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Abstract

We give two nondeterministic reductions which yield new direct product theorems (DPTs)
for Boolean circuits. In these theorems one assumes that a target function f is mildly hard
against nondeterministic circuits, and concludes that the direct product f®* is extremely hard
against (only polynomially smaller) probabilistic circuits. The main advantage of these results
compared with previous DPTs is the strength of the size bound in our conclusion.

As an application, we show that if NP is not in coNP/poly then, for every PPT algorithm
attempting to produce satisfying assigments to Boolean formulas, there are infinitely many
instances where the algorithm’s success probability is nearly-exponentially small. This furthers
a project of Paturi and Pudldk [STOC’10].
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1 Introduction

This work contributes to two central areas of study in complexity theory: hardness amplification
on the one hand, and the complexity of NP search problems on the other.

1.1 Hardness amplification and direct product theorems

In the general hardness amplification project, we assume that we have identified a function f that
is “mildly hard” to compute, for some class C of resource-bounded algorithms. Our goal is to derive
a second function f’ that is “extremely hard” to compute, for some possibly-different class C’. In
our initial discussion we will focus on the case where f : {0,1}" — {0,1}¢, f': {0,1}" — {0,1}%
are finite functions, and C,C’ are two sets of probabilistic Boolean circuits, but we note that the
project can be studied in other models as well.

The notion of difficulty suggested above can be formalized in two ways (both relevant to our
work). Let p € [0,1]. In the average-case setting, let us say that f is p-hard for C with respect
to an input distribution D if, on an input x ~ D, every algorithm in C computes f(x) correctly
with probability at most p. In the worst-case setting, we say that f is worst-case p-hard for a
class C of randomized algorithms if, for every algorithm C' € C, there is an input = such that
Pro[C(z) = f(z)] < p. In either setting, from a “mild” hardness guarantee p = 1 — ¢ for C in
computing f, we want to obtain a much stronger bound p’ < 1 for the second class C' in computing
f

There are several motivations to pursue hardness amplification. First, the security of most
modern cryptographic primitives, such as one-way functions and public-key cryptosystems, inher-
ently requires the existence of computational problems, solvable in NP, which possess a strong
average-case hardness guarantee. While the mere existence of hard-on-average problems in NP
is not known to be sufficient for doing cryptography, a better understanding of the sources of
average-case hardness seems necessary for making progress in the foundations of cryptography.
Moreover, hardness-amplification techniques in complexity theory have also helped to inspire tools
for the security-amplification of cryptographic primitives. (See, e.g., [Gol07] for background on the
complexity-theoretic underpinnings of modern cryptography and on ideas of security amplification.)



Second, average-case hardness is also inherent in the fundamental concept of pseudorandom-
ness: a pseudorandom source is information-theoretically distinguishable from random bits, yet the
distinguishing task must be computationally hard-on-average. Techniques of hardness amplification
have played a key role in important constructions of pseudorandom generators [HILL99, IW97].

Third, hardness amplification, and in particular the direct product approach to amplifying
hardness, is interesting in its own right, and helps us to critically examine some of our most basic
intuitions about computation, as we will describe.

Given a function f as above and t € NT, let f®¢: {0, 1}"** — {0,1}4*?, the t-fold direct product
of f, be the function which takes ¢ length-n inputs (x!,... z%) and outputs (f(x!),..., f(z?)). A
direct product theorem (DPT) is any result upper-bounding the success bound p’ for computing f®*
in terms of an assumed success bound p for f (and, possibly, other parameters).

When f is Boolean, the direct product construction can be considered along with the related
“t-fold XOR” f¥ (2!, ... 2t) :== @ f(27) (i.e., the sum mod 2). An “XOR lemma” is any result
upper-bounding the success bound p’ for computing f in terms of an assumed success bound p
for f. The original XOR lemma was stated by Yao in unpublished work, with the first published
proof due to Levin [Lev87]; see [GNW11] for more information on the lemma’s history and several
proofs. Unlike the direct product, the ¢t-fold XOR f®! is itself a Boolean function, which can be
advantageous in applications of hardness amplification, but which can also be a disadvantage since
this limits its average-case hardness (an algorithm may compute f®* with success probability 1/2
by guessing a random bit). Several works show how in some settings XOR lemmas may be obtained
from DPTs [GL89, GNWO95] or vice versa [NRS99, VWO08]. We will not prove or use XOR lemmas
in this work; we merely point out that their study is often intimately linked with the study of direct
product theorems (indeed, XOR lemmas are even referred to as “direct product theorems” in some
papers).

The motivation for the direct product construction is as follows. Let C<; be the class of proba-
bilistic Boolean circuits of size at most s. It would appear that, if any circuit C' € C<; has success
probability at most p < 1 in computing f, then any circuit C’ € C<4 should have success probability
not much more than p’ in computing f®. The intuition here is that combining the ¢ “unrelated”
computations should not help much, and simply trying to solve each instance separately would be
a nearly-optimal strategy.

This hypothesis can be considered in both the worst-case and the average-case setting; in the
latter, if f is p-hard with respect to inputs drawn from D, then it is natural to study the difficulty
of computing f®! with ¢ inputs drawn independently from D.!

