € T; for all . Since D repeats the sequential choice M
times, we have

wlzlb[w(ﬁ) #1] < (1= Pr[Eg)™.

It is easily observed that Pr[F] = pr and Pr[Es] > p because S ~ u%lZLl and by the definition of

Np. By the definitions of N{*_ and \/-NE:“R and the union bound, we have Pr[-FE3] < d-7=1/2.
Therefore,
Pr(Eg] > pr - p- (1/2).

Thus, we conclude that

Prlo(8) # 1) < (1= PrlBg))™ < (1= pppf2)a s e < g lost k),

Next, we show the soundness part. We use the following lemma.

Lemma 5.10 (following from [KS15]; see also [GL22, Appendix C]). For every p € (0,1/2), every
d € N with d > 2, and every p € [0,1] with p < 1/(cd*log(4d)), let t := t(u,d, p) be

)

1\ ¢l (1=p) Hlog(p~tpm ) log(da?)
)

t(p,d,p) =d - (

where ¢, ¢ > 0 are universal constant. Then, the following holds: For m € N, let f: {0,1}™ — [0, 1]
and g: {0,1}™ — [0, 1] be functions satisfying that

max{E;[f(2)], Ez[g(z)]} <1/4.

If f and g satisfy
{i :Inf?(f) > ¢t} N {i: Infl(g) > t} =0,

then
Ep0),. a1 f@) - H g(z)| <279,
1€[d—1]
where (9 ~ Ber(u)®™ and (M, ..., z("D) ~ Ng(dfl)(x(o)).

Lemma 5.10 is proved based on the same idea as [GL22], building upon the work [Mos10; KS15].
We present the proof of Lemma 5.10 in Section 5.4 for completeness.

In our setting, we use Lemma 5.10 for u = ur, = 1/k(n), d = log? k(n), and p = 1/(d®log(4d)) =
1/polylog(k(n)), which are consistent with the parameters for the reduction. Then, the function ¢
is strictly decreasing in k(n), and ¢t = O(1) > £(n) when k(n) = O(1) and n is enough large (recall
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that £(n) is a function in Lemma 4.4). Now, we fix k(n) to be a super-constant function small
enough so that
12
2oty = ——— >¢(n).
7 41og® k(n) ()

In this setting, we show the soundness.

Proof of Lemma 5.9. Suppose that vals, (D) < v/8. Then there exists an assignment « to X such
that w(a) < /8 and Pryouplp(a) = 1] > 3y. We may regard a as a mapping from X to {0, 1}.
Let V =V, U Vg. For each v € V', we define w,(v) € [0, 1] as

Wa (v) = {ZSCEL (@y,5)= 1M|L|(1— u)ELISl iy e vy
2. TCSRealy r)=1 MlR (1= pr)=rEITL if y € Vi

Then, we can observe that

Eyoy [wa(v)]
_ T _
Z Z ML)IZL\ ISI 4 Z Z M‘R|(1_MR)\ERI |7
“wr | L 2 |
L weEVR TCSg:
a(zy,5)=1 a(yw,r)=1
= > wwms)+ >, D wlwr)
veVy, SCXp: weVr TCXpR:
a(zy,s)=1 a(yw,r)=1
=w().

Thus, E, [wa(v)] < 7/8, and by Markov’s inequality,

UEI‘"/ [wa(v) < 1/4] > 1 —7/2.

Let Gy :={v €V :wy(v) <1/4} C V. Then we have Pr,oy[v € Gy] > 1 —~v/2.
In addition,
= = >
e | Prlp(@) = 11l| = Pt fpla) = 1] 2 3

where we used the notation “|e” to represent the condition that the edge e is selected in the execution
of D. Thus, we observe that

Py | Byl =11 2] 22

otherwise, the expectation must be less than 1-2y 4+~ -1 = 3.
Let Gg:={e€ E:Pryuplp(a) =1|e] >~} C E. Then, we have Pr..gle € Gg| > 2v.
Since the constraint graph is biregular, a vertex v € V selected as (v,w) ~ E and v ~ {v,w}
is distributed uniformly over V. Thus, we have
e Gy VwgGy]<2- Pr [zx¢Gy]=2- Prv[v’géGv] <2-(y/2) =7.
v/~

(v,w)~E (v,w)~E
v ~{v,w}

From above, we obtain that

Pr [CEGE/\’UEGv/\wGGv]Z’y.

e=(v,w)~E
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For each v € Vi, and w € Vg, we define functions a,: {0,1}"Vel = {0,1} and ay,: {0,1}VEl —
{0,1} as
ay(S) = azy,s) and ay(T) = &(Yw,T)-
Below, we fix e = (v,w) € E satisfying e € Gg Av € Gy Aw € Gy arbitrarily and let 7 := 7.
By the construction of D and the union bound, we have

QOEI"D [Sp(a) - 1 ’ 6] S M ’ ES7T17"'7TEI71 ES,le..-,Td—l av(g) ’ H aw(i)

a1
=M -BEspy,..m, | T 00(S) - [ V-NT_#Raw o (V- m)(T))

Recall that S ~ Ber(ur)®>tl and (T1,...,Ty_1) ~ Nf?(d_l)(S).
Now, we define two functions f, g: {0, 1}/*2l — [0,1] as

F(S) i= T _ay(S) and g(T) i= V-NT_# (a0 (V - 7)) (T).

Then, Pro-p [p(a) = 1| ¢] < M-E[f(S) - [Tica_y 9(T)).
We evaluate the mean of f as follows:

Es[f(9)] = EsEgnn_(o[f(S) =Es[f(9] = > up!(1— pr) =78 = wg(v) <1/4,

Siay, 5=1
where the inequality holds since v € Gy . In the same way, we evaluate the mean of g as
-1
Erlg(T)] = Br [V-N]_""ay o (v - m)(T)]
= Er [N2 (V- 7(T))]
= ETNBer(p,R)@ER‘ [Nllu—aTaw(T)]

= ]ETNBer(uR)@ZR‘ [Oéw(T)]
= we(w) < 1/4.

where the second equality follows from Proposition 5.6, and the inequality holds because w € Gy .
Therefore, we can apply Lemma 5.10 for f and g. Suppose that

{i e S : Inff" (f) >t} N {i € B : Inft*(g) > t} = 0.

Then,

Esty,..miq [F(8)- [ o(T)| <27d =277k,

Since e € G, we have

k(n) - polylogk(n)
210g2 k(n)

ogh(n) =7 < Fole(@) =11 < M-E[/(8) 'iey_”gm)] <

)

which is contradiction for any large enough n since k(n) = w(1). Thus, there exists i € ¥ such
that Inf;"* (f) >t and Inf}*(g) > t. Notice that any coordinate i ¢ ¥ is irrelevant for g by the
definition of V - 7 (i.e., Inf{"* (g) = 0). Thus, we can assume that i € Xpj.
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Recall that
t < Inff'"(f) = Inft"" (THE o)

In addition, by Lemma 5.7, we have
t < Inf'* (g) = Infi (v-N’;j»“R (o o (V - W))) < Inf"f (TH% ay,) .

Now, we construct a random assignment for the original LABEL-COVER instance. For each
v € Vr and w € Vg, we define subsets A, C ¥ and A,, C X of alphabets as

Ay = {ie Xy Inf" (TIE o) >t}
Ay i={j € Tp ity (TE ay,) > 1.

By Lemma 3.3, we have |A,| < t7'77! and |A,| < t~'7~! for any v and w.

We consider the random assignment where we assign each v € V, (resp. w € Vi) an alphabet
selected uniformly at random from A, (resp. A,). We have shown that for every e = (v,w) € E
satisfying e € Gg and v,w € Gy, there exists i € ¥, such that i € A, and 7.(i) € A,. Recall
that such a good edge e = (v, w) is selected with probability at least v over e ~ E, and the random
assignment to (v, w) coincides with (i, m.(i)) with probability at least 1/(|A4,| - |Aw|) > t272.

Therefore, the expected fraction of constraints of the LABEL-COVER instance satisfied by the
random assignment assignment is at least

v-t2- 12 > g(n).

Thus, there exists an assignment to Vi, U Vg that satisfies at least ¢(n) fraction of constraints. [

5.4 Proof of Lemma 5.10

Lemma 5.10 is an immediate corollary of the theorems presented by [KS15], where they utilized the
invariance principle developed by Mossel [Mos10]. The proof of Lemma 5.10 is almost same as the
proof presented in [GL22, Appendix C]. For completeness, we derive Lemma 5.10 from the previous
work [KS15] in this section.

First, we review key notions and results presented in [KS15].

Gaussian Stability

Definition 5.11 (Gaussian Stability). Let ®: R — [0,1] be the cumulative distribution function of
the standard Gaussian. For a parameter p € [0, 1], we define

Ly(p,v) :=Pr[X < ) AY < (I>_1(1/)] ,

pl
(p1s- .- pa—1) €[0,1]47L, and (1, ..., pq) € [0,1]%, we extend the definition above inductively as

where (X,Y) are two standard Gaussian random variables with covariance matriz (1 p). Ford > 3,

FP17-~~7pd—1(M17 s ’:U’d) = FPI (:U’lv F,D27'~'7pd—l (/~L27 s Hud))'

Lemma 5.12 ([KS15, Lemma 2.4]). For any d > 2 and T > 2 such that 1 > p; > 1/T for each
i € [d], there exists a universal constant C' > 0 such that for any e € (0,1/2], if

PS Cld—1)(logT)e)’
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then

d
Pﬁd—l (/1/17 s 7/'Ld) < (1 + E)dil H iy
i=1
where pg—1 is a (d — 1)-tuple with each entry p.

Correlation and Invariance Principle
In this work, we only consider finite probability spaces.

Definition 5.13 (Correlation of Probability Spaces). Let (Q! x Q2 i) is a finite correlated proba-
bility space with the marginal probability spaces (', u') and (Q2, u?). The correlation between these
spaces is defined as

p (9% ) :=sup {|E,[fgll : f € L2(Q' uh), g € L*(Q?, p?) 5.t E[f] = E[g] = 0,E[f*] = E[g°] < 1}.

For d > 3, the correlation of d correlated spaces (' x --- x Q% 1) is defined as

p(Ql,-.~,Qd;u> = map [T, 9%u
o

Based on the invariance principle developed in [Mos10], Khot and Saket [KS15] presented the
following useful multi-linear Gaussian stability bound.

Theorem 5.14 ([KS15, Theorem 2.10]). Let {(H;l:l Qg, 14i) Yic[m) be a sequence of correlated spaces
such that for each i € [m], the probability of any atom in (H;l:l Qg,ui) is at least o < 1/2 and

p(QL, ... ,Qg) < p. Then there exists a universal constant C' > 0 such that, for every v > 0, if we
take

N
d2 \d ’
and d functions {f; : T[]\~ Qi — [0, 1]} jejaq satisfy that for all j,j" € [d] with j # j'
{i € [m] : Inf;(f;) > 7} N {i € [m] : Inf;(f;) > 7} =0,

then

E | ] #i| <Tsur ELAL.. .. Elfd) + v,

Jj€ld]

where pg—1 is a (d — 1)-tuple with each entry p.

Proof of the Key Lemma

Now, we derive Lemma 5.10 from Lemma 5.12 and Theorem 5.14.

Proof of Lemma 5.10. Let ¢, be the universal constants of Lemma 5.12 and Theorem 5.14, re-
spectively. Recall that for p € (0,1/2) and d € N with d > 2, the value p € [0, 1] satisfies
p < 1/(cd?log(4d)) and

1\ ¢l(1=p) Hog(p™!p?)log(d4a?)
)

t:=1t(u,d, p) =d_2-<
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For each i € [m], it is easy to observe that (xl(o), ol acgd_l)), where 332(-0)

N;?(d*l)(xgo)), is random variables defined on the d correlated probability space with correlation at
most p and the probability of any atom is at least pud (< 1/2).

Let f: {0,1}" — [0,1] and g: {0,1}™ — [0, 1] be functions satisfying that
(B, [ (2)), B, [g(2)]} < 1/4

~ Ber, and (xl(l), . ,a:l(d_l)

and
{i : Inf?(f) > ¢t} N {i: Inf¥(g) > t} = 0.

Define f1, fa,..., fq: {0,1}™ — [0,1] as f1 = f and f; = g for all i # 1. Observe that 7 defined
in Theorem 5.14 with respect to o = pu® and v = 4~% is equal to t. Thus, by applying Theorem 5.14
for f1, fa,..., f4, we have

TI 9@®)| < T, ELALElL. .. Elg) + 479 < T, , (1/4,...,1/4) + 479,
i€[d—1]

Since p < 1/(cd?1og(4d)), we apply Lemma 5.12 for ¢ = 1/d and obtain that

1d1
T, (1/4,.. 1/4)§<1+d> 4l < e a7

Thus, we conclude that

I 9| <@+ea <o
i€[d—1]

where we used d > 2. O

6 From DMMSA to Learning under Distributions with Small Ad-
vice

In this section, we present the reduction from €-DMMSA to learning under distributions, where
the advice complexity of sampling is upper bounded by the size of secret sharing in €. It yields
Theorem 1.3 along with Theorem 5.2.

Recall that &, is the class of monotone formulas such that the induced authorized set admits
secret sharing of total length ¢ for each shared bit.

The basic ideas are the same as those presented in [Hir22]. For completeness, we give the proof
below.

Lemma 6.1. Let ¢ := {(m), v := y(m), and € := g(m). The problem Gap:&)Gg-DMMSA, where

m s the instance size, is reducible to a learning problem as follows: There exists a polynomial-time
ol

algorithm R such that, for given Gapi’(g)Gg-DMMSA-instance z = (D,w,1™,s) and randomness
2 ~{0,1}*, where X := X(|2|), R produces a distribution &, . such that
o {&, .}z is samplable with ((|z]) + o(£(|z])) advice.

e (Completeness) If z is an yes instance, then for every 2’ € {0,1}*, there exists a poly(n)-time
program h of size (s + 1) - X such that

P =0 >1- .
I UCELESEE )
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e (Soundness) If z is a no instance, then with probability 1 — negl(|z|) over the choice of 2’ ~
{0,1}*, there is no program h of size 0.990(¢(|z|)) - 5 - X such that

1
= > — .
(Lb)fjgzyz/ [h(z) = b] = 5 +27(|2])

Proof. Let z = (D,w,1™,s) be an instance of Gapi’&)Gg—DMMSA. Here, n,s € N, D is a circuit
representing a sampler for a distribution on n-variate monotone formulas whose authorized sets
admit secret sharing of total length ¢ := ¢(|z|), and w: [n] — [0,1] be a weight function (i.e.,
> icfn (i) = 1), where we identify the variable set with the index set [n]. Recall that we assumed
that w(i) > 1/poly(|z|) for each i € [n].

We construct the reduction R that maps z and randomness 2z’ ~ {0,1}* to an instance of the
learning problem as in the theorem. Let p € N be the amount of random bits D takes as input.

Let (Share,Rec) be the secret sharing scheme for the class Gy. Let A := A(|z|) € N be a large
enough and polynomially bounded parameter.

The reduction R first selects n random strings f; ~ {0,1}*®? for each i € [n] (notice that
it requires ) , w(z)A = X random bits) and then produces a sampler of the following distribution
=&, over {0,1}" x {0,1}, where n’ := £+ p + \.

The distribution €. Select r ~ {0,1}” and obtain a monotone formula ¢ := D(r). Then, select
b~ {0,1} and execute Share(b; ¢) to obtain shares s € {0,1}. For each position i € [(], let j; € [n]
the index of the variable to which s; is distributed. Let z; ~ {0,1}** for each j € [n], and
c; = 8; D DP1(fj;5 2j; )w(j,)a+1 for each i € [f]. The distribution £ is defined as the distribution of
(rozjo---o0zyocio---o0cyb) € {0,1}" x {0,1} over r,b, {z}, and the randomness for Share (note
that each f; is embedded into the description of £). It it easy to verify that £ has a polynomial-time
sampler of description length at most

2| + [Share| + ) |fil + O(log |2]) < |2| + A + O(log|2)).

1

Since A < poly(|z]), the above is polynomially bounded in |z|, and R halts in polynomial time.
First, we observe that {€, ./}, . is samplable at most ¢ := ((]z|) advice. Let S be a uniform
algorithm that takes (121D a +), where ' € {0,1}PTFPW(M) and o € {0,1}¢, and outputs

(rfp 4] O G r;) +as1)- We consider the advice function «. .+ that takes the same random seed 7/, has

embedded nonuniform advice z and 2’ = { fi};c[n], and outputs the description of S(1<|Z"|Z'|>, €10---0
c¢,-), where cjo0- - -ocy is an £-bit string following the definition of £, ,,. Namely, r := rfp], v :=D(r),
oG 4G )ALt )+l Pt
Share uses fresh randomness from the suffix of r/, j; is the same as in £, ¢; = s; ® DP(f};; Zj ) w(A+1
for each ¢ € [¢]. Then, for every z and 2z’ = {f;};, the distribution &, ./ is statistically identical to
that of U(S(12H="1 ¢y o -+ 0 ¢p,-),r") = Ula, i (r'),7") over r'. Thus, R produces a distribution
(over samples) samplable with advice complexity at most £ + o(¢).

Below, we prove the completeness and soundness. This completes the proof by selecting A to be

at least max{p(|z|),p’(|z])}, where p and p’ is the polynomials specified below.

zj = )y for each j € ], b:=r s := Share(b; ¢), where

Claim 6.2 (completeness). There exists a polynomial p such that for every yes instance z, every
A > p(|z), and every choice of 2" = {fi}icn), there exists a polynomial-time program h of size at
most (s +1) - X (< 8') such that

JPr () =82 1 <()).
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Claim 6.3 (soundness). There exists a polynomial p' such that for every no instance z, every
A > p'(|z]), the following holds with probability at least 1 — negl(|z]) over the choice of 2" = {f;}:
there is no program h of size at most 0.990(¢(|z|)) - s - A\ such that

1
Pr [h(z) =0 > - +2 .
JPr h@) =8> 5+ 21(02)
Proof of Claim 6.2. We fix an yes instance z arbitrarily. Let A € N be a large enough parameter.
We also fix 2’ = {fi};c|n) arbitrarily and let £ := &, .r.
Since z is an yes instance, there exists an assignment a € {0,1}" to D such that w(a) < s and

FPrle(a) =121 —e(lz)).

We consider the following hypothesis &: {0,1}" — {0,1} into which «, z, and f; are embedded
for all i € [n] with a; = 1. On input & = rozj0---0z,0¢1 ---o¢y, where r € {0,1}7, z; € {0,1}2®A
for each ¢ € [n], and ¢; € {0, 1} for each i € [¢], the hypothesis h obtains ¢ = D(r). Then, for each
i €[4, if aj; =1 (where j; € [n] is the same as above) h computes s; from ¢; and DPy(f},; z5,) and
executes Rec(; @) to reconstruct b from shares {s; : i € [{] s.t. aj, = 1}.

Let z=2z 0---02z, and ¢ = ¢1 - -- 0 ¢p. For convenience, we identify r o z o ¢ with (r, z, ¢).

By the completeness of (Share, Rec), h(r, z,¢) can correctly reconstruct b as long as p(a) =1
where ¢ = D(r). Thus, we have

JPr @) = b2 Pro(a) = 1] = 1 - «(|2).

It is easy to verify that h halts in polynomial time in n’. The description size is bounded above
by

h] < (Z |fi|) 1+ [2| + O(lognlz|) < ( 3 w(z’)A) + poly(|2) + O(log 2[A)
o =1 ;=1

= w(a)A + poly(|z]) + O(log |z|})
< s+ poly(|z]) + O(log |z|A).

The claim holds by selecting the polynomial p large enough so that every A > p(|z|) satisfies
|h] < sA+ poly(|z]) + O(log |z|A) < sA+ A.
o

Proof of Claim 6.3. We fix a no instance z arbitrarily. Let A € N be a large enough parameter. We
consider the random choice of 2’ = {fi};c, and let € := &, ..

Let h be an arbitrary program of description size at most 0.990(¢(|z])) - s - X that maps n’ bits
to 1 bit. We will show that

1
Pr |h =b < =42 .
JPr h(a) =8 < 5+ 21(12)
For each i € [n], let fi € {0,1}* be the string obtained from f; with padding, i.e., i =
fio O)\fw(i))\_
We construct a distinguisher D that takes an advice string o = (b, r,7’) and input (Z1Y1, ..., Z,Y,),
where Z; (resp. Y;) is a random variable taking values in {0, 1}* (resp. {0,1}), computes (i) ¢ = D(r),
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(i) (s1,...,s¢) = Share(b; ¢) with randomness 7/, (iii) ¢; = Y}, @ s; for each i € [(] (recall that j; is
the index of the i-th share), and then outputs 1 if and only if

h(ro(Z1)pwmn © © (Zn)wma 0 c10---0cg) =b.

It is easy to verify that if Z;Y; = DPy(f;; Z;) for all i, and a = (b,r,r') is selected uniformly at
random, then the input to h is distributed in the same manner as the example of £.

Let a := |a] = poly(|z|). Note that a is independent of A\. Applying the Algorithmic Information
Extraction Lemma (Lemma 3.12), there exists a subset B C [n] such that

K(f5|D) < |B|- (n+a+ O(logniay(|z))~")) < poly(|z]) - log A, (2)

and

P D(a, Z1Y1,...,2,Y,)=1— P D(o, 21Y],....Z2,Y)) =1]| < 3

By D@ 2T 2 =1 = Pr Dl 2, ) =1 <o) @)

where for each i € [n], Z; ~ {0,1}*, Z;Y; = DP(f;;Z:), Y/ = Y; if i € B and Y/ ~ {0,1}
otherwise.

We have that
K(fB|D) + O(log A) > K(f5|D) + O(log A) > K(fp|h) + O(log A) > K(f) — |hl,

where the second inequality holds because D is constructed from h. Notice that fp is a random
string of length w(B)A, where w(B) = ), pw(i). Since w(B) > min; w(i) > 1/poly(|z|) (where we
assume B # (), otherwise it contradicts Eq. (2)), there exists a polynomial p} such that for every
A > pl(]z]), it holds that w(B)X > 3|z| (note that p) is independent of B since it holds as long as
B # ). By the standard counting argument, in this case, K(fp) > w(B)A — |z| with probability
1 — negl(|2]) over the choices of {f;}. Under this event, along with Eq. (2), we have

w(B)A = |2 = |h| < K(fp|D) + O(log A) < po(|2]) - log A,

for some universal polynomial pg.
Since w(B) > min; w(i) > 1/poly(|z]) (as long as B # ()) there exists a universal polynomial p),
such that for every A > p/(|z]),

|2| + po(|z]) log A < 0.005w(B)A.

Thus, by selecting p’ as p/(|z|) = max{p/(|z]),p5(|z])}, for every A > p/(|z]), the following holds
with probability at least 1 — negl(|z]):

0.995w(B)A < w(B)A — (]z] + po(|z]) log A) < |h|.

Below, we consider the case where the event above occurs.
Since |h| < 0.990(¢(|z])) - s - A, we have

w(B) < 0.99

< o a(lD)s < o(E(lzD)s.

The characteristic string xp € {0,1}" (i.e., (xp); = 1 iff i € B) satisfies that w(xp) = w(B) <
o(€(|z|))s. Since z is a no instance,

Frlexs) =01 =1 =(2]).
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Now, consider the execution of D(«, Z1Y7,...,Z,Y,). If the randomness r (which is a part of «)
yields such ¢, the input to A does not contain any information on the authorized subset of shares
because ¢; = s; @Y and Y, ~ {0, 1} when j; ¢ B. In this case, by the security of the secret sharing
scheme, the probability that D outputs 1 (i.e., h correctly outputs b) is 1/2. Thus,

Pr [D(a, Z1Y{,..., Z,Y)) =1] < !

N DS

Therefore, by Eq. (3)

o DAY 2 =1 P (Dl A ZaY) = 1]+ ()

1
< 5+ 2(20)-

By contrast,

Pr [D(a, Z1Y1,...,2,Y,) =1]> Pr [h(z) =1].
a{Z;Yi} (z,b)~E

From the two inequalities above, we conclude that

1
P =b < =42 .
JPr (@) =1 < 5+ 29(12])

The lemma above implies Theorem 1.3 along with Theorem 5.2.

Corollary 6.4 (Theorem 1.3). There exist functions £(n) = w(1), e(n) = o(1), and v(n) = o(1)
such that, the following problem is NP-hard under a BPP reduction: For given pair of a distribution
D over {0,1}™ x {0,1} (described as a circuit) samplable with advice complexity ¢(n) and 1°, where
s € N with s < poly(n), distinguish the following two cases:

Yes cases: There exists a poly(n)-time program h of size s such that Pr(, y).p[h(x) = b] > 1—¢(n).

t(n)

No cases: For all programs h of size at most s - polylogl(n) ’

Pr (o h(z) = b] < L+ 20,

Note that the Theorem 1.3 states the result in a setting where only access to samples is provided
(as defined in Definition 1.2). Corollary 6.4 demonstrates that our result holds in a stronger setting,
where the learner also has access to the description of the underlying distribution for learning.

7 Reduction to Inverting Auxiliary-Input Functions and Conse-
quences

In this section, we present the reduction from GapLearn to inverting AIOWF, which establishes the
following coAM upper bound for DMMSA.

Theorem 7.1. For every ¢(n) = w(1), every e(n) = o(1), and every constant v € [0,1/4), there

exists C' > 0 such that Gapgc(zg;z)Gg(n) -DMMSA is in coAM, where n is the instance size.

42



Note that Theorem 7.1 implies Theorem 1.9 as special cases since (i) F[¢{] C &, (Theorem 3.10)
and (ii) Junta[(] € & 5ei00) [AN21].

Theorem 7.1 is proved across Sections 7.1 to 7.3, outlined as follows: In Section 7.1, we present a
reduction from GapLearn to extrapolating a universal distribution based on the theory of inductive
inference [Sol64a; Sol64b]. We further extend the reduction from DMMSA to inverting an auxiliary-
input function, using a restricted form of description-restricted, context-sensitive, fixed-auxiliary-
input nonadaptive reduction, detailed below. In Section 7.3, building upon [AGGMO06], we observe
that any promise problem II reducible to inverting via this restricted reduction is contained in coAM,
completing the proof of Theorem 7.1. In Section 7.5, we prove the existence of a one-way function
under the average-case hardness of GapDMMSA and GapLearn (Theorems 1.5 and 1.10).

First, we present the restricted form of reductions to inverting auxiliary-input functions. For each
total Turing machine M, we define an M-based (randomized) oracle Ops: {0,1}*x{0,1}*x{0,1}* —
{0,1}* as Opr(x; Pshareds Pind) = Y if M (2, pshared; Pind) Outputs y and halts, where pghared is a shared
randomness selected at the initialization (and used throughout), and pj,g is a random seed selected
at each query access. When the reduction R given access to Oy is time-bounded, the total length
of the shared randomness and the independent random seeds are bounded and can be selected at
the initialization as a single random string p. In this case, we represent the M-based oracle that
uses p as a random tape (for both pshared and ping) by Oar(-; p)

Definition 7.2 (Description-restricted context-sensitive reduction). Let f = {f.}.cq0,1}+ be an

auziliary-input function. A randomized oracle machine R’ is said to be a description-restricted
context-sensitive fired-auxiliary-input nonadaptive (FAIN) reduction from a promise problem II to
mverting f if

e R is polynomial-time and nonadaptive;

o For every x € {0,1}*, the reduction R(x) makes queries only of the form (zy,-) for some
auxiliary-input z, determined by x;

e For every (possibly inefficient) total Turing machine M and for every long enough x € {0, 1}*,
if Oni(-,x; p) inverts f,, for all p € {0,1}, i.e.,

Pr [On (2, fou (1), w5 p)] € F2 (£ ()] 2 1/2,

then
Pr(ROMC0) (2) = TI(2)] > 3/4.
7p
We will show the following key lemma in Sections 7.1 and 7.2.

Lemma 7.3. Let {(n) = w(1l), e(n) = o(1), and let v € [0,1/4) be a constant. Then, there exists

C > 1 such that Gapec(zz;z)Gg(n) -DMMSA, where n is the instance size, is reducible to inverting an

auziliary-input function f = {f.} via a description-restricted context-sensitive FAIN reduction.

Combined with the following theorem, which is implicit in [AGGMO06; ABXO08], we derive The-
orem 7.1.

Theorem 7.4. If a promise problem 11 is reducible to inverting an auziliary-input function f = {f.}
via a description-restricted context-sensitive FAIN reduction, then II € coAM.

We will observe Theorem 7.4 in Section 7.3.
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7.1 Inductive Inference: From Learning to Universal Extrapolation

Towards proving Lemma 7.3, we first reduce learning to extrapolation under the time-bounded
universal distribution.