One might even be tempted to make the bolder conjecture that f©? is p‘-hard against circuits in
C<t.s, but this was shown by Shaltiel to fail badly in the average-case setting [Sha03]. So what kind
of DPT is known to hold in the circuit model? A version of the following theorem, with slightly
weaker parameters, was proved in [GNW11, first version in ’'95] ; a tighter argument leading to the
bounds given below is described in [Wig97]. In the form of the DPT stated below, the focus is on
getting a success probability bound of at most some € > 0 for f®¢, where t is chosen accordingly.

Theorem 1.1 (see [GNW11], Lemma 7, and [Wig97], Theorems 2.9, 2.10). Suppose the Boolean
function f:{0,1}™ — {0, 1} is p-hard for circuits of size s with respect to input distribution D, for

L“Derandomized” variants of the scenario, in which the ¢ inputs are not fully independent, have also been studied,
and powerful “derandomized” DPTs were obtained, notably in [IW97, IJKW10]. We will not consider these in the
present paper. Neither will we consider “XOR lemmas”, which analyze a variant of the direct product construction
in the case where f is Boolean [GNW11].



some p < 1. For an appropriate t = © <1n1(£2€)>, the function f®! is e-hard with respect to D® for

circuits with size bounded by s', where

This is a powerful and elegant result, but one whose parameters can be disappointing in many
situations. The size bound s’ degrades quickly as e — 0; if s < poly(n), i.e., if our initial hardness
assumption is against circuits of some fixed-polynomial size (and p = 2/3, say), then Theorem 1.1
cannot give a success bound of n=*(M) against any nontrivial class of circuits. In unpublished
work, Steven Rudich has observed that this barrier is inescapable for a certain class of “black-
box,” relativizing, deterministic (or probabilistic) reductions (see [GNW11] for more discussion).
The limitations of more general black-box hardness-amplification reductions have been extensively
studied, particularly for the case of XOR lemmas and other reductions that produce a Boolean
function; Shaltiel and Viola’s work [SV10] is one notable contribution which also provides a good
guide to this literature.

1.2 Our new direct product theorems

In this work we show that, if we are willing to assume that our starting function f is somewhat
hard to compute by nondeterministic circuits, then we obtain very strong hardness results for f&¢
against the class of probabilistic circuits. The direct product theorems we prove have quantitative
parameters that are far superior to those in Theorem 1.1.

Our first DPT holds for the worst-case setting. We show:

Theorem 1.2. Let f = {fn} be a family of Boolean functions on n input bits, and suppose that f
is “hard for nondeterministic circuits” in the sense that f ¢ NP /poly N coNP/poly.?

Now let 100 < t(n) < poly(n) be a parameter, and let {C, }n>0 be any family of polynomial-size,
probabilistic circuits outputting t(n) bits. Then for infinitely many choices of n and z € {0,1}*"),

Pr[Cp(z) = f&'™(z)] < exp (—375.(711())5) )

Like all known direct product theorems in the circuit setting, this result is proved in its contra-
positive form; it follows straightforwardly from our Theorem 4.1. The latter is a nondeterministic
direct product reduction—a method for transforming a probabilistic circuit that weakly approxi-
mates fff) ") into a nondeterministic circuit that computes f, with much greater confidence. In the
present reduction, we get a nondeterministic circuit that computes f, exactly. This transformation
incurs only a polynomial blowup in circuit size. The reduction is fully black-box, but is not subject
to the limitations identified by Rudich due to its use of nondeterminism.

Our next DPT holds for the average-case setting, and applies to input distributions that are
efficiently sampleable.

Theorem 1.3. Let {f,} be a family of Boolean functions on n input bits. Let D = {D,} be a
family of input distributions, sampleable by a polynomial-size family of circuits. Let &, € [.5,1] be

*Here, strictly speaking we mean that the language Ly : {z : f(2) = 1} is not in NP/poly N coNP/poly.



a parameter. Suppose that f is “hard for nondeterministic circuits with respect to D” in the sense
that, for all families {G,} of polynomial-size nondeterministic circuits, if n is sufficiently large then

Pr [Go(x)=fu(X)] < 1—¢,. 3

x~Dy,

Now let 100 < ¢(n) < poly(n) be a parameter, and let {Cy,}n>0 be any family of polynomial-size,
)

probabilistic circuits outputting t(n) bits. Then for sufficiently large n and x ~ D?t(n , we have
3/2
t
PrCa(x) = 2] < exp (—108“”)

This result follows easily from our Theorem 6.1, a nondeterministic direct product reduction for
sampleable distributions. Our two DPTs above, stated for Boolean functions, are special cases of
our general results, in which the functions f,, need not be Boolean; there is no adverse dependence
in these results on the range size.

Our nondeterministic direct product reductions are not the first use of nondeterministic reduc-
tions in the study of average-case complexity. In particular, previous authors have exploited non-
determinism to give worst-case to average-case reductions for computational problems. In [FL9I7,
first version in ’92], Feige and Lund gave a nondeterministic worst-case to average-case reduction
for computing the Permanent over large fields. We state one of the resulting theorems, which is
interesting to compare with ours:

Theorem 1.4 ( [FLI7], Thm. 3.6). Suppose there is a~y € (0,1) and a probabilistic polynomial-time
algorithm P such that, for any n x n 0-1 input matriz X, we have

Pr[P(X) = permy(X)] >27"" .
Then, P#P = PH = AM.