Lemma 7.5. Let D ={D., o'} ,c 7 .ic(013r)» where Z € {0,1}* and r(z) < poly(|z]), be a samplable
distribution satisfying that there exist n,s: Z — N, ~v(z) = o(1), and polynomial p such that for
every z € Z and 2’ € {0,1}7(3),

o D, is a distribution over {0,1}") x {0,1}, where n(z) < poly(|z|);
e there exists a p(-)-time program h of description size s(z,z') such that

P h(z)=0]>1-— .
ol @ =82 1-90)

Then, for every € € (0,1/2), there exist a constant ¢ := c.5 > 0 and a polynomial t(|z|) such that
for every long enough z € Z and for m > m(z,2") = ¢ (s(z,2") +log|z]),

[Nextl (wb<z‘; QTSZD) = bi:| >1- 6] > 1—op,(1),

r r
28| (z1,b1),..., (2™ ™) ,i,Nexty
where i ~ [m], (z1,b),..., (2™, ™) ~ D, ./, and zbo; =alo---0oax™obl o 07l

Proof. Let ¢ > 0 and ¢ := 6c3e~2, where ¢y is a large enough universal constant that depends only
on the universal Turing machine and the way of encoding and is specified later. Let t := t(|z|) =
m(|z|) - 7(|z|), where 7 is a large enough polynomial (particularly for p and the time-complexity
of sampling according to D). Fix a long enough z € Z arbitrarily. Let n := n(z) < poly(|z|),and
v =7(2).

Fix 2/ € {0,1}7). Let s := s(z,2/). Let X1,..., X, B1,..., By be a random variable repre-
senting the values of x1,...,Zm,b1,..., by, respectively. Let X = Xj0---0X,,, B=Bjo---0 By,
and XB.;=Xj0---0X,,0Bj0---0B;_1 for each i € [m].

First, we evaluate the following quantity:

KL(B| X || Q) mns tmnsm) | (@) pmm)) = B, )

. Pr[B = b|X = 4]
s Pr[(Q‘tz)[mn—i-l:mn—‘rm} = b’(QTZ)[mn] = I’]

< Ep~(x,B)

1
1
°8 Pr[(Q‘tz)[mn-i-m] = xb‘(Q\tz)[mn] - :E]]

For now, we assume the following claim and continue the proof.
Claim 7.6. For each z' and each (z,b) ~ (X, B),

—Cpl(STC t x,0|z 075m og (2
Pr [ (Qf)in-m) = 20| (Qf oy = 7] > 270 LT onleD,

where v, p = [{i € [m] : h(x) # bi}|/m for the size-s program h in the statement.
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By the claim above, for large enough polynomial 7 and ¢t = m(|z|) - 7(|z]) > 7(|2|),

1

log

KL(B‘X H (Q}2) pmn+1: mn+m]\ QL) mn]) =< E@p)~(x,B) PrQ g = Py = 7]

< E@py [co(s + cd? (x,b]2) + 'yo S + log \z|)]

= co5 + 0B, [cd’(x, b|2)] + colog 2| + coBep [Vo1] - m0
< cps + 60(2) log |z| + coEqp [72 ZE’} -m

< cps + 60(2) log |Z| + COE:U b [’Y;r b]o ™

0.75 |

-m
= cos + 6¢3log | 2| + coy
where the third inequality follows from Lemma 3.15, and the last inequality follows from Jensen’s

inequality.
By the chain rule for the KL divergence,

1 cos  6c2log |z
% Z KL <Bz (Q\tz)[mn—l-z] (sz)[mn—&—i—l]) < % + ()nf| + 00’70.75
i€[m]
52 0.75
E + 8 + Y .

Since 7 := 7(]z]) = o(1), for long enough z,

E; ) [KL (Bi|XB<i

(sz)[mnﬂ‘—l])} < 262

By Pinsker’s inequality,

Ez [m],xbc;~XB<; [Atv ( B‘XB<Z = xb<i)7 ((sz)[mn—i-z}|(sz)[mn+z—1] = xb<z))}

\/KL<(BZ‘ | XB<i = xbs;) H ((Ql‘;)[mnﬂ}

(Qfntin) = qu))/z]

(Q[,) pmn+i

(QL)pnsi-17)] /2

Notice that, given xb.; ~ X B-;, the probability of ( (sz)[mnﬂ‘}|(sz)[mn+i—1} = xb-;) is equivalent
to Nexty (zb<;; Q‘tz). Thus,

Pr [Nexty(abes; Q1) # hiai)]

Nextq

< Pr(B, # h(w)| X Bei = abei] + Ay ((BiIXBes = 2bi), (Q)mn s Q) mn iy = b)) -
By taking the expectation over ¢ and X B.;, we have

Y NP ' ‘
P, [Nexti(@beis Q) # hai)| < cBr L [Bi# ()] + 2

<7v+e.
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By the union bound,

p Next, (b B] p [Ntb;th- Pr  [B; # h(z;
i X BeyNext, exti(wbei; Q) # I X B Next, ext(@heis Q) # hiwi) +i,XB<ri7Bi[ i 7 i)
<2y +e,

which is less than 2e for long enough z since v = o(1). Since € > 0 is arbitrary, this yields the
lemma.
Now, we present the deferred proof of the claim and complete the proof of the lemma.

Proof of Claim 7.6. Remember that ¢ = 7(|z|) x m(|z|). First, we show that
—O(s+72 75m log |z
[Q zb] > 2 (5479 7Pm+log |2|) Pl‘[(Q\tz)[mn] = g

when 7 is large enough. For each t¢-time program II that is given z and produces x as a prefix,
there exists a 2¢-time program II’ that is given z and produces xb as follows: IT’ first executes II in
t steps (with auxiliary input z) and then truncated it to the first mn bits (which corresponds to x).
Then, II' executes h for each 2’ in x to obtain b = h(z') o --- o h(z™) and take bit-wise xor with
e € {0,1}™, where ¢; = h(z") © b’, to obtain b. Finally IT" outputs zb.

Notice that wt(z') = v, ,m and by Fact 3.13, it is reconstructed from O(~?
program when 7 is large enough. Thus, the description size of II' is at most

0. 75m + log |z|)-size

III| + O(log [TI| + || + vg:§°m + log |2]) < [TI| + O(|h| +727°m + log |2]).
Thus, we have

Pr[Q‘zzt > Z 9~ |T1|— O(‘hH‘VO 75m+10g\2|) 2—O(s+70 75m+10g|2|) X Pr[(sz)[mn] — LL‘]

where the summation is taken over t-time programs II that are given z and produce z as a prefix.
By contrast, we have

[Q ] < PF[Q|Z } QCd (w:b2) < Pr[(Q\g)[nm—i-m] - IL‘b] 2Cd (= blZ)
Thus, we conclude

Pr[( |z)[nm+m] = $b]
Pr((Qf,) pnn) = ]
—cd (z,b]2) Pr[Q% — xb]
~ 9O(s+7y: ) mlog 2]) Pr[Q2 = xb)

Pr[(sz)[nerm] - xb|(Q\tz>[mn] - 1‘] =

> 2—co(s+cdt(:t b|z)—|—'yO T5m+log |2|)

by selecting large enough ¢y > 0. o
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7.2 Description-Restricted Reduction to Inverting Auxiliary-Input Functions

Next, we extend the reduction in the previous section to inverting an auxiliary-input function via a
description-restricted context-sensitive FAIN reduction, which completes the proof of Lemma 7.3.

Lemma 7.7. Let D ={D., o'} ,c 7 ic(013r» where Z C {0,1}* and r(z) < poly(|z]), be a samplable
distribution satisfying the conditions in Lemma 7.5.

For every e,d € (0,1/2), there exist a polynomial-time nonadaptive randomized oracle machine
h, an auziliary-input function {f.}.cz, a constant ¢ := c.5 > 0 such that for every long enough
z € Z, for every oracle I that inverts f, (i), and for m > m(z,2') = c¢- (s(z,2') + log|z|),

Pr Pr r [hI(S,x,z):b} 21—6:| 21—5} >1-o0p(1),
2| S={(z1,b1),...,(™,b™)} | h,(z,b)

where (z1,b),..., (2™, b™), (z,b) ~ D, .
To show the lemma, we use the following result.

Theorem 7.8 ([IL90; HN23]). For every samplable distribution D = {D,},cz, where Z C {0,1}*,
every constant c, and every large enough polynomial T, there exist a polynomial-time randomized
nonadaptive oracle machine UE and an auziliary-input function {f.}.cz such that for every long
enough z € Z and every oracle I that inverts f,,

- z .o 1 1
Pr [\ﬁ € llof) Awy (VEZ (2, 1), Nexts (1 Q1) ) < \zlc} 1=

Proof of Lemma 7.7. We define a samplable distribution D’ = {D.},c as a distribution of 210 -0
g™ oblo- - ob™, where 2/ ~ {0,1}7) and (z',b),..., (z™, ™) ~ D,/ (recall that m = c(s(z, 2') +
log |z])) for each z € Z. We apply Theorem 7.8 for D' and obtain a randomized polynomial-time
oracle machine UE and an auxiliary-input function {f,}.cz such that for every long enough z € Z
and every oracle Z that inverts f.,

1 1
P Vi € Ag (UEZ(2, y1;_17), Nexty (yr;_11; 7(Iz) <}>1—,
SO} gD [ Pe Ll A ( (2 i), Next (g3 Q. )) “lal T P

where 7 is a large enough polynomial, and y represents 2! o ---ox™ o bl o--. 0 b™.
By Markov’s inequality,

1 1 1
[Vz’ € [m] Ay (UEI(z,be-), Nexty (zb<;; Q‘TZ“Z'))) < } >1-— ] >1-—

P P )
o [(xl,bl),...,lzzm,bm) 2| ] ~ |2 |2

where zbo; =alo---oax™oblo--- o bl
By Lemma 7.5 and the union bound, it holds that with probability 1 —o,.|(1) over the choice of

Z?
; 7 . ol « 1] sq b
w bl),...,I(.zm ) [Vz € [m] Ay (UE (z,xb<y), Nextl(xb@,Q'Z )) < ’zd >1 E
and 25
. 0tz — b >1—= 67
(xl,bl),...,(xl?nr,bm),i,mextl [Neth (me, Q ) b’} =1 16

Below we only consider such z’.
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Now we consider a randomized polynomial-time oracle machine h defined as
hE(S,a*, 2;4) = UEL (2, 205 %)

where i ~ [m] is a part of internal randomness, zb"}* ;= z' ooz’ lz*zl o - 0ax™obl 0. 0 by,
and S = {(z!,bh),..., (:Um,bm)}.
When (x!,b!), ..., (z™, ™) and (2*,b*) are independently and identically distributed according

to D, ., the pair ($b2<7*, b*) is identically distributed as (zb-;, b'). Thus, it holds that

. T|Z 1 1
Pr [Atv (hI(S, r*, 23), Nexty (b7 Q] '))) < \zl] 21—

where i ~ [m], and

Sy(l’*,bE))I,‘i,Nextl [Neth (xbg*’ Qt(lzn) 4 } z1- 81265'

By Markov’s inequality,

15 1)
Pr| P [N t(bH*, 'Z)_b*}>1—f >1- 2
S,acr* |:b*,i7N1;xt1 e Q‘z N 4 4

By the union bound, it holds that with probability at least 1 — (¢6/4 + 1/|z|) > 1 — /2 over the
choice of S and z*,

Pr [hI(S, x*, zyi) = b*]

b* h
> , Il’\lr {Nextl ( bZH*,Qt(|Z|)> } — Agy (hI(S, x*, z;4), Nexty (x bZH*,QT(‘Z| ))
*,7,Nexty
€ 1 €
>1——-—-——>1-—. 4
4 |z ~ 2 )

By Markov’s inequality,
I;r [Pr [Equation (4) holds| > f} >1-0.
x*

Thus, with probability at least 1 — § over S,

Pr [pE(S, 2%, 2;4) #£b*] <

€
141 ==
(z*,b%),h 2

N ™

Therefore, we obtain
Pr|Pr| Pr [hE(S,z*,2)=b"|>1—¢|>1—-6|>1—o0,/(1).
L [Sr |:h,(x*1:b*)[ (827%,2) J= ] N ] B (1)
Since UE is nonadaptive, it is easily verified that h is also nonadaptive. ]

Now, we prove Lemma 7.3.

Proof of Lemma 7.5. For a large enough constant C', we will show that Gap?féEXGZ(,)—DMMSA is
reducible to inverting an auxiliary-input function f = {f,} via a description-restricted context-
sensitive FAIN reduction (recall that £(-) = w(1), e(-) = o(1), and v € [0,1/4)).

Let z = (D,w,1™,s) be an instance of Gapg.'z&fy)Gz(,)—DMMSA. Let R be the reduction in
Lemma 6.1, where we select a large enough polynomial A(-) and let A := A(|z|). Then R(z,2’),
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where 2’ ~ {0,1}*, produces a distribution &, »» over samples. Recall that {&, ./} is samplable with
¢ advice. Thus, for each (z,2’), there exists a function «, . such that (i) a, . (r) outputs a £-bit
string, and (i) the distribution of U(a_/(r),r) is statistically identical to &, . for r ~ {0, 1}PoV(Iz]
within negligible error. Below, we omit the argument on this negligible error. Recall that the
advice o, (1) in the reduction R of Lemma 6.1 consists of ¢ bits produced by the secret sharing
scheme. Consequently, o, ./ is polynomial-time computable given (z, z’), and U(a »/(-),-) also halts
in polynomial time and never outputs L.

We use Lemma 7.7 for the description size 8 = (A +1)s, e = 1/4 — v, and 6 = 1/32. Let
h,m,{f.}, and Z be as in Lemma 7.7. We also define a randomized oracle machine H given access
to Z as follows:

HE (x;7,2) == hE(S, z, 2).

Here 7 is composed of m random seeds r',... ,r™ for U(a, . (-),-), S = {(z',b1),..., (2™, ™)},

where (z°,b") = U(a, ./ (r?),r) for each i € [m], and m is chosen as in Lemma 7.7 for ¢, i.e.,
m = O(s' +log|z|) = O(As + X + log |2]).

For each 2/ € {0,1}*, 7 € {0,1}PW(2) and p € {0,1}() (where [ is a computable function),
we define the event E, ./ » as follows:

Event EZ s We perform the empirical estimation of the quantity

o, M Ho50) (257, 2) = 0]

with additive accuracy error +(1/16—~/4) and failure probability at most 2~*I by using
polynomially (in |z|) many samples from &, /. Let p be the approximation value. Then,
it holds that p > 5/8 + 3v/2.

Notice that given (z,2',7), the trial whether E? , _
given access to Z(-, z; p).
Now we describe the polynomial-time randomized oracle machine A that attempts to solve

Gapec(:z&.)Sg(,)—DMMSA. For a given instance z and oracle access to Z(-, z; p), the algorithm AZ%#) ()

occurs is performed in polynomial time in |z|

empirically estimates the quantity Pr,/ E[Eg z’i] with additive accuracy error £1/32 and failure
probability at most 2712l This is performed in polynomial time in |z|, and the queries to Z are
made nonadaptively since h” is nonadaptive. Let ¢ be the estimation value. If § > 13 /16, then A
outputs 1; otherwise, A outputs 0.

We have seen that A is nonadaptive. Thus, it suffices to show the following claims:

Claim 7.9. For every oracle O, computable function I, and for every long enough instance z, if z
is an yes instance, and O(-, z; p) inverts f, for all p € {0,1}'2D then

Pr[A9G#0)(z) =1] > 1 — 271,
A,p

Claim 7.10. For each Turing machine I, computable function [, and for every long enough instance
z, if z is a no instance, and Or(-, z; p) inverts f, for all p € {0, 1}Z(|Z|), then

Pr[AC1(-#0)(2) = 0] > 3/4.
A,p
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Proof of Claim 7.9. 1t suffices to show that Przlj,:yE[Ep

2,27

| > 7/8 for all p because it implies that

qg> Pr [Ef

/
= Z,2
Z/,'I',E Lol

] —1/32>27/32 > 13/16

with probability at least 1 — 27/*l over the choice of randomness. In this case, A outputs 1.
When z is an yes instance, Lemma 6.1 shows that for every 2/, there exists a polynomial-time
program h* of size s’ = (s + 1)\ such that

P h*(x) =b] > 1—o0(1).
w5 @) =821 o)

Thus, as long as z is an yes instance, &, ./ satisfies the conditions of Lemma 7.5. For all p € {0, 1}“'2‘),
Lemma 7.7 (recall that it was applied for ¢ = 1/4 — v and § = 1/32) shows that if O(-, z; p) inverts
f~, then

. 3 1 15
O(-,2;5p) > 2 >1_ - _ > 22
ZE,YS [Pr[h (S,z,2)] > 1 +7} >1 % o(1) > T
for long enough z. Namely, it holds that
. 3 15
Pr |Pr[HOGHP) (2; 7, 2)] > = >

For any 2’ and 7 satisfying the event above, with probability at least 1 — 271 over the choice of

13
randomness for Ez7 .

p > Pr[HO#) (2,7, 2)] — (1/16 — ~v/4) > 11/16 + 57/4 > 5/8 + 37/2,

where the last inequality follows from v < 1/4.

Thus,
15
Pr[Ef. )2 o (1-27F) >

/ )
= Z,2
Z’,T,E Ll

O IEN

as desired. o

Proof of Claim 7.10. For each instance z, we define the test T, for 7 and p as follows:

1 1
T.(F,p) =1+ P P HOT20) (g7 2)| > = + 29| > =.
(T p) Z’N{OI:I}A [(Jf,b)’\}(‘gz’z/ |: (x T Z)] — 2 + /7 — 2
We claim that if z is long enough, then
Pr [AC1G#0) (2) = 1] > 1/4 = Pr[T.(F,p) = 1] > 1/16. (5)
7p T',p

First, we assume (5) and prove the claim by contraposition. We assume that Pr 4 ,[A97##)(z) =
0] < 3/4 and derive that z is not a no instance.

Since A always outputs 0 or 1, we have Pry ,[A9T#0)(2) = 1] > 1/4. Thus, by (5), we have
Pry , [T.(7, p) = 1] > 1/16.

Let G, = {(7,p) : To(7,p) = 1}. Since Prs,[(7,p) € G.| = Prs ,[T.(7,p) = 1] > 1/16 > 0,
it holds that G, # 0. In addition, we observe that the set G, is enumerable given z by checking
whether 7% (7, p) holds, as the number of possible 2’ and (z,b) is finite, and «, , is computable.
Thus, by letting (7, p*) be the lexicographically first element in G, we have

K(7, p*) < O(K(G>)) < O(]z).
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Since T, (7", p*) = 1,

Pr

+2v| >
2/ ~{0,1}2 7=

Pr [HOI(_’Z;p*)(l‘;f*,Z)} >
(b)~E, .

N =
N | —

Remember that
HOI(-72;P*) (fI,'7 F7 Z) = hOI(-7Z;p*) (57 x, 2)7

where S = {(2',b),..., (2™, ™)}, and (z%,b') = U(a, . (r'),r") for each i € [m]. Further-
more, o, (-) is just an ¢-bit string for each i. Therefore, for each 2/, the description size of
HO16#07) (27 2) (as a time-unbounded program) is at most

K(7*, p*) 4+ |z| + [I| + ml + O(log|z|) < O(As + A+ log|z|)¢ + O(|z])-
When A = poly(|z|) is large enough, we have
OAs+A+log|z))l+ |z|+O(lz]) < C- st

for a large enough constant C' > 0.
Namely, with probability at least 1/2 over the choice of 2/, there exists a program h* of descrip-
tion size at most C1 - s - A satisfying that

1
Pr [h*(z)] > = + 2.
(m,b)Nrgz,Z,[ (@)] 2 5 +2y

By Lemma 6.1, z is not a no instance of Gapec(:z{y)Gg(,)—DMMSA.

In the remainder, we observe the implication (5), which completes the proof.

Suppose that Pra ,[A97C50)(z) = 1] > 1/4. Then, it holds that Pr. 7 p[EY , ] > 25/32 with
probability at least 1/8 over p; otherwise, for at least (7/8)-fraction of p, with probability 1 — 2~
over the choice of randomness for A,

i< Pr[E’

, -
- 2,2\ F
27 E o

] +1/32 < 26/32 = 13/16,
and Prg[AC1050) (2) = 1] = 1 — Pry[A%1050) (2) = 0] < 2712l Thus,

1 1
Pr(ACrGz0) () =11 < = 49l « =
PrAC() =1 < Lok < ]

which contradicts the assumption.
Furthermore, for any p satisfying that Pr, z g[E? , ] > 25/32, it holds that

!
2,2\

: (6)

>~ w

T2y 2

| =

Pr [ Pr [HOI("Z”’)(J:;F, z)} >

27| (z,D)~E, L

Otherwise, with probability at least 1/4 over 2’ and 7, it holds that with probability at least 1— 21l

over the choice of randomness in E , _,
7 bl

p< ( b)Prg [HOI("25P) (2T, z)} +(1/16—7/4) < (1/2)+2v4+1/16—/4 = 9/16+Tv/4 < 5/8+37/2,

o1



where the last inequality follows from vy < 1/4. Therefore, Pr/ ; g[~FE, /7] > (1/4) - (1 — 271¥) >
7/32, which contradicts that Pr, ; g[E? , ] > 25/32.

2,2\

By Markov’s inequality, Equation (6) implies

1 1 1
o) = 1] = Or1(-20) (e }>, > >Z
Pr{T:(r, p) = 1] = Br | B (m,b)]irez,, [H (wrz)z5+2 25| 25
Thus, we obtain
PrTL(Fp) = 1] > - -+ =
N PR T
as desired. o

O]

7.3 CoAM Bound for Description-Restricted Context-Sensitive FAIN Reduc-
tions

In this section, we present the proof of Theorem 7.4. Below, we consider AM protocols as satisfying
the following modified syntax: Any verifier V' of an AM protocol rejects the given instance (as the
standard formulation) by outputting L or halts and outputs some message in {0, 1}* (which means
accepting). For an AM-protocol (P, V) and common input z, let (P,V)(z) denote the resulting
message.

The following is the crucial lemma.

Lemma 7.11 ([AGGMO06; ABX08|). For every polynomial-time FAIN reduction R to inverting an
auziliary-input f = {fy}, there exist an AM protocol (P,V'), a total Turing machine M, and a
polynomial p such that

o O (- z;p) inverts f, for all x € {0,1}* and p € {0, 1}P(=D;
e for all large enough ,

Awwﬂwvamammms;$

where O (-, 75 p)| gy = (On(qh, x5 p), ..., On(d", z;p)) for queries q,...,q" produced by
R(x);

e for all large enough © and for any prover P,

Ao (4P, V) (@), Ont (230 la) < Pr [(PV) @) = 1] +

TR.P |z|

The proof is implicit in [AGGMO06]. Below, we highlight the ideas.

Proof (sketch). For each polynomial-time FAIN reduction R, the AM-protocol (P,V') performs as
follows on common input z (let k := k(|z|) be the query complexity):

e Let z, be the unique auxiliary-input queried by R(z). Although R queries strings of the form
(zz,y), we omit the first element z, below for readability.
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e The verifier V randomly selects a threshold 7 from polynomially many candidates from [2, 3]
and defines 7-light and 7-heavy queries as follows:

y is 7-heavy <= Prly ~ Q.| > 7 - Prly = f.,(r)]

y is 7-light <= Prly ~ Q.| < 7 - Prly = f..(7)],

where @, is a distribution of queries by R(x) at a position selected uniformly at random.

e The verifier V execute R(x) ¢ := poly(|z|) times and obtain ¢ sets of queries g1, ... 7
(i.e., each gj(i) is composed of k queries). Then, V' sends them and make the prover return
the value of |f, !(y)| for each query y contained in the sets with the claim whether y is 7-
heavy or 7-light (building upon the lower-bound protocol, the entropy estimation protocol,
and the hiding protocol, see [AGGMO06, Appendix D]). As a result, with probability at least
1 —1/(4|x|) over the choice of verifier’s randomness (used up to this stage), it holds that (i)
the honest prover P that sends the correct sizes and claims is accepted, and (ii) as long as the
prover is not rejected, all but 1/p(|z|)-fraction sets 7 satisfy that the claims about 7-heavy
and 7-light are correct, and for all 7-light queries y in it, the claimed size s, satisfies that

(1= 1/p(Je)If2 W) <5y < 1+ 1/p(lz)|f2 ()] (7)
where p is a sufficiently large polynomial.

e Next, V selects a value j from 0,1,...,m — 1 uniformly at random, where m = poly(n) is a
large enough polynomial. Then, for each claimed size 3,, the verifier calculates

ly = log(3,/(1+ j/m))]

and selects a poly(n)-wise independent hash function hy: {0,1}" — {0,1}fv~cl8n where
poly is a large enough polynomial, n; is the input size of f, , and c is a large enough absolute
constant selected. Then, we can show that with probability at least 1 — 1/(4|x|) over the
choice of j, it holds that 3

by = llog |f2,' ()l (8)
for all T-light queries y satisfying Equation (7) (see [AGGMO06, Lemma 11.1]). Furthermore,
by letting h, random enough, we can observe that with probability 1 —1/(4|z|), it holds that
the size of I, = h;l(Oey*CIOg”) N f2'(y) is bounded by a fixed polynomial ¢(|z|) for all 7-light
queries y satisfying Equations (7) and (8). Thus, V' can expect the prover to send all elements
in I, for such y’s. Let fy C I, be the set sent by the prover. Note that whether fy Cl,is
easily checked. In addition, V checks whether |I,| < g(|z|) for all y claimed to be 7-light, and
the average of |1:y] (taken over y claimed as 7-light) is enough close to the expected size (i.e.,
a fixed polynomial), and if not, V' rejects the proof. We can show that the average of |I,|
(i.e., the correct value) passes this test with probability at least 1 — 1/(8|x|) (over the choice

of {hy}).

e We can prove that for j and {h,} satisfying the events above (selected with probability at
least 1 —5/(8|z|) by the union bound), (i) the honest prover P that sends I, correctly is not
rejected, and (ii) as long as the prover is not rejected, the prover must send correct I, for
each 7-light query y in all but 1/(8|z|)-fraction of query sets (we call such a query set good),
and these good sets are a subset of the sets for which the prover sends the correct claim about
7-heavy and 7-light (see [AGGMO06, Theorem 10 and Remark 9]).
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e Finally, the verifier selects the random position ¢ from [¢] and answers the i-th query set as
follows: for each query y in the set, (i) if y is claimed as 7-heavy, then V' does not return any
inverse, and (ii) if y is claimed as 7-light, then V returns the lexicographically first element in
Iz// (this must be an inverse of y). Notice that, as long as the i-th query set is good, V' answers
each 7-light query y by the lexicographically first element in I,,.

Now, we define a Turing machine M as follows: On input (z,,y,z) and shared randomness
Pshared and (independent) random seeds pind,

o M first selects the threshold 7 € [2, 3] by using pshared as V' does.

e Then, M determines whether the query is 7-light or 7-heavy according to R and f, (which
takes exponential time).

e If y is 7-heavy, then M does not return any inverse of y.

o If yis 7-light, then M selects poly(n)-wise independent hash function h,,: {0,1}"* — {0, 1}fy—clogn
by using ping as V does, where n, is the input size of f, and ¢, = |log|f;*(y)|]. Then M
returns lexicographically the first element in I, = hy Lotv—closny n f-1(y) (if I, = 0 and

It (y) # 0, M returns some inverse of 7).

z

We can observe that the M-based oracle Op(-, z;p) inverts {f,,} for all z and p because for
any choice of 7 € [2,3], M returns some inverse as long as y € Imf, is 7-light, and it holds that

Pr[f.,(r) is T-heavy] = Z Prly = f..(r)] < Z T 1Prly ~ Q.] <1/2.
" y:7-heavy " y:7-heavy

Namely,
Pr [On (2. o (r). 7:p) € FM(Fou (P))] 2 1/2.

We have seen that, with probability at least

1 (1 PR >1 L
Alz|  8lz| 8|z ]

over the choice of V’s randomness, any prover P is forced to answer to the queries produced by
R(zx) as O(-,x; p), i.e., no inverse for all 7-heavy queries and lexicographically the first element in
I, = h;l(()gy_dog”) N f71(y) for all 7-light queries y unless it is rejected. Thus, we obtain that

5 ~ 1
- N < e F—
A ((P,V)(@), O, p)lrwy) < Pr [(PV)(@) = L] + o
By the correctness for the honest prover P, we also obtain that
1
Aty (<P7 V> (x)) OM(‘a x5 p)|R(:L")) < —.

||

Now, we complete the proof of Theorem 7.4.

o4



Proof of Theorem 7.4. Let R be a description-restricted context-sensitive FAIN reduction from a
promise problem II to inverting an auxiliary-input function {f,}. Let (Py, Vo), M, and p be the AM
protocol, Turing machine, and polynomial obtained by applying Lemma 7.11 for R, respectively.
We construct an coAM-protocol (P, V) as follows: For a given common input z, (P, V) first
executes R(z) to obtain a query set and (FPp, Vp)(x), where Vj; embeds the query set at the random
position i on which V' outputs answers (see the proof of Lemma 7.11). If Vj rejects the proof, then
V outputs 0. Otherwise, Vp must output an answer set for the query by R(x). In this case, V
continues executing R(x) with the answer set and outputs 1 if R(z) = 0 (otherwise, V' outputs 1).
First, we show the completeness. Suppose that the given x is long enough and a no instance.
Then, by Lemma 7.11,
_ i (9)

||

Pr[(P,V)(z) = 1] = g};[ROM("x;’)) (z) = 0] = Awe ((Po, Vo) (@), Ons (-, 25 ) | R(y) =

B oo

Next, we show the soundness. Let P be an arbitrary prover. Note that P induces a prover B,
for Vj since V first performs as Vj. Let « be a long enough yes instance.
For contradiction, suppose that

Pr[(P,V)(z) = 1] > 2/3.