Earlier Amir, Beigel, and Gasarch [ABGO3, first version in '90] had shown somewhat weaker
results for #SAT, the problem of computing the number of satisfying assignments to a Boolean
formula. Thus we have long had a good understanding of the worst-case difficulty against PPT algo-
rithms of #P-complete counting problems. We also have quite strong average-case hardness results
for #P, assuming P#P £ AM [FL97]. However, #P functions are not believed to be computable
with the power of NP, or even PH (this would collapse PH, since PH C P#P [Tod91]). This seems
to limit the potential applications of the strong hardness of #P functions, e.g., in cryptography.

As another example of the power of nondeterminism for average-case complexity, we mention a
work of Trevisan and Vadhan; in the course of constructing deterministic extractors for efficiently
sampleable distributions, they gave a nondeterministic worst-case to average-case reduction for the
task of computing an arbitrary low-degree polynomial over a finite field [TV00, Lem. 4.1].

None of these reductions from previous work proceed through a direct product reduction in
our sense. However, [ABGO03] considers t-fold direct products f®! and gives complexity upper
bounds for functions f such that f©' can be computed using few queries to an oracle; some of these
reductions use nondeterminism.

3In the most common definition, a nondeterministic circuit G, () is said to compute a function g(x) if the following
condition holds: g(x) = 1 iff there exists some setting of the nondeterministic gates of G, causing it to accept input z.
Our Theorem 1.3 is valid if our initial hardness assumption on f,, is with respect to this definition. However, for this
result we actually only require hardness with respect to a more restrictive model of nondeterministic computation:
the model of nondeterministic mapping circuits, described in Section 2.2.



1.3 Application to the success probability of PPT SAT solvers

In a recent work, Paturi and Pudldk [PP10] asked about the achievable worst-case success prob-
ability of PPT heuristics for circuit satisfiability. They argue for the importance of this question
by observing that many of the known exact algorithms for k-SAT and other NP search problems,
which achieve exponential runtimes with an improved exponent over naive search, can be converted
to polynomial-time search heuristics with a success probability attaining nontrivial advantage over
random guessing. Thus, exploring the limitations of PPT search heuristics also illuminates the
limitations of a very natural paradigm for exponential-time computation.

Paturi and Pudlak show the following powerful result (a special case of a more general theorem):
Suppose there is a v < 1 and a PPT algorithm Py, that, when given as input a description of
any satisfiable Circuit-SAT instance W with r variables, outputs a satisfying assignment to ¥ with
probability at least g(r) := 277", Then, there is a deterministic circuit family {C,}, that succeeds
at the same task on r-variable instances of size n < poly(r) with probability 1, and C, is of size at
most 2" for some p < 1.

In this work, we exploit a simple connection between direct product computations for the sat-
isfiability decision problem for Boolean formulas, and the task of producing satisfying assignments
to such formulas. The connection is simple enough to describe in a single sentence:

(x) If Y1, ... ot are formulas, and s € [0,t] is a correct guess for the number of satisfiable /s,
then the 0/1 values [¢! € SAT],...,[! € SAT] can all be inferred given any satisfying
assignment to the formula U(®) which asks for satisfying assignments to at least s of the ¥7s.

This observation has been used before in [BH88]| for quite different purposes, as we will discuss
shortly. Using this connection together with our worst-case DPT (Theorem 4.1), we prove the
following result, bounding the achievable success probability of polynomial-time heuristics for SAT
solvers under the standard complexity-theoretic assumption that NP is not contained in coNP /poly.

Theorem 1.5. Let vy € (0,1). Suppose there is a PPT algorithm Pyoyer that, when given as input a
description of a satisfiable 3-CNF formula ®, of description length [(®)| = N, outputs a satisfying
assignment to ® with probability at least g(N) := 27",

Then, NP C coNP/poly (and the Polynomial Hierarchy collapses to 3 ).

In fact, the conclusion would hold even if Psyer Were a non-uniform polynomial-size circuit
family rather than a uniform PPT algorithm.

This theorem is incomparable to the result of Paturi and Pudldk. Their result implies a stronger
upper bound for the success probability of SAT solvers, at the cost of assuming that NP has nearly-
exponential circuit complexity. While we admire this past work (and it gave the original motivation
for our project, although our methods are almost completely different), we also believe that it is
valuable to understand how much one can infer about the difficulty of NP problems, starting
from assumptions about polynomial-time computation alone. The hypothesis that the Polynomial
Hierarchy does not collapse to X% can be equivalently restated as one such assumption: namely, that
there is no polynomial-time procedure that reduces a 4-round game, described by a Boolean circuit,
to an equivalent 3-round game with the “existential” player taking the first move (see [Pap94, Chap.
17]).

Essentially the same observation () above was used earlier by Buss and Hay [BHS88| (see
also [Pap94, Chap. 17]) to show the equality of complexity classes P"\“P — PNPllogl; that is, poly(n)

non-adaptive queries to an NP oracle are equivalent in power to O(log(n)) adaptive queries, at least



for solving decision problems in polynomial time.* We are not aware of previous work on hardness
amplification using (). However, many past works have used various connections between direct
product theorems and the difficulty of NP search problems. Indeed, cryptography’s demand for
various types of hard-on-average NP search problems has been a prime motivation for the study
of hardness amplification as far back as Yao’s seminal work [Yao82], and direct product theorems
for NP search problems such as preimage-finding have been an central ingredient in this project
(see [Gol07, Chap. 2]). In the modern “hardness-versus-randomness” paradigm [NW94, TW97] for
obtaining pseudorandom generators (PRGs) under hardness assumptions about E = DTIME[20(")],
one important step is to apply a direct product theorem to certain decision problems lying in E.
Hardness amplification has also been previously applied to NP decision problems to obtain hard-
on-average NP search problems, e.g., in a previous work of ours [Drull, Thm. 5]; the connection
used there was more complicated than in our present work, and proved a much stronger hardness
for NP search problems under a rather strong assumption on the exponential-time complexity of
NP. Beyond this, a great deal of work has been devoted to amplifying average-case hardness
within the class of NP decision problems (see [O’D02, BT06]); such works avoid both the direct
product construction (which produces a non-Boolean function) and the XOR construction (which
may produce a decision problem outside of NP).