Then, it must hold that Pr[(Py, V)(z) = 1] < 1/3 since V outputs 0 in such cases. Thus, by
Lemma 7.11,

. ~ 1 1 1 2

— < OM(_):E7P) — - . — — —

Pr[(P.V)(2) = 1] < Pr[R (2) = 0]+ Auy (P, Vo) (@), Or s Dl ) < 7 + 5+ <3
which is a contradiction. Therefore, we have

Pr[(P,V)(z) = 1] < 2/3. (10)

From Equations (9) and (10), we conclude that IT € coAM.
O

7.4 CoAM bound for Problems Reducible to GapLearn

In this section, we prove Theorem 1.12 using an approach similar to that of Theorem 7.1. We begin
by formally defining the relevant concepts.

We say that a promise problem II = (Ilyes,II,,) is paddable if, for every polynomial p, there
exists a polynomial-time computable function f such that for every x € Il U Iy,

o |f(x)] = p(|z]), and
o if v € Ilyes (resp. x € Ilyy,), then f(z) € Ilyes (resp. f(x) € Iy).

We also define a parametric-honest nonadaptive reduction from a promise problem II to Gap:?Learn|[/]
as a polynomial-time randomized oracle machine that satisfies the standard properties of a non-
adaptive reduction and, additionally, the following: there exists a constant & > 0 such that for every
instance x of II, every query (17,1%,€) made by R(z) satisfies n > |z|¢ and s > |z|€.

Note that if a paddable problem is reducible to Gap$?Learn[¢] via a parametric-honest non-
adaptive reduction, then for any fixed polynomial p, we can assume that the reduction R(x) only
makes queries to instances (1",1%, ) such that n > p(|z|) and s > p(|z|), by padding the original
instance to one of sufficiently large polynomial length relative to p and &.

Because of Theorem 7.4, it suffices to show the following lemma for Theorem 1.12.
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Lemma 7.12. For every constant v € (0,1), there exists a constant C' such that for all functions I
and € with w(1) < £(n) <nPW and e(n) = o(1), the following holds: If a paddable promise problem
IT is reducible to GapZ?Learn[{] via a parametric-honest nonadaptive reduction, then I is reducible
to inverting an auziliary-input function f = {f.} via a description-restricted context-sensitive FAIN

reduction.

Proof. Let z be an instance of I, and let R be a parametric-honest nonadaptive reduction. Without
loss of generality, by randomly permuting the queries, we may assume that the marginal distribution
of each query is identical and can be sampled given z simply by executing R. Let A(-) be a sufficiently
large polynomial to be specified later. Since I is paddable, we can assume that every query (17,1%, &)
in the domain satisfies s > A\(|z|), and we define A := A(|z]).

For each randomness 2/ ~ {0,1}P¥(2) used by the sampler for the marginal query distribu-
tion, let &, ./ denote the corresponding distribution over samples. Since this is an instance of
Gap;"Learn[/], we can assume that each &, . is samplable with ¢ bits of advice. Thus, for each
pair (z,2z’), there exists a function «, . such that (i) o, ./(r) outputs an ¢-bit string, and (ii) the
distribution of U(c, ./(r),) is statistically identical to &, ./ for r ~ {0, 1}p°'y(‘z|), as long as it does
not output L. In the following, we consider only the case where U does not output L. Let ¢ := ¢(|z])
be the query complexity of R, and let p(|z|) := 4q(|z])

By Lemmas 7.5 and 7.7, there exist a randomized oracle machine A, a polynomial-time com-
putable function f = {f.}, and a constant ¢ := ¢, > 1 such that for every long enough = € {0,1}",
for every oracle Z that inverts f, and every m > c¢- (s*(2') + log |z|),

3 v 3 1
P P Pr [WX(S,z,2)=b] >+ 1| > >1— , 11
2 | S= @ 91) e by (x,g)[ (Siw2) =] 2 3+ 4] - 4] — Ap(J=]) an
where (z!,b'),..., (2™, b™), (z,b) ~ D, ., and s*(2') is the minimum size polynomial-time program

h such that
(z,b)lz%m, [h(x) = b] > 1 —€(na),
where n is the parameter of GapLearn instance generated by using 2’.

We present an efficient and nonadaptive oracle machine A such that for every total Tur-
ing machine M and for every long enough z, if M(-,z) inverts f., the algorithm AM -2) solves
GapZ'Learn[/] correctly for all 2’ satisfying the event in Equation (11). By the union bound, with
probability at least 1 — ¢(|z|)/p(|z|) > 3/4, it correctly answers all queries from R(z), resulting in a
description-restricted context-sensitive FAIN reduction from II to inverting f.

Below, we fix z arbitrarily and drop the description “, z” from M (-, z). Let n and s the param-
eters of the GapLearn instance generated from 2.

By the standard probabilistic argument, taking N = O(log |z|) independent sample sets S*, ..., S
each of size m, allows us to reduce the confidence error of learning from 1/4 to 1/8p(|z]), i.e.,

N

. ; 3 v 1
Pr Ji e [N]st. Pr [pM(S',z,2)=b]>+21]|>1— .
AT R ()

S1..,SN h (z,b) -
The algorithm A is given access to samples drawn from D, ., and a size parameter 1°, sets m to be
c-(s+log|z|), and checks whether the following occurs: For each sample set S = (S',...,SV) and the
randomness for h, let Eg ;, be the event that there exists i € [IV] such that the empirical estimation of

the probability Pr(, 4 [A* (%, 2, z) = b] within accuracy error +(1—+)/16 and negligible confidence
error exceeds (543v)/8. This trial is examined by using samples drawn from D, ... The algorithm A
empirically estimates the probability that Egj occurs within accuracy +£1/(32p(|z|)) with negligible
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confidence error. If the estimated probability is at least 1 — 3/(16p(|z])), the algorithm A outputs
1; otherwise, A outputs 0.

In the same proof as Claim 7.9, we can observe that if s*(z') < s, the event above occurs with
probability 1 —negl(n) (over the randomness of A). Therefore, A outputs 1 with probability at least
1 —negl(n) if the given instance is a Yes instance and selected by using the random seed 2’ satisfying
Equation (11).

By contrast, suppose that for given (D, ./, 1), the algorithm A outputs 1 with probability at
least 1/3. We claim that

1
+ 20 >

Pr  |3ie[N]st. Pr [RM(S'z,2)=1b] > % 2| 21 Ly

515N (z,b)
Otherwise, with probability at least 1/4p(|z|) over S = (S',...,S™) and h, the event Eg j, occurs
with negligible probability. Thus, Eg; occurs with probabihty at most 1 —1/(4p(|z])) + negl(|z|)
1 —3/(16p(|z|)) — 1/(32p(]z])), and hence A outputs 1 only when the empirical estimation fails.
The failure of the emprical estimation occurs only with negligible probability, which implies that A
outputs 1 with negligible probability. This is a contradiction.
Let Z’ be the set of 2’ such that 2’ satisfies the event in Equation (11) and A outputs 1 for D, ./
with probability at least 1/3.
Then, we have
1 fy S 1

P Ji € [N] s.t. Pr [WM(S% z, b >+ >1— .
e g | E Wt PRS2 ) =b] 2 5+ 5] 2 1= g

(12)

Let w be random seeds sufficiently long for generating N sample sets of each size m from D, .
(with only negligible failure probability) and executing h™. We define a test for the random seed
w as T (w) = 1 if and only if with probability at least 1 —1/2p(|z[) over 2’ ~ 2Z’, there exist i € [N]

and a sequence of advice ar,...,a,, € {0,1}*(") such that for a sample set S = { (! 5, 3)}]e[m]a
where each (l’j, b;) is generated using the corresponding seed in w and «;, it holds that
L v
Pr [AM(S",2,1") =b] > = + -
(wi)[ (821" =b] > 5+ 5

Let G, be a good seed set defined as G, = {w : T.(w) = 1}. Since D, ./ is samplable with ¢ advice,
Equation (12) and Markov’s inequality imply that

Prjw € G,] > =.

w 2
Notice that T, is recursively enumerable given z. Thus, the randomness w* € G, (to obtain N
sample sets and execute h) initially found via universal search satisfies that (i) K(w*) < O(K(G,)) =
O(]z]), and (ii) with probability at least 1 —1/2p(|z|) over 2z’ ~ Z’, it holds that there exist i* € [V]
and ay,...,a, € {0,114 such that

Pr WM (ST, x,2) =b] > - +

(z,b)

D | =
B2

The description size of the hypothesis A (S, -, 2) is at most

K(w*) + K@) + o] + -+ - + o] + O(]2]) L(n) + O(|z])
c- (s+logIZD £(n) + O(|z])
(2¢+1)-s-L(n),

<m
<
<
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by selecting large enough A (recall that s > A(|z|)). Thus, these instances are not Yes instances for
GapiﬂeLearn[ﬁ], where C' = 2¢+ 1 is a constant depending only on «. Therefore, A outputs 1 (with
probability at least 1/3) as a false positive for at most 1/2p(n)-fraction of r satisfying the event in
Equation (11).

Thus, by the union bound, the error probability that A cannot output the correct answer (with
probability at least 2/3) is at most 1/4p(n) + 1/2p(n) < 1/p(n) over the choice of instances. O

7.5 One-Way Functions from Average-Case Hardness
In this section, we prove Theorems 1.5 and 1.10.

Theorem 7.13 (Theorem 1.10 Item 1). For every {(n) = w(1l), every (n) = o(1), and every

constant v € [0,1/4), there exists C > 1 such that if Gapé(z)(g)F[f(n)]—CMMSA ¢ BPP, where n is

the instance size, then (I1,D) ¢ Avgy /p0 BPP for some II € NP and samplable distribution D.

Proof. By Lemma 7.3, there exist an auxiliary-input function f = {f;} and a description-restricted

context-sensitive FAIN reduction R from II := Gapé(zz% F[¢(n)]-CMMSA, D) to inverting f for some
C' > 1. Thus, II ¢ BPP implies the existence of an auxiliary-input one-way function, which in turn

implies (I, D) & Avgy /501, BPP for some IT € NP and samplable distribution D by Proposition 3.8. [

Theorem 7.14 (Theorem 1.10 Item 2). For every {(n) = w(1l), every (n) = o(1), and every

constant v € [0,1/4), there exists C > 1 such that if (Gapgc(z)(%F[E(n)]—CMMSA,D) ¢ Avg,,,BPP
for some samplable distribution D and polynomial p, where n is the instance size, then there exists

an inifinitely-often one-way function.

Proof. Let D = {D,}nen be an arbitrary samplable distribution, where D,, is a distribution over
instances of instance size n for IT = Gapec(z)(%F[ﬁ(n)}—CMMSA. Let p be an arbitrary polynomial.
By Lemma 7.3, there exist an auxiliary-input function f = {f,} and a description-restricted
context-sensitive FAIN reduction R from II to inverting f.
Now, we define a one-way function g = {g,} as follows: for each n € N,

gn(r7 Tf) = (l’, fm(rf))v

where x ~ D,, sampled by using 7, and r; is a random seed for f,. Since D is samplable, g is
polynomial-time-computable function.

Suppose that there is no one-way function. Then, there exists a polynomial-time randomized
algorithm M such that for every n € N,

Pr [ M (90 0) € g anlrrg)] 2 1= nesi)| 2 1= 1/8p00)

Ty

By Markov’s inequality,

Py [ pr G futr)) € D @) % £l 2 374 2 1= 1), (13)
x~Dn | M,y

where D, !(x) represents the seed set for the sampler of D,, such that z is sampled.
Let M’ be the Turing machine that outputs the second element of M, i.e., M (x,y) = (z, M'(z,y)).
We construct the algorithm A that solves IT on average as follows: For a given x ~ D, the

algorithm A first empirically estimates the probability that M’(z, fz(r)) inverts f,(rs) over the
choice of ry within an additive accuracy error +1/16 and confidence probability at least 1 — negl(n).
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If the estimated probability is at least 5/8, then A executes ROm’ (-z3p) (z) and outputs the same
answer. Otherwise, A outputs L. Recall that since M’ halts in polynomial time, A can simulate
ROm (%) () in polynomial time.

Since the failure of the empirical estimation occurs only with negligible probability, we first
ignore it. If x is passed the empirical test, it holds that

Pr [M(z, fa(rp)) € Dy (@) x £ (fo(rp))] =
ST f

N

LI
16

oo | Ut

In this case,

. 3
Pr[A(z) = [(z)] = Pr[ROw ) (2) = TI(z)] > .
A R,p 4
Furthermore, by Equation (13), at least with probability 1 — 1/p(n) over x ~ D, the instance x

must pass the test.
Therefore, we conclude that for every n € N,

1
xEIYDn ar[A(x) =T1I(z)] > 3/4 —negl(n)| > 1— o)’

and for all n € N and = € Support(D,,),

Pr[A(z) € {TI(x), 1}] > 1 — negl(n),

where the negligible terms are due to the failure of the empirical estimation.
Thus, 11 = Gapgj() F[¢(n)]-CMMSA € Avg, /,BPP.
O

Next, we prove Theorem 1.5. The implication from the existence of one-way functions (Item 1)
to the average-case hardness of GapLearn (Item 3) immediately follows from the well-known fact
that a pseudorandom function is constructed from any one-way function [GGM86; HILL99] and it
implies the average-case hardness of PAC learning under the uniform distribution even allowing any
polynomially large hypothesis [Val84] (see also [HN23]). The implication from Item 3 to Item 2 is
trivial from the definition, Thus, we will see only the remaining direction.

Theorem 7.15 (Theorem 1.5 Item 2 = Item 1). If there is no infinitely-often one-way function,
then for every v € (0,1), there exists a constant C' such that for every £ = w(1), every ¢ = o(1),
every samplable distribution 9 = { Dy }n, where each Py, is over triples of 1™, 1°, and a distribution
of samples in {0,1}" x {0,1}, there exists a randomized algorithm that solves Gapg,Learn[l] on
average with probability at least 1 — 1/p(n) over 9, for every n € N.

Proof. Let 2 = {%,}nen be an arbitrary samplable distribution as in the statement and p be an
arbitrary polynomial. We define D = {D,, .} as, for each n € N and a random seed r for sampling
from &, the distribution D, , represents the distribution over samples in {0,1}" x {0,1} drawn
from 2, by using r. Recall that D,,, is samplable with advice complexity ¢ := £(n).

By Lemmas 7.5 and 7.7, there exist a randomized oracle machine h, a polynomial-time com-
putable function f = {f,}, and a constant ¢ := ¢, > 1 such that for every large enough n € N, for
every oracle Z that inverts f,, and every m > c- (s*(r) + logn),

v
- >
e

Pr Pr Pr [A%(S,x,1") = b] >
r | S={(z1,bl),....,(x™m,bm)},h | (z,b)

IR
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where (z1,b%),..., (™, b™), (z,b) ~ D, and s*(r) is the minimum size polynomial-time program
h such that
Pr  [h(x) =0 > 1—€(n).
(x,b)wn,r[ (z) =b] > (n)
Suppose that there is no one-way function. Then, there exists a polynomial-time randomized
algorithm M such that for every n € N,

PrIMQA”, far) € fat(fa(r))] 2 1/2.