1.4 Our techniques

We prove two main nondeterministic direct product reductions in this work. While there are major
technical differences between them, both begin with the same intuition, which we will describe at
a high level here.

Let f be a Boolean function on n input bits, and D a distribution over inputs to f. Suppose
C' is a probabilistic circuit that computes f®' with some success probability ¢ > 27 on inputs
X = (x!,...,x!) ~ D¥ for some small constant 0 < ¢ < 1. We would like to obtain from C a
nondeterministic circuit computing f with high success probability with respect to D. (To prove
our worst-case direct product reduction, Theorem 4.1, it will suffice to show how to do this for
every D. We can then use the minimax theorem to build a nondeterministic circuit that is correct
on every input.)

Say that an execution of C' is j-valid, for 0 < j < t, if it correctly computes f on its first j
inputs. We obviously have

Pr[C(%) = f'(x)] = [] Prlj-valid|(j — 1)-valid] > 27 .
JElt]

Thus, for a typical choice of index j, Pr[j-valid|(j — 1)-valid] ~ 27¢ ~ 1. This motivates us to
choose such an index j = j*, and to fir some settings y',... 5" ~! to the first (j* — 1) inputs.
Then, by storing the values f(y!),..., f(y’ ~1), we can easily recognize a (j* — 1)-valid execution
(as specified by a setting to the remaining inputs and to the random bits used by C'). Now, given a
single input x ~ D on which we wish to compute f, we will try to obtain a (j* — 1)-valid execution
of C on an input-tuple whose first j* elements are y!,..., 4’ !, x. The idea is that, by our choice

4In the reduction used in Buss and Hay’s work, the value s is determined by binary search, whereas our reduction
simply makes a random guess for s. Our goal is to output the values [* € SAT],...,[¢" € SAT], whereas in [BHSS]
the goal is to compute some Boolean function of these values.

This is relevant because every PRG must be a one-way function, and the associated preimage-finding task is an
NP search problem which must be hard on average.



of j*, a “typical” such execution (in which the remaining inputs are drawn from D®(*~77)) should
also be j*-valid, and give us the value f(x). This basic strategy can be seen in previous direct
product reductions; see, e.g., [GNW11]. In our reduction, however, nondeterminism will allow us
to obtain a (j* — 1)-valid execution of C' very efficiently, even when such executions are extremely
rare; we simply need to “guess and check.”

This approach requires care, however, because an execution obtained by nondeterministic guess-
ing need not be a representative sample of the population from which it was drawn. Thus, even if
we successfully fix values of y',...,47 ~! and receive an input x ~ D such that most (5* — 1)-valid
executions are also j*-valid, we need a way to “kill off” the “atypical” (j* — 1)-valid executions
which fail to be j*-valid.

For this task, a natural idea is to try to apply random hashing, a well-established tool for re-
ducing the size of a set and culling atypical elements. The use of randomly selected hash functions
for such purposes, in conjunction with nondeterministic guessing, was pioneered by Goldwasser
and Sipser [GS86].% This technique has an important requirement, however: to kill all the “atyp-
ical” (5% — 1)-valid executions while simultaneously leaving at least one j*-valid execution alive,
we need to know a good approximation to the probability of a (j* — 1)-valid execution, condi-
tioned on y',..., 5" ~1 x. We want this probability to be predictable with high accuracy based on
y',...,y7 71 alone, without any foreknowledge of the input x, so that a good approximation can
be encoded into our final nondeterministic circuit as helpful advice. To summarize, we hope to find
and fix inputs y',...,37 !, such that with high probability over x ~ D, we have:

(i) Pr[j*-validly',...,y/ "1, x] ~ Pr[(j* — 1)-validly',..., o/ "1 x];
(if) Pr[(j* — D-validly!, ...,/ ', x] ~ Pr[(j* — 1)-valid]y’,..., 5" ).

In each condition above, we will tolerate a (1 £ .01) multiplicative error in our approximations.

So how do we choose the values 3!, ..., y? ~1? The obvious idea is to choose them as independent
samples from D, after selecting j* uniformly at random. However, this approach may fail to
guarantee condition (i) above, if the successful direct-product computations of C' are “concentrated”
in a pathological way. For example, it may be that C(x!,..., 2!) always outputs f&(z!,... at)
provided the first input z! lies in some “good” set G’ C {0, 1}" of probability mass ~ 27, while if
r! ¢ G, then C simply outputs random guesses. In this case, condition (i) fails for a typical setting
z! := y'. Also, condition (ii) is only useful if the conditional probabilities involved are nonzero,
and this may also fail with high probability.