Thus,

3 v 3 1
P P Pr [WM(S,z,1") =b| >+ | > >1— ——. 14
" L:{(xl,bl),..f(mm,bm)},h |:(a:,£) [P (5,2, 17) =] > 4 4] - 4] - 4p(n) (14)
Below, we consider only such values of r and present an algorithm A that performs correctly for
these values of r.
By the standard probabilistic argument, taking N = O(log n) independent sample sets S*, ..., SV,
each of size m, allows us to reduce the confidence error of learning from 1/4 to 1/8p(n), i.e.,

3 v 1
-4+ = >1- .
4+4}_ 8p(n)

The algorithm A is given access to samples drawn from D, , and a size parameter 1°, sets m to be
c-(s+logn), and checks whether the following occurs: For each sample set S = (S',...,S™) and the
randomness for h, let Eg j, be the event that there exists i € [N] such that the empirical estimation of

Pr [Hie [N] s.t. Pr [RM(S%,2,1") =b] >
S1,...,SN (z,b)

the probability Pr, ;[ (5%, z,1™) = b] within accuracy error +(1—+)/16 and negligible confidence
error exceeds (5+3v)/8. This trial is examined by using samples drawn from D,, ,. The algorithm A
empirically estimates the probability that Eg j, occurs within accuracy £1/(32p(n)) with negligible
confidence error. If the estimated probability is at least 1 — 3/(16p(n)), the algorithm A outputs 1;
otherwise, A outputs 0.

In the same proof as Claim 7.9, we can observe that if s*(r) < s, the event above occurs with
probability 1 —negl(n) (over the randomness of A). Therefore, A outputs 1 with probability at least
1 — negl(n) if the given instance is a Yes instance and selected by using the random seed r satisfying
Equation (14).

By contrast, suppose that for given (D, ,,1°%), the algorithm A outputs 1 with probability at
least 1/3. We claim that

1~ 1

P Jie[Nlst. Pr [hMS 2 1M =0b>=-+-|>1— .
g Py €N st Pr RS, 2,1 =b] 2 5+ 5| 21— 0

Otherwise, with probability at least 1/4p(n) over S = (S',...,S") and h, the event Eg ), occurs
with negligible probability. Thus, Eg, occurs with probability at most 1 —1/(4p(n)) + negl(n) <
1—-3/(16p(n)) — 1/(32p(n)), and hence A outputs 1 only when the empirical estimation fails. The
failure of the emprical estimation occurs only with negligible probability, which implies that A
outputs 1 with negligible probability. This is a contradiction.

Let R be the set of r such that r satisfies the event in Equation (14) and A outputs 1 for D,, ,
with probability at least 1/3.

Then, we have

. 1
P Ji € [N]s.t. Pr [BM(S'. 2.1") =b] > = .
rNR,Sl,.r..,SN,h i€ [N]s (z,ll:) [ (5%, 2,17) ] -2 2|~ 4p(n)
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Let w be random seeds sufficiently long for generating N sample sets of each size m from D, ,
(with only negligible failure probability) and executing h*. We define a test for the random seed w
as T),(w) = 1 if and only if with probability at least 1 —1/2p(n) over r ~ R, there exist i € [IN] and

a sequence of advice v, ...,y € {0,1}) such that for a sample set S° = {(2%,0%)} jepm)> Where
each (x;, b;) is generated using the corresponding seed in w and «;, it holds that
, 1 v
Pr [AM (S, 2,1") =b] > = + <.
(Jﬂ (8%2,1M =] 2 5 + 5

Let G, be a good seed set defined as Gy, = {w : T),(w) = 1}. Since D, , is samplable with ¢ advice,
Equation (15) and Markov’s inequality imply that

Prjw € G| > }

w 2
Notice that T;, is recursively enumerable given n. Thus, the randomness w* € G,, (to obtain N
sample sets and execute h) initially found via universal search satisfies that (i) K(w*) < O(K(Gr)) =
O(logn), and (ii) with probability at least 1 —1/2p(n) over r ~ R, it holds that there exist i* € [V]
and ay,..., o, € {0,134 such that

Pr [RM (S, 2,1™) = b] >
@J ( )=1b]>

+

N =
N |2

The description size of the hypothesis A (S -,1") is at most

K(w*) + K(i*) + |a1| + - + |am| + O(logn) < m - €(n) + O(logn)
<c-(s+logn)-l(n)+ O(logn)
< (2c+1)-s-4(n),

where the last inequality holds by assuming logn < s; otherwise, we can efficiently find the hypoth-
esis of size s by brute-force search. Thus, these instances are not Yes instances for Gapg,Learn[],
where C' = 2¢ + 1 is a constant depending only on ~. Therefore, A outputs 1 (with probability at
least 1/3) as a false positive for at most 1/2p(n)-fraction of r satisfying the event in Equation (14).

Thus, by the union bound, the error probability that A cannot output the correct answer (with
probability at least 2/3) is at most 1/4p(n) + 1/2p(n) < 1/p(n) over the choice of instances. O

8 Open Problems

We list a couple of open problems.

e Can we explain the difficulty of matching the inapproximability factors in Corollary 1.4
and Theorem 1.57 For example, is there an oracle under which the factor in Theorem 1.5
cannot be improved further?

e Can we establish sharp thresholds to rule out Heuristica for agnostic learning? Previous
work [HN21] is insufficient, as it relies on agnostic boosting [Fell0; KK09], which causes a
cubic blowup in hypothesis size when boosting accuracy to a constant.

e Can we prove Theorems 1.3 and 1.8 in the realizable case where £ = 07
e Can we prove Theorems 1.3 and 1.8 for larger functions £7 In our case, £ is a function that

grows very slowly (specifically, £(n) < logloglogn).
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e Can we establish a similar sharp threshold result for other related problems, such as MINKT*
and MCSP*, by using or extending the techniques developed in this paper? Here, MINKT*
(resp. MCSP*) is the problem of, given a partial string (resp. a partial truth table), determining
the size of the minimum program (resp. minimum circuit) that produces a string consistent
with the partial string.
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A Observing Lemma 4.8

This section heavily relies on the construction presented in [MR10], and thus we refer the original
paper for backgrounds.
A.1 Syntax and Balanced Properties

First, we review some variants of bipartite LDRC introduced [MR10] that appear in the intermediate
composition steps, where we only mention some syntax relevant for observing the balanced property
(for instance, we omit notions required only for proving correctness of the original construction and
even requirements of LDRCs). In addition, we assume uniformity in some sense, i.e., we assume
that the bipartite LDRC is constructed for each given targeted tuples in some uniform ways, and we
do not even mention about the targeted k tuples in the definitions. For details on formal definitions
and uniformity, see the original paper [MR10].

Definition A.1 (Bipartite LDRC, simplified syntax). Let R be a finite set of alphabets for the
original message, and let k € N. A bipartite LDRC for k-tuples is composed of

(G=(A,B,FE),V,Q,%4,Xp,valid, label, 7, eval),
where
e G = (A, B, E) is a bipartite multigraph;
o V € {A, B} is a set of evaluating vertices;

o Q) is a finite set of labels;
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YA and X are finite sets of alphabets for A and B, respectively;

valid: A x X4 — {0,1} is a function that specifies valid alphabets for each left vertex;
e label: E — Q is a function that assigns a label for each edge;

o T: AX Yy xQ = Xp is a function that represents the projection rule for each edge;

e eval: V x Sy — RF is a function that evaluates each vertex in 'V with its assignments.
When V = A (resp. V = B), we say the LDRC has a left (resp. right) reader.

Definition A.2 (Point-Variant of Bipartite LDRC, simplified syntax). Let R be a finite set of
alphabets for the code, and let k € N. A point variant of bipartite LDRC for k-tuples in X is

composed of
(G=(A,B,E),V,Q,3¥4,Xp,valid, label, 7, eval, evalp),

where the syntax is the same as Definition A.1 except
e evalp: W x Xy — R, where W € {A, B}\V, is a function that evaluates the other vertez set.

When V. = A (resp. V = B), we say the point-variant of LDRC has a left+point (resp.
right+point) reader.
We define the balanced property for each definition above.

Definition A.3 (Balanced Property for Left Reader). Let R be a finite set of alphabets for the
code, let X be a finite set of indices, and let S be a subset of k-tuples whose element is in X. A
bipartite LDRC' for k-tuples

G =(G=(A,B,E),A Q% Xp,valid, label, , eval)

is said to have the balanced property on S if there exists M € N such that for every (list of ) k-tuples
in S, every edge e = (v,w) € E, every y € R¥, and every § € ¥, it holds that

{a € ¥4 : valid(v, ) = 1, 7w(v, a, label(e)) = B, eval(v, ) = y}| = M.
In addition, a point-variant of bipartite LDRC' for k-tuples
G=(G=(A,B,E), A Q,X 4, Xp,valid, label, 7, eval, evalp)

is said to have the balanced property on S if there exists M € N such that for every (list of) k-tuples
in S, every edge e = (v,w) € E, every y € RF, and every z € R it holds that

{(a,B) € ¥4 x Xp : valid(v,a) = 1, 7(v, o, label(e)) = 5, eval(v, o) = y, evalp(w, 5) = z}| = M.

Definition A.4 (Balanced Property for Right Reader). Let R be a finite set of alphabets for the
code, let X be a finite set of indices, and let S be a subset of k-tuples whose element is in X. A
bipartite LDRC for k-tuples

G=(G=(A,B,E),B,Q,X4,Xp,valid, label, 7, eval)

is said to have the balanced property on S if there exists M € N such that for every (list of ) k-tuples
in S, every edge e = (v,w) € E, every y € R*, it holds that

H{(a, B) € ¥4 x ¥p :valid(v, ) = 1, w(v, o, label(e)) = 5, eval(w, ) = y}| = M.
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In addition, a point-variant of bipartite LDRC for k-tuples
G=(G=(A,B,E),B,Q,%4,Xp,valid, label, 7, eval, evalp)

is said to have the balanced property on S if there exists M € N such that for every (list of ) k-tuples
in S, every edge e = (v,w) € E, every y € RF, and every z € R it holds that

{(a, B) € ¥4 x Xp : valid(v,a) = 1, (v, o, label(e)) = B, eval(w, B) = y,evalp(v, ) = z}| = M.

When S is implicit, we let S be the whole set of k-tuples whose element is in X.

In the following sections, we will observe that every base LDRC has the balanced property and
the composition steps preserves it in [MR10]. The construction consists of the following 15 steps,
where we omit the term “bipartite” from bipartite LDRC.

1. Construct Reed—Muller-based LDRC with Right Reader (RM-RR)

(a) Construct Reed-Muller-based LDRC with Light Reader (RM-LR);
(

b

)
) Apply power reduction;
(c) Apply right degree reduction;
)
)

(d) Switch sides;
(e) Apply right degree reduction.

2. Construct Reed—-Muller-based LDRC with Right+Point Reader (RM-RPR)
(a) Construct Reed—Muller-based LDRC with Light+Point Reader (RM-LPR);
(b

)
) Apply power reduction;
(c) Apply right degree reduction;
)
)

(d) Switch sides;
(e) Apply right degree reduction.

3. Compose (outer) RM-RR with (inner) RM-RPR to construct new RM-RR
4. Construct Concatenated-Code-based LDRC with Light Reader (RMoHad-LR)

(a) Construct Hadamard-based LDRC with Light Reader (Had-LR);
(b) Transform Had-LR to RMoHad-LR;
(c) Apply right degree reduction.

5. Compose (outer) RM-RR of Item 3 with (inner) RMoHad-LR.

A.2 Base Cases

We observe the balanced properties of the three base cases.
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A.2.1 Construct RM-LR (Item 1a)

In RM-LR, R = F and X = F™ for a finite field F and m € N. The A-alphabet ¥4 is a set
of (descriptions of) degree-d 4-variate polynomials over F, where it holds that d > k + 1. The
B-alphabet Yp is F. The label set © is F*. The validity test always accepts, i.e., valid = 1.
The projection m: A x ¥4 x Q — Xp is defined as 7w(a,04,p) = o4(p) (recall that o, is a 4-
variate polynomial). Recall that V' = A. For each a € A, the evaluation is defined as eval(a, 0,) =
(0a(p1),-..,0a(pk)), where p1, ..., p € F¥ and they are distinct. In addition, for each e = (a,b) € E,
it holds that p. :=label(e) ¢ {p1,...,pr}-

Therefore, the condition of the balanced property is written as for each y = (y1,...,yx) € R”
and oy € Xp,

Hoa :0a(p1) = y1 A+ 0a(pr) = Yk A 0a(pe) = b}

is the same regardless of e. This is verified since the degree of o, is greater than k£ + 1, and
D1, - - -, Pk, De are distinct.

A.2.2 Construct RM-LPR (Item 2a)

The balanced property is verified in the similar way as that of RM-LR.

In RM-LPR, (as in RM-LR) R = F and X = F™ for a finite field F and m € N. The A-
alphabet Y4 is a set of (descriptions of) degree-d 4-variate polynomials over F, where it holds that
d > k+ 1. The B-alphabet Yp is F. The label set  is F*. The validity test always accepts,
i.e., valid = 1. The projection 7: A x ¥4 x Q — X is defined as 7(a,0,,p) = 04(p) (recall that
04 18 a 4-variate polynomial). Recall that V' = A. For each a € A, the evaluation is defined as
eval(a,a,) = (04(p1),- .-, 04(pr)), where py,...,pr € F¥ and they are distinct. For each b € B, the
point evaluation is defined as evalp(b, o) = 0. In addition, for each e = (a,b) € E, it holds that
pe := label(e) ¢ {p1,...,px}

Namely, the condition of the balanced property is written as for each y = (y1,...,yx) € R and
each z € R,

Hoa:0a(p1) =y1 A+ 0a(pr) = Yk N 0a(pe) = 2}

is the same regardless of e. This is verified since the degree of o, is greater than k£ + 1, and
D1, - --,Pk, De are distinct.

A.2.3 Construct Had-LR (Item 4a)
In Had-LR, R =F and X = F™ for a finite field F and m € N. We define a set S C (F™)* as

S = {(951, co, ) € (Fm)k i x1,...,xE are linearly independent} ,

and consider the balanced property on S. Below, we consider an arbitrary k-tuple in S.