We address these difficulties in two distinct ways in our two direct product reductions:

e In our worst-case reduction (Theorem 4.1), we assume from the start that our C' has a
probability > ¢ of computing f® under every input. Then, the problem of zero probabilities
doesn’t arise, and the worst-case success guarantee of C' turns out to very usefully constrain
the effects of conditioning on y',...,y7 ~1 ~ D.

e In our average-case reduction, we show how to transform C to a second probabilistic circuit C
taking some number ¢’ < ¢ of n-bit inputs, and whose success probability is > .5¢ on almost

5We are aiming to build a nondeterministic circuit, not a probabilistic one; but the eventual plan will be to fix a
polynomial number of representative hash functions as non-uniform advice. Let us also mention that hash families
were used in Paturi and Pudlak’s work [PP10] as well, but in a very different way. Those authors used hash functions
to reduce the amount of randomness used by a SAT solver having a worst-case success probability guarantee, as a
step toward transforming a Circuit-SAT instance into an equivalent instance with fewer variables.



every t'-tuple from D®'. We call this key attribute the input-confidence property; it turns
out to be nearly as nearly as useful as the worst-case guarantee assumed in the previous case.

To endow C with the input-confidence property, we regard most of the ¢t input positions
as auxiliary sources of randomness, and concentrate on computing f on the remaining ¢’
coordinates. This has the effect of “smoothing out” the success probability over the different
possible #'-tuples. In this step and its analysis (which uses Kullback-Leibler divergence) we
are strongly influenced by Raz’s proof of the Parallel Repetition Theorem [Raz98]. Also, in
this transformation, we crucially use that D is sampleable; we need our transformed circuit
to generate its own samples from D in order to be useful.

Let us rename t’ as t in the average-case setting, for uniformity of discussion. In either setting, we
are then able to show that choosing j*,4', ..., ~! randomly as before ensures conditions (i) and
(ii) with high probability. This requires careful work, but ultimately derives from elementary facts
about the behavior of random sequences (see Lemma 3.4).

Now, in our average-case direct product reduction for sampleable distributions, we can perform
hashing over all possible outcomes to z7 t1,... 2!, weighted by their likelihood under D. In
our worst-case direct product reduction, D may not be efficiently sampleable, which causes an
additional challenge. In this setting we will show that in fact, it is adequate to draw =7 1, ... zt
independently at random from multisets S;+y1,...,S5;, each obtained by sampling a reasonable
(polynomial) number of times from D. These “sparsified” versions of D can be coded into our
nondeterministic circuit. The idea of this sparsification and its analysis are somewhat similar to
(and inspired by) a sparsification step from our previous work on instance compression [Drul2,
Lem. 6.3].

2 Preliminaries

When we speak of probabilistic polynomial-time (PPT) algorithms, we refer to any uniform model
of classical computation, e.g., multi-tape Turing machines. We assume familiarity with the basic
uniform complexity classes P, NP and coNP and the higher levels X2, Hi of the Polynomial Hierarchy
PH. (For background on complexity classes, consult [AB09, Pap94].)

For a language L C {0,1}*, we let x denote the characteristic function of L. Let xp|=p :
{0,1}™ — {0, 1} denote its restriction to inputs of length n. If £ : {0,1}" — {0,1}? is a function
and t € NT, we let f®:{0,1}"** — {0,1}%%, the t-fold direct product of f, be defined by

f®t(x1,...,xt) = (f(xl),,f(act))

All probability spaces we consider will be finite. For distributions D, D’ over a finite set U, we
let D(u) := Prywplu = u|, and for U’ C U let D(U’) := Pry~plu € U']. Let supp(D), the support
of D, be defined as supp(D) := {u : D(u) > 0}. We let [|D — D'||stat = 3 Y_per |P(w) — D' (u)|
denote the statistical distance between D and D’. Equivalently,

1D = D'llstar = max [D(U") = D'(T7)] -

The statistical distance between two random variables X, X’ is defined as the statistical distance
between their respective distributions.



We use D® D’ to denote the distribution over pairs (u, u’) which independently samples u ~ D
and u’ ~ D’. We let D®* denote k independent samples from D. For a finite multiset S, we write
a €, S to indicate that random variable a is sampled uniformly from S (with elements weighted
by their multiplicity in S). We let 1[E] denote the indicator random variable for an event E.

If S, S’ are multisets, we use S U S’ to indicate multiset union, and similarly for other multiset
operations.” We let S*¥ denote the k-fold Cartesian product of S.

We will appeal to the following form of the Chernoff-Hoeffding bound:

Lemma 2.1. Suppose X1,..., X} are independent random variables in the range [0, 1], each satis-
fying E[X;] = p. Let Xayg := %Zz‘e[k] X;. Then fore >0,

Pr(Xae <p—e] < exp (—252kz) and Pr{Xae > p+¢e] < exp (—2€2k) .

2.1 Deterministic and probabilistic Boolean circuits

When we refer to Boolean circuits, we will consider the model of Boolean circuits with gates from
{A,V,—}. The A,V gates are of fanin two. We let size(C') denote the total number of gates in a
(deterministic, probabilistic, or nondeterministic) Boolean circuit C, including input gates and all
other types of gates. Note that size(C) is within a factor 2 of the number of wires in C'.

Boolean circuits may compute multiple-output functions, as follows. We consider every Boolean
circuit C to be equipped with an ordering on some nonempty subset of its gates, call these g7, ..., gJ.
We then say that C' computes the function which on input x, outputs (g7 (), ..., gj()). We denote
this function simply as C(z).

A probabilistic Boolean circuit is a circuit C' which, in addition to having gates for its regular
input variables x = (x1,...,2,), has an additional designated set of (fanin-zero) “random” gates
r=(ry,...,mm). We write C'(z) to denote the random variable giving the output of C' on input z,
when the random gates are set to uniform random values. We write C9* to indicate the underlying
deterministic circuit with input gates (x,r). For a deterministic or probabilistic Boolean circuit C,
we write

C:{0,1}™ = {0,1}¢

to denote that C' takes m regular input bits (not including any random gates), and produces d bits
of output.

For a deterministic or probabilistic circuit C' : {0,1}" — {0,1}, a value 0 € [0,1], a function
f:{0,1}" — {0,1}%, and a distribution D over {0,1}", we say that C (1 — §)-computes f with
respect to D if Pryp[C(z) = f(x)] > 1—4.

A sampling circuit is a circuit C' with no input gates, but with designated “random” gates r and
output gates gi,...,g;. We say that C' samples a distribution D on {0, 1}d if a uniformly random
setting to r induces output distribution D. We let C(r) denote the output on the setting r to the
random gates.

2.2 Nondeterministic circuits and nondeterministic mappings

An ordinary nondeterministic circuit is a Boolean circuit C, accompanied with a specification of
three sets of special gates in C"

"The multiplicity of (s, s’) in the Cartesian product S x S’ is equal to the product of the multiplicity of s in S
with the multiplicity of s" in S’.
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e a set of “ordinary” input gates x = (z1,...,xy);
e a set of fanin-zero “nondeterministic” gates w = (wy,...,wy);
e a single “accept/reject” gate gg.

We require that the ordinary-input and nondeterministic gates be disjoint, but otherwise these sets
are allowed to overlap. We say that C(x,w) accepts (z,w) if gj(x,w) = 1, otherwise we say C
rejects (x,w). Now if € = {C),(x,w)}n>0 is a family of nondeterministic circuits, with C), having n
input gates, we say that € recognizes a language L, if for all n and all z € {0,1}",

r € L <= Jw:Cy(z,w) accepts.

The complexity class NP/poly is defined as {L : there is an ordinary nondeterministic circuit
family {C),} recognizing L, with size(C),,) < poly(n)}. The class coNP/poly is defined as {L :
L € NP/poly}.® It appears unlikely that NP C coNP/poly, as this would imply a collapse of the
Polynomial Hierarchy:

Theorem 2.2 ([Yap83]). If NP C coNP/poly, then PH = f = II§.

We will also use a fairly standard model of nondeterministic computation for functions with one
or more bits of output (see [BLS84, BLS85], and [HO02, Sec. 3.3 and App. A.14] for background);
here we specialize the model to the circuit setting and use somewhat different terminology. A
nondeterministic mapping circuit is a circuit C' which, in addition to the three classes of designated
gates described above, also has a set of output gates gf,..., g} for some d > 0 (these gates may
overlap with the other gate-classes). The mapping defined by C, denoted F¢ : {0,1}" — P ({0, 1}d),
is defined as

Fo(z) := {v € {0,1}%: 3w € {0,1}™ such that C accepts (z,w) and (g} (z,w),..., g}z, w)) =v} .
We will use the following obvious fact:

Proposition 2.3. Let L be a language. Suppose there is a family {Cy}n>0 of nondeterministic
mapping circuits, satisfying

1. For every n and x € {0,1}", F¢, (x) = {xr(z)};
2. size(Cy,) < poly(n).
Then, L € NP /poly N coNP/poly.

We say that a nondeterministic mapping circuit C' (1—4)-defines a function f : {0,1}" — {0,1}¢
with respect to input distribution D if Pr,p[Fo(z) = {f(z)}] > 1 — 6.

8(Here, L denotes the complement of L.)
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2.3 Direct-product solvers

Definition 2.4 (Direct-product solvers). Let n,d,t € Nt be fized, and let f: {0,1}" — {0,1}¢ be
a function. Let C :{0,1}"* — {0,1}%%! be a probabilistic circuit. Let q,c € [0,1].

1. Let D be a distribution over {0,1}"*t. We say that C is a g-direct-product solver for f&!
with respect to D if the following holds: if we sample X = (x',...,x') ~ D, then

Pr0®) = (f(x'),-.., f(x))] > ¢,
where the probability is taken over X and over the randomness used by C.

2. We say that the circuit C is a worst-case g-direct-product solver for f® if it satisfies item
1 above for every input distribution D over {0,1}"*t. Equivalently, for all (x',... at) €
{0’ 1}n><t7

Pr [C($1, ot = (f(xl), e ,f(xt))] > q.

3. For any (x',... 2%) € {0,1}"*, define the confidence

conf(C;zt, ... z%) := Pr [C’(ml,...,xt) = (f(xl),,f(xt))} .

We say that C is a (c,q)-input-confident direct-product solver for f®! with respect to D if
the following holds: if we sample X = (x',...,x') ~ D, then

Prlconf(C;X) >¢q] > c.

(Note that any such C is also a ¢'-direct-product solver for f&' with respect to D, where
/
q :=qc.)

4. We extend each of the above definitions to families of circuits and input distributions, in the
natural way. Let d(n),t(n) : Nt — N g(n) : Nt — [0,1] be functions. Let € = {Cp}n>0
be a family of probabilistic circuits Cy, : {0,1}™** ™) — {0,1}4)*t ) Let D = {D, } >0 be a
family of distributions over {0,1}"*4")

We say that € is a g(n)-direct-product solver for ) with respect to D if for any n > 0,
Cy is a q(n)-direct-product solver for FEHM) with respect to D,,. The definitions in items 2
and 3 are extended to circuit and input-distribution families in an analogous fashion.