The A-alphabet Y4 is a set of (descriptions of) (k + 2)-variate linear functions over F. The
B-alphabet g is F. The label set Q is F¥*2. The validity test always accepts, i.e., valid = 1. The
projection m: A x Y4 x  — X is defined as 7(a, 04,p) = t; 1 04(p), where t, € F\ {0} (recall that
0q is a (k+2)-variate linear function). Recall that V' = A. For each a € A, the evaluation is defined
as eval(a,04) = (0a(p1),...,0a(pr)), where py,...,pr € FF. In addition, for each e = (a,b) € E, it
holds that p. := label(e) and p1, ..., px are linearly independent.

Therefore, the condition of the balanced property (on S) is written as for each y = (y1,...,yx) €
RF and oy, € ¥p,

|{Ua : Ua(pl) =y1 A\ 'Ua(pk) =y A\ Ja(pE) =tq- Ub}|
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is the same regardless of e = (a,b). This is verified since o, is (k + 2)-variate, and p1, ..., pg, Pe are
linearly independent.

Note that when the targeted tuple is not in S, i.e., it contains linear dependent vectors, the
corresponding evaluated points pi1,...,pr can be linear dependent.

A.3 Manipulations

We observe that each manipulation preserves the balanced property.

A.3.1 Power Reduction (Items 1b and 2b)

Consider RM-LR in Item 1a or RM-LPR in Item 2a. Recall that they satisfy the balanced property.
The purpose of power reduction is to reduce (the valid encodings of) the degree of A alphabets
logarithmically.

Let A-alphabets are 4-variates polynomials of degree d over F. A new A-alphabets are 4b-
variate polynomials of degree d’ over IF, where b,d’ € N are determined by the parameters of the
original code, and it holds that d’ > k + 1 (which follows from the choice of parameters of [MR10,
Section 9.6]). The constraint graph and components are the same as the originals except the
following: When a 4-variate polynomial p (of degree d) is evaluated on a point p € F* in the original
code, we instead evaluate the corresponding 4b-variate polynomial p’ (of degree d') on ¢(p) € F4d’
where

0 1 2 b 0 1 2 b
¢(p1ap27p37p4) = (p% 7p% 7p% ,---7]7% 7'-'ap421 7p421 7p421 7"'7p421 ) .

The original code evaluates a polynomial on distinct points, and so does the new code since
o(p) # ¢(p') for p # p’. Thus, by the same argument as Appendices A.2.1 and A.2.2, the new code
has the balanced property.

A.3.2 Right Degree Reduction (Items lc, le, 2c, 2e, and 4c)

Let G = (A, B, E) be the original constraint (regular) bipartite graph. The purpose of this manip-
ulation is to reduce the right degree. The idea is the following. We copy each B-vertex as many as
the original right degree d, and then connect them to d, incoming edges according to a bipartite
expander graph of size d, without changing the constraints, labels, and so on. Since it does not
change anything other than the graph structure, the manipulation preserves the balanced property.

A.3.3 Switching Sides (Items 1d and 2d)

The purpose of this step to transform RM-LR and RM-LPR into RM-RR and RM-RPR, respectively.
Namely, we switch the evaluation side V from A to B.
First, we see the case of RM-LR. Let

G=(G=(A,B,E),A,Q,%4,Yp,1,label, 7, eval)
be the original RM-LR. Then we transform G’ to RM-RR
¢ =(G =(A,BE),B,Q Ya, (Sp :=)L4,valid, label’, 7', eval’),
where A’ = B, B’ = A, and E’' = {(b,a) : (a,b) € E}, i.e., G’ is obtained by switching A and B.

Let d, be the right degree of G. The label set €' is [d,], and for each e = (b,a) € E’, the label
label’(e) = i if (a,b) is the i-th edge coming into b in G. The A’-alphabet set is a set of mappings
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from Q' to X4 (i.e., d, polynomials over F). The projection rule is 7(b, 04,&) = 04(€) € ¥4 (= Zp/).
The evaluation eval’ is the same as the original left evaluator, i.e., eval’(a, 0,) = eval(a, 7y).

The validity test is defined as follows: For each b € A'(= B) and ¢ € Q/(= [d,]), we can uniquely
determine a € A such that (a,b) is é&-th edge coming into b in G, and let py¢ := label((a, b)) € F2.
The validity test valid accepts (b, op) iff (&) (ppe) is consistent (i.e., the same) for all £ € Q' (recall
that op(§) is a 4-variate polynomial).

Remember that for every (a,b) € E, the evaluated points in eval(a,-) and label((a,b)) are
distinct. Thus, for each (b,a) € E’ and £ € , the evaluated points in eval'(a,0,(€)) and py¢ are
distinct. Namely, for each (b,a) € E’ and & € €/, the number of (04(§),0,) € ¥4 X ¥4 with
m(b, &) = 0u(¢) = o4 that returns y € RFt! on the above k 4 1 evaluated points is the same
regardless of y. Since the same holds for other d, — 1 labels £ € Q'\ {£}, there are the same number
of polynomials o(§') that are consistent with o(&)(ps¢). Thus, the balanced property holds.

The construction of RM-RPR is the same except the point evaluation defined as

evalp'(b, op) = evalp(b, o})

where evalp is the point evaluation function of the original RM-LPR. Thus, the balanced property
is observed in the same way as RM-RR.

A.3.4 Transfoming Had-LR to RMo¢Had-LR (Item 4b)

First, we review the concatenated code RMoHad constructed from (inner) Reed-Muller code and
(outer) Hadamard code.

Let IF be a finite field for alphabets of Reed-Muller code, and let I. < FF be a prime subfield for
alphabets of Reed-Muller code. Let 7 be the extension degree [F : L]. Let m € N be dimension. We
select the degree d of polynomials for Reed-Muller code so that d > k+ 1. Let M be the number of
degree-d m-variate monomials. Then, we consider the Reed-Muller encoding F™ — FIF™l and the
Hadamard encoding L™ — L.

The concatenation of the two encoding is a linear function over L, where an original message p
in FM (regarded as .™7) is encoded by the Reed-Muller encoding resulting in the codeword in FIF™|
and then each symbol in F regarded as " is further encoded by the Hadamard encoding. Namely,
each symbol in the codeword is indexed by (z,y) € F™ x L™ and it is obtained as (p(x), y)L, where p
is regarded as the degree-d polynomial over F, the value p(z) is regarded as the element in L7, and
(,)1 is the inner product over L. By the linearity, for each (x,y) € F" x L7, there is the coefficient
vector ez, € LM such that the codeword at position (z,y) for the original message p € LM is
(p: €xy)-

Now, we present how the base Had-LR (whose alphabet set is R = IL and index set is X = LM )
is transformed into an LDRC based on the concatenation codes RMcHad-LR. The alphabet set is
R' = L, and the new index set is X’ = F™ x L. For each k-tuple ((x1,¥1), ..., (zx, yx)) € X'* in
the list, we construct a k-tuple (ez, 4, - - -, €z, 4, ) € X* and invokes the construction of Had-LR for
the resulting list of X*. The resulting LDRC G is the outcome of the construction of RMoHad-LR.

Define S C X% as

S:={((z1,y1),.-., (K, yx)) : 1, ..., 2z} are distinct}.

Then we observe the balanced property of RMoHad-LR on S. Since Had-LR has the balanced
property on k-tuples that are linearly independent (see Appendix A.2.3), it suffices to show that

€x1,y1s- -+ »Cay,y, are linearly independent as long as w1, ...,z are distinct.
Let (z1,y1),- .., (xg, yx) € X', and suppose that z1, ...,z are distinct. Since the degree d for
the Reed-Muller code is greater than k + 1, for every v = (vy,...,v;) € F*. there exists a message
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p € LMT (regarded as a degree-d polynomial over ) such that (p(z1),...p(zx)) = v. Namely, by
selecting p appropriately, we can let each p(x;) be an arbitrary linear function over L, where p is
regarded as the corresponding polynomial over F. Thus, for each i € [k], we can select p; € LM™ so
that

T T
(<€x1,y17pi>ILMT’ SRR <61‘k7yk’pi>LMT) = (<y17pi($1)>]147 ) <ykupi($k)>ﬂ4) = €4,
where e; € (LM7)* is the unit vector whose i-th element is 1.
Therefore, by letting E = (e, 41, - - - €app) € LMT)* and P = (p1,...,pr) € (LM we
have PTE = I, where I}, € (LMT)k*¥ is the identity matrix. Namely, E has the inverse matrix PT
and full rank. Thus, ez, 4, .., €s, 4, are linearly independent, as desired.

A.4 Compositions

Finally, we observe each composition also preserves the balanced property, which completes the
proof of Lemma, 4.8.

A.4.1 Composing (outer) RM-RR with (inner) RM-RPR (Item 3)

In the composed RM-RR, R = F and X = F™ for a finite field F and m € N. The construction
algorithm performs as follows:

On the given list £ = {(@;1,..., k) }ie;n) of k-tuples, it first invokes the construction of the
(outer) RM-RR for £ in Item le and obtain

gout — <Gout = (Aouta Bouta Eout)a Bouta Qouta EADui? EBout7 Vahdouta Iabelouta Tout evalout>'

Note that Gyt is regular. Let d; and d, be the left and right degree in G, respectively. Recall
that Xp,,, is a set of degree-d w-variate polynomials over F for some d,w € N.
For each b,y € Bout, we define two types of query points in F% for each byt € Bout-

e Vertex queried points (k points). Recall that evalyut(bout,-) evaluates oy, € ¥p,,, on k
distinct points pq,...,pr € F¥. We call them vertex queried points.

e Edge queried points (d, points). For each agys € Aopur With eour = (Gout, bout) € Eour and for
Tagus € LA, the validity test validy,: evaluates og,,, (1abelyyt(€out)) (which is supposed to
be oy,,, by the projection rule) on a point p,,,, € F,,. We call it an edge queried point. Since
there are d, many a’s, there are d, edge queried points.

For each byyt € Bout, the construction algorithm invokes the (inner) RM-RPR for the k + d,
query points above (as a (k + d,)-tuple) and obtain

3 bout bout boui bout bout
s valid;owt label ot /ot evale, evalp,o*),

Glout — (Gt = (Ain, Bin, E?"), Bin, QUin, S, , S5

in?

where we used the fact that the vertex sets, labels, and alphabets are universal regardless of the
given tuple in the inner construction. Then it constructs a new RM-RR

G=(G=(A,B,E),B,Q,%X4,Xp,valid, label, 7, eval)

as follows:
The vertex sets are A = Ayt X Ain and B = Boy X Bin. The edge set is

E= {(<aouta ain>a <bouta bm>) €cAxB: (aouh bout) € Eout and (aina bm) S Efnout} .
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The label set is Q = [d;] x Q. For each edge e = ({aout, @in), (bout, bin)) € E, the label is
assigned as label(e) = (i, labelfg“t(am, bin)), where i € [d;] such that (aout, bout) is the i-th outgoing
edge from ayy in Goyt-

The B-alphabet set is ¥p = Xp, , which is a set of degree-d’ p-variate polynomials over F for
some d’, u € N. In the actual construction, it holds that d’ > k + 2 (which follows from the choice
of parameters of [MR10, Section 9.6]). The A-alphabet set is a set of mappings from 2 to ¥ . The
projection rule is defined as m(a, 04,&) = 04(§) for a € A, 0, € ¥ 4, and £ € Q.

Let b = (bout, bin) € B. For b, and 0 € ¥p (= ¥p,, ), the inner RM-RR evaluates o, on distinct
k + d; points pll”'", e pzi” (which correspond to k vertex queried points) and qi’”‘, .. ,qgj” (which
correspond to d; edge points). Then, eval(b, op) = (ab(qll”'"), e ,ab(q,ﬁi")) (i.e., the first k& values in
evalle" (b, op)).

Finally, we specify the validity test. Let a = (aout,ain) € A and o, € 3 4. We consider the
following depth-2 tree. There are |y, depth-1 internal nodes, which are indexed by &out € Qout,
and each node indexed by &yt € Qo has leaves (as descendants) indexed by Qfout C Q, where

Qbout — {(4,&in) : the i-th outgoing edge e from ays in Gy satisfies labelyy(€) = Eout }-

Namely, {Q%}¢  cq,.. is a partition of Q and thus the leaves can be identified with Q. In fact,
the number of descendants are the same for each level regardless of the choice of a (see [MR10,
Section 10]). Each leaf £ € Q has two ancestors root, s (such that (root, &) and (Eout, &) are
edges) and assigns evaluation points pfoot, pgout € F* to root, &y, respectively as follows: Let

& = (4,&n). Then i specifies the neighborhood b,y in Goye. Then the edge queried points on by
3

root D€ the corresponding evaluated point for

must contain the corresponding query point. Let p
04(&) where o, € ¥ 4. We also define pgout as the evaluation point that V&lid?ﬁ;‘t (@in, 04, ) performs
for oq,, (§in) (where i, € ¥4, , and og, (&) is a p-variate polynomial). For o, € ¥4, the test
valid(a, 0,) first evaluates Ua(f)(pfoot) and Ua(f)(pgm) for each & € Q and its ancestors root, {us
and outputs 1 if and only if these values (in ) are consistent for all points in the tree.

Now, we observe the balanced property. Let e = (a,b) € E, where a = (aout, in) and b =
(bout, bin), and & = label(e). For (o4,05) € X4 x Xp satisfying the projection rule, i.e., 0,(§) = oy,
the evaluation eval(b, op) and the validity test valid(a, o,) evaluates o,(€) on k + 2 different points
pl{m, e ,p%” ) pfoot, pgm. Since the degree of o, is larger than d-+2, for each v = (v, ..., vp4) € FF2,
the number of (04(), 0p) that takes the values v on the evaluated points are the same regardless of
v. For each v and other |Q| — 1 labels & € @\ {{}, the number of o,(¢’) that are consistent with
04(€) in the validity test is the same (where 0,(¢’) is evaluated on two distinct points). Since the

structure of the tree in the validity test is the same regardless of a, the balanced property holds.

A.4.2 Composing (outer) RM-RR with (inner) RMcHad-LR (Item 5)

This step yields the final construction of LDRC in Theorem 4.7. The alphabet set and index set
is the same as RMoHad-LR, i.e., R = L and X = F™ x L, where F is a finite field, L. < F with
7=[F:L], and m € N.