If C is a g-direct-product solver for f®' with respect to some input distribution, then we may
non-uniformly fix the random gates of C' to obtain a deterministic g-direct-product solver for f®!
with respect to the same input distribution. This is a standard observation in the study of average-
case complexity. Note, however, that there is no obvious analogue of this transformation for for
worst-case direct-product solvers, or for input-confident direct product solvers, that would allow us
to derandomize while preserving the quality parameters.
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2.4 Hash families and their properties

We now introduce a widely-used class of function families called strongly universal hash families.
Let U be a finite set, and let H be a finite family of “hash functions” h: U — F’Q‘“ We say that H
is a strongly universal hash family if, for all u,v € U with u # v, and for all z, 2’ € F¥, we have

Pr [h(u) =2 A h(u)=2] = 272k
heTrH[ (u) =2 (u') = 2]

We use the following standard, explicit construction:

Proposition 2.5. Given k,¢ > 0, consider U := Fg. The family of functions

HEE ::{ ha,:F — FE }
A 2 2 AEFI;X@,’UEFS

given by
hay(z) == Az +v (with addition over F%)

s a strongly universal hash family.

Lemma 2.6. Suppose that k,£ > 0, that U' C U = FY, and that |U'| = 6 - 2%, for some § > 0. Say
we select (A,v) €, IE‘IQ‘“XZ x F5; then,

1-607t< Prl0f e hao(U)] < 0. (1)

Proof. Let U’ = {u1,...,un}. For i € [m], define the indicator variable X; := [ha,(u;) = 0OF].
Note that E[X;] = 27%. Let S := > icfm] Xi- Then Pr[0¥ € ha,(U")] = Pr[S > 1], and by Markov’s
inequality this is at most E[S] = Eie[m] 2=k = ¢. This proves the upper bound.

For the lower bound, note that [0% ¢ h,(U’)] implies S = 0, so that in this case |S — E[S]| = 6.

E[(S—E[S])*]
02

By Chebyshev’s inequality, this occurs with probability at most . The strongly universal

property implies that the random variables X;, X;; are pairwise independent, so we have

i El(Xi —277)2] g0k 1
k N < e _ ok _ ok <
Pr[0® ¢ ha,(U")] < 72 02 (2 (1-2 )) < 7
This gives the lower bound in the Lemma’s statement. O

Corollary 2.7. Suppose that k,£ > 0 and that U = Fg. Consider two subsets Uy, Uy C U, with
Uy | = 6-2% and [Ugy| = 0" - 2%, If (A, v) &, FA%E 5 F% then we have

Pr(0* € (haw(Ua) \ hao(Ua))] = 1-071 =0,
where ha, is as in Proposition 2.5.

Proof. First we apply the lower bound of Lemma 2.6 with U’ := U;) to find that
Pr(0% ¢ hao(Ug)] < 67"

Next we apply the upper bound of Lemma 2.6 with U’ := Ui to find that
Pr[0% € hao(Ug))] < 0.

Taking a union bound completes the proof. ]
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2.5 A general nondeterministic circuit construction

The following technical lemma, which is slightly complicated to state but conceptually simple, will
be useful in our proofs of Theorems 4.1 and 6.1. Readers may wish to defer studying the lemma
until it is used in its proper context.

Lemma 2.8. Let n,d € NT, and let f : {0,1}" — {0,1}% be a function. Let K,N,T € NT be
additional parameters, and suppose we have identified several sets and mappings, as follows.

e Foreveryu € {0,1}", there is a set V,, C {0, 1}V, partitioned into disjoint subsets {Vii b ocqonyes
e Fori € [T, there is a mapping h} : {0,1}¥ — {0,1}%;
e There is a “favorable” set Fav C {0,1}".

Suppose that there is a deterministic circuit Cyiess(w,u) : {0, 1}V — {0,1}4+1 that determines
whether w € V,, and, if so, which subset V,Z contains w. Suppose too that, for each i € [T}, there is
a circuit Cpr of size O(KN) that computes h;.

Say that h} is good for u € {0,1}" if

o e np (VIO U mr )
“#f ()

Finally, assume the following condition:
e For every u € Fav, there are at least .6T indices i € [T| such that h} is good for w.

Then, there exists a nondeterministic mapping circuit CT taking n input bits, such that for all
u € Fav,

For(u) = {f(u)} ;
also, we have size(C") < O((size(Cyiess) KN) - T).

Proof. CT takes input u € {0,1}" and has nondeterministic variables
w = (w,...,w") e {01}V .
The circuit CT(u, @) acts as follows:
1. For each i € [T}, define 2* € {0,1}¢U {L} by

z =

z if w' € VZ and h}(w?) = 0K,
L otherwise (i.e., if w® ¢ V,, or hf(w?) # 0K).

2. If there exists a z € {0,1}% such that at least .6T of the strings 2’ are equal to z, C’ accepts
and outputs z (which is necessarily unique). If there is no such z, C’ rejects.