For a given list {((71,¥i1), - - - (Ti k> Yi k) bie[n], Where (z;5,yij) € X for each i, j, the construc-
tion algorithm first invokes that of the outer RM-RR in Appendix A.4.1 for {(z;1,... 7$i,k)}i€[N]
and obtain

gout = <Gout = (Aouta Bouta Eout)v Boutv Qouta EAOHN EBouw Vahdoutv labelouta Tout s eV&lout)-

Let d; be the left degree of G,,+. Recall that ¥p,,, is a set of degree-d w-variate polynomials over
F for some d,w € N.
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For each I = (aput,§) € Aout X Qo and each y € L7 (regarded as an index), we define two types
of evaluation points as follows:

e Vertex queried points (kd; points). For each by, such that (aout, bout) € Eout (there are d; such
points), evaloyt(bout, 0b,,,) evaluates oy, on k distinct points pi,...,pr € F* to obtain the
codeword at positions x; 1, ..., x; for some i € [N]. We call k points (p1,¥i1),- -, Dk, Yik) €
F% x L7 vertex queried points.

e Path queried points (2 points). Recall that validou:(aout, 0a,,,) evaluates og,,,(£) (that is a
w-variate polynomial) on two distinct points ¢, ¢’ that are different from all of pq, ..., py above
(regardless of byyt). We define path queried points as (g, y) and (¢, y).

For each I = (aput,§) € Aout X Qout, the construction algorithm invokes that of the inner
RMoHad-LR for the list {zy.1, ..., 2y kd,+2 }yeL~ Where zy 1, ..., 2y k4,42 are the above kd; +2 queried
points on I that are indexed by y. Then, it obtains
label!

m? ’LTL’

gZIn = < (AmsznaEI ) Ain7Qin7 YA,

in )

Yp, ,valid] evall),

ino

where we used the universality of vertices, labels, and alphabets, and then produces the edge reading
LDRC
g= <G = (Av B, E)v YA, XB, {We}eEEa {Vahda}aGA> {evale}e€E>

defined as follows®:
The vertex sets are A = Ay X Ain and B = Boy X Bin. The edge set is

E= {(<aouta ain)a <bouta b'm>) €AxB: Cout = (aouta bout) € Eout and (ain, bzn) S EZ'(souhlabelout(eout))} .

For convenience, we introduce a label set Q = €4,,; X, Then, for each e = ({(aout, @in)s (bout, bin)) €
E, its label is defined as label(e) = (labelout(eout),labelfn(em)), where eour = (Gouts bout), €in =
(@in,y bin), and I = (aout, labelyyi(eout))-

The B-alphabet set is ¥p = ¥, (= L). The A-alphabet set ¥4 is a set of mappings from
Qout to Xy, , i.e., w'-variate linear functions over L for some w’ € N. For each e = (a,b) € E
the projection rule is defined as m.(04) = 7 (0a(&out)s &in) = Ta(Eout)(Ein) for o, € T4, where

label(e) = (goutafin)a a = <aout> ain>a and I = (aoutygout)-
For each I = (aout, &out) € Aout X Qour and for each a;y, € Ay, and o4, € ¥ 4,, (= Xp), the inner

evaluation eval’, (ain, 04,,) evaluates o,, on kd; + 2 points pI i pf/aam . € LY (corresponding
in

Lain L,ain

to the k vertex queried points) and ¢ - 1,qya 'y € L’ (correspondlng to the 2 path queried
points) for some y,,, € L™ determined only by a;n. For each by, with (aout, bout) € Fout, there exist

I zn;bou 17 inybou
k points p, ¢ t,...,py::wk ‘
former kd; pomts. Then for each e = (a,b) € E, where a = (aout, @in), b = (bout, bin), label(e) =

& = (Souts&in), and I = (aout,out), and for o, € X4, the evaluation is defined as evale(o,) =
(o (fout)(py:m’bm) (5out)(pyaam’b0“t)) i.e., the corresponding k values in evall, (@i, o (Eout)).
Finally, we spemfy the validity test. Remember that Vahdm = 1, and validyyut(aout, 0a,,, ) PEI-
forms the consistency check among ¢ polynomials {o,,,, (fout)}gmeﬁm in ¥p,,, according to the
depth-2 evaluation tree T, ,,. For a = {aout,ain) € A and o, € 3 4, the test valid(a, o,) performs
the consistency check among €,,; polynomials {oa(&out) }¢our€Quu 10 X 4,, according to the depth-2

corresponding the k vertex queried points associated to by, in the

out mn

Iain I,ain

evaluation tree 7g,,,, where the evaluation points are replaced with g,’ 1,qy 'y corresponding

Gout

®Here we omit the tuple function {r.} from Definition 4.6 since it is irrelevant for the balanced property.
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path queried points on I = (aout,&out) indexed by y,, for each &our € Qour. As validyye, the new
test valid(a, 0,) outputs 1 if all the evaluated values (in LL) are the same for each vertex in the tree.
Now we observe the balanced property. Remember that the evaluation tree 7Ty, , has the same
graph structure regardless of ayy:. For each e = (a,b) € E, where a = (aout, @in), b = (bout, bin),
label(e) = (Souts&in)s I = (aout, Eout), and for o, € 34, the evaluation function, the validity test,
and the projection rule evaluate o4 (&yy¢) on the following k 4+ 3 points
o Py e G
Based on the same argument as that of Appendix A.4.1, it suffices to show that the number of
linear functions o, (&) that takes k+ 3 values v € L*+3 on the points above is the same regardless
of the choice of v. Namely, it suffices to show that the k& + 3 points above are linearly indepen-
dent. Notice that pé;[::t’lb"“t, e péf’”ﬁ}f"“t,q;‘:ﬁl, q;a‘:;”Q are evaluation points by evall (ai,-), and
€in = labell ((ain, bin)). In Appendix A.2.3, we have observed that the linear independence holds
when the corresponding elements in the given list for Had-LR are linearly independent. In Ap-
pendix A.3.4, we have shown that this occurs when the corresponding elements in F¥ x L! in the
given list for RMoHad-LR have distinct ' elements. Notice that the F*-elements corresponding to
i;j;’j’lb"“*, - ;ii’j;ﬁ”“t, ;{Z;”l, qéa‘j;”g are k vertex queried points of I (for byy;) and 2 path queried
points of I. Thus, their F-elements are distinct (see the definitions of each queried point) and the
balanced property holds for the resulting LDRC.

B An Approximation Algorithm for DNF-MMSA

We present an elementary approximation algorithm for DNF-MMSA based on LP relaxation.

Theorem B.1. Given a collection of monotone DNF formulas of size £ (i.e., the number of terms)
and a weight function w for variables such that there exists an assignment of weight at most s* and
satisfies at least (1 — €)-fraction of the monotone DNF formulas, it is feasible in polynomial time to
find a satisfying assignment of weight at most € - s*/(1 —n) that satisfies at least (1 — €/n)-fraction
of the monotone DNF formulas for any parameter n > 0.

Moreover, when all the DNF constraints are satisfiable by an assignment of weight s* (i.e.,
e =0), the algorithm finds an assignment of weight at most £ - s* that satisfies all the constraints.

Proof. First, we consider the case in which ¢ > 0. Let x1,...,xz, be the variables for the given
collection of DNFs and w: [n] — [0,1] be the weight function, i.e., >, w(i) = 1. Let m be the
number of DNFs. We introduce new variables z1, 29, ..., z;, for each DNF in the collection and
Yil,Yi2, - - -, Yij, for each term in the i-th DNF (i.e., j; < /).

We represent the MMSA instance as the following integer programming (IP):

i€ln]

s.t. Z zi > (1—€¢m
i€lm]
Z yij >z Vi€ [m]
j€lil

x> y;; V(i,7) and a variable xj relevant to the j-th term in the i-th DNF
xkayi,jvzi S {051} v@,j,k
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it is not hard to see that the optimal value v;p of the above IP is at most s*. Now we relax the range

{0,1} to [0,1] and solve the resulting linear programming (LP) in polynomial time. Let « € [0, 1]"

be the resulting assignment to x1,...,x,. Then the value w(a) = > w(i)a; is at most vrp < s*.
We round « to a binary assignment & € {0,1}" as follows: for each i € [n],

. {1 it (0/(1—n)-a; > 1

0 otherwise.

Then, w(a) < (£/(1—n)) - w(a) < (¢/(1—n))s*. Thus, it suffices to observe that & satisfies at least
(1 — ¢/n)-fraction of the monotone DNF formulas.

We consider the values assigned to y; ;’s and z;’s. Since E;[2;] > 1 —¢, by Markov’s inequality, at
least (1—e¢/n)-fraction of z; takes the value at least 1—7. For such 4, there must exist y; ; > (1—n)/¢
since y; ; > 0. For such (4, j), the relevant variable z;, must take the value at least (1 —n)/¢, which
must be assigned to 1 in & Thus, & satisfies these at least (1 — ¢/n)-fraction of the monotone DNF
formulas.

In the satisfiable case where € = 0, the same algorithm for n = 0 finds an assignment of weight
at most £ - s* that satisfies all the constraints. O

C Advice Complexity of Sampling

We fix a prefix-free universal Turing machine U such that for every prefix-free Turing machine M,
there exists a description djs of M such that U(das, z) = M (x) for every z € {0,1}*. Let K(z | y)
denote the minimum length of d € {0, 1}* such that U(d;y) = x, where y is given to the prefix-free
universal Turing machine on an auxiliary tape.

Definition C.1 (Advice complexity of sampling). A distribution D over {0,1}" is said to be sam-
plable with advice complexity ¢ if there exists a function a: {0,132 — {0,1} such that D is
statistically identical to the distribution generated by U(a(r),r,n) for r ~ {0,1}*"" conditioned on
the event that U(a(r),r,n) # L, and the probability that U(a(r),r,n) # L is at least 1 — 272" where
c = 100.

To compare this definition with Definition 1.1, it is instructive to think that «(r) consists of a
constant-size description dg for a sampling procedure S and an advice string. Note that we allow
the sampler to output a special symbol “1” to indicate the failure of the sampling procedure.

We introduce two equivalent notions of advice complexity of sampling. One is a coding property:

Definition C.2. We say that a distribution D over {0,1}" has a coding property with error ¢ if
K(z |n) < —logD(z) + ¢
for every x € Support(D).
The other is the co-Rényi divergence to the universal distribution.

Definition C.3 (Rényi divergence). For two distributions P and Q over {0, 1}" such that Support(P) C
Support(Q), the co-Rényi divergence between P and Q is defined to be

Ao (P | Q) =1log max{P(x)

Q) x € Support(Q)}.

78



Definition C.4 (Universal distribution). The universal distribution over {0,1}", denoted by m,,,
is defined to be the distribution such that m,(x) o< 27X for every x € {0,1}*. That is, m,(z) ==
9 K@ln) /7. where Z,, = Zye{o,l}n 2-KWIn) is a normalizing constant.

Proposition C.5. Let D = {D,}, .y be a family of distributions such that Support(D,) C {0,1}".
The following are equivalent for every function £: N — N with w(1) < £(n) < n.

1. Dy, is samplable with advice complezity O(¢(n)) for all large n € N
2. Ao (Dy, || mp) < O(€(n)) for all large n € N.
3. Dy, has a coding property with error O(£(n)) for all large n € N.

Proof. We first observe the equivalence between Items 2 and 3. Item 2 is equivalent to
—logmy,(z) < —logD,(z) + O(¢(n)) (16)

for every x € Support(D,,). By definition, we have —logm, (x) = K(x | n) + log Z,, for the normal-
izing constant Zn = 3. g 1yn 27K Since K(y | n) < n+ O(1) for every y € {0,1}", we have
Zn > Q(1). We also have Z,, < 1 by Kraft’s inequality. It follows that |—logm,(x) — K(z | n)| =
llog Z,| = O(1). Thus, (16) is equivalent to Item 3, i.e.,

K(z | n) < —log Dy (z) + O((n)).
We prove Item 3 = Item 1. The idea is to use rejection sampling. Assume that
K(z | n) < —log Da(x) + £(n) (17)

for every = € Support(D,,). Consider the following sampling procedure S that takes as input n € N,
a coin flip sequence r, and an advice string a(r). It reads a parameter T (specified later) from the
advice string a(r). Using the randomness 7, it samples T strings dV), .-, d™) ~ {0,1}*" and T
real numbers s(1, ... | s(T) ~ [0, 1] uniformly at random. It reads an index ¢ € [T from the advice
string a(r). If ¢ = 0, then S outputs L and halts. Otherwise, it “dovetails” the computations of the
prefix-free universal Turing machine U(n,y) for all the prefixes y of d® and lets z be its output.
(Specifically, it runs U(n,y) for all the prefixes y of d(*) in parallel. If U halts on some prefix y
of d®, then z is defined to be U(n,y). By the prefix-free property, the output  is unique.) The
output of S is defined to be =x.

We now specify the advice string a(r) = (T,t). We define T = 22/("), We define ¢ to be the
first index t € [T such that U(n,y) halts for some prefix y of d¥) and for z := U(n, y), it holds that
s® <Dy (2)/(2°™ - Q(z | n)), where we define

Qx| n) = Z 971l > 9=K(zln),
de{0,1}=2n: U(n,d)=x

If no such index exists, we define ¢ := 0. Note that, by Equation (17),

Dy(x) Dy (x)

The length of the advice string is at most O(log T + logt) = O(¢(n)).

SStrictly speaking, it is impossible to choose a uniformly random real number. Instead, we select randomly from
a binary decimal number with 2" digits. This induces negligible errors, which we ignore for simplicity.
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Let 2® be the output of U(n,y) for some prefix y of d® (which is uniquely defined because of
the prefix-free property of U; if U does not halt on any prefix of d®, let () be undefined). Fix
z € {0,1}" and t € [T]. The probability that z(Y) = z is equal to Q(z | n). Thus, the probability
that 2 = z and s} < D,(z)/(24" - Q(z | n)) is equal to D, (z)/2M™). For a fixed t € [T, the
probability that s) < D, (z®)/ (24" - Q(z | n)) is

3 Dn(2) _ o—t(w)

92€(n) ’

ze{0,1}m

Thus, conditioned on the event that s®) < D, (z(M)/(24") - Q(z | n)), the probability that z = z(®) is
equal to Dy, (z); that is, the conditional distribution of z®) ig statistically identical to D,,. Moreover,
the probability that for every ¢ € [T], the inequality s®) < D, (2(®))/ (24" . Q(x | n)) fails is at most
(1 —27NT < exp(—274") . T') = exp(—24™). Thus, the sampling procedure does not output L
with probability at least 1 — 9-2/" > q exp(—20¢M)),

We prove Item 1 = Item 3. Assume that D, is samplable with advice complexity ¢(n). Consider
the distribution generated by U(w,r,n) for uniformly random w ~ {0,1}*"™ and r ~ {0, 1}2O(n).
Fix x € {0,1}". Then, we have

Pr[U(w,r,n) = 2] > 27 . Pr[U(a(r), 7, n) = a]
because we have w = a(r) with probability at least 2~¢), We also have

Pr[U(a(r),r,n) = z] > Pr[U(a(r),r,n) # L and U(a(r),r,n) = z] > = - Dy(x).

N

The distribution U(w,r,n) is an enumerable semi-probability distribution given n. It follows from
the coding theorem (see, e.g., [Lee06; LV19]) that

K(z | n) < —logPr[U(w,r,n) = z] < —logDy(z) + O(¢(n)).
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