14



That CT can be implemented in the desired resource bounds is immediate from our assumptions.
To prove correctness of the construction, consider any u € Fav. By our choice of hi,..., A%, there
is a set I C [T] of size at least .67 indices ¢ such that h} is good for u. For each such i, there
is a string @' € Vi/™ for which hi(#') = 0K. Define an assignment w = (w!,...,w?) to the
nondeterministic gates of C’ by letting

; Wt ifiel,
w' =
0N otherwise.

(Our use of the value 0V here is arbitrary.) Observe that in the execution of C'f(u,w), we have
2" = f(u) for each i € I. Thus, CT accepts (u,w) and outputs f(u). This shows f(u) € For(u).
To see that For(u) C {f(u)}, consider any z # f(u). Note that, for any i € I (for which
h} is good for w), we cannot have 2" = z under any assignment to w. Thus the number of i for
which 2* = z is at most .47, so CT(u, ™) cannot accept with output z. This completes the proof of
Lemma 2.8. O

3 Stage-based analysis of direct-product computations

In this section we analyze the behavior of direct-product solvers on inputs (!, ..., z') drawn from a
known probability distribution D over {0,1}"*t. The case where D is a t-fold product distribution
will be of primary interest to us, although some of our lemmas will apply to non-product input
distributions.

3.1 Valid outputs and the «, 5 sequences

Here we make some definitions that will be of central importance.

Definition 3.1 (j-valid outputs). Let f : {0,1}* — {0,1}% be a function, let (z!,...,2") €
{0,1}% and let z = (21, ...,2) € {0,1}4%t. For j € [t], say that z is j-valid for (z!, ..., 2t), with
respect to f&t, if

2z = f(&Y, forallt<j.

When the target function f and the reference strings x', ..., z' are clear from the context, we will

simply say that z is j-valid. Note that if z is j-valid for (x',...,x') then it is also j'-valid for
4’ < j. By convention, every z € {0,1}%** is said to be 0-valid.

If C is a probabilistic circuit taking a tuple of strings (x',...,x') as input (with each 27 of
equal, predetermined length) and outputting a t-bit string, we say that a particular execution of C
on input (z',...,x") is j-valid if it outputs some bitstring that is j-valid with respect to the inputs.
We denote this event simply as [C(x!, ..., zt) is j-valid ).

Definition 3.2 (o, 3 sequences). Let n,t € Nt and let f : {0,1}" — {0,1}2. Let C : {0,1}"*! —
{0,1}%%* be a probabilistic circuit. Let D be a distribution over {0,1}"** and let (x',...,x") ~D.
Define two sequences of random variables

aQ, A1, ..., O, 507ﬁ1>"'7ﬂt—17
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as follows. For j € [0,t], we let

aj = Pr [C’(xl, oY) is j-valid

L .
X ,...,Xj:| ,

with validity defined with respect to f. In other words, if (x',...,x7) = (z1,...,27), then o takes
on the value

a; = Pr [C(xl,...,xt) is j-valid

(x!,...,x7) = (xl,...,mj)} :

1

where the probability is taken over the randomness in x',...,x' and in the randomness used by C.

Similarly, for j € [0,t — 1], define

Bj = Pr [C’(xl, o, xY) s j-valid

xh . ,xj“}
Observe that ag = By = 1. Also, we have o, 3; <1 and a1 < f;.

3.2 A lemma on random sequences

Claim 3.3. 1. The function In(1 + x), defined on (—1,00), satisfies

I +2) < r—Z ifre(-1,1),
| (In2)z ifx>1.

2. Consequently, for all z € (—1, 00),
22
In(l1+2) < x—min {6’ .3} .

Proof. (1) We have the Taylor series representation

In(1 = _pyri lid f ~-1,1) .
n(l+x) Z( ) > valid for z € (—1,1)

n=1

This is an alternating series with terms monotonically decreasing in absolute value, so the Leibniz
rule for alternating series tells us that In(1 + z) < z — %2 + z—; for x € (—1,1). For such x we have
% < "’3—;, which establishes the first half of item 1.

For the other half, observe that the function f(z) = In(1 + z) satisfies

1 1

ire = Tamae <0

fl(a) =

with these expressions valid over its entire domain (—1,00). Define the linear function g(x) :=
(In2)x. We have



combining this with the fact that f”(x) < 0 everywhere implies that f(z) < g(x) for x > 1. This
completes the proof of item 1.

(2) From item 1 it immediately follows that for z € (—1, c0),
332
In(l+z) < z-— min{6, (1-— ln2)x|} .
The first term in the min is smaller for z € (—1,1], and for z > 1 we have (1 —In2)|z| > .3. This

proves item 2. ]

Lemma 3.4. Let Y1,Ys,..., Yy be (possibly dependent) nonnegative random variables satisfying
ElY;] <1 fori e [T]. Let Yprod := Hie[T] Y;. Leti€, [T] be chosen independently of Yi,...,Y;.

1. Suppose that there is some q € (0,1] such that Yyroa > q with probability 1. Then,

16
Pr[Y; € [.99,1.01]] > 1— 2111T(1/q) '

2. Suppose instead that for some q € (0,1] and ¢ € [0,1], we have Pr[Yproq > ¢l > 1 — (. Then

B 2161n (1/q)

—1.1-216¢ .
T ¢

Pr[Y; € [.99,1.012]] > 1

Proof. (1) Let Zy,...,Z7p be defined by Z; := In(Y;). Note that Z; is well-defined since Y; > 0,
under our assumption Y,roq > ¢ in part 1. Letting Zgum := Zz‘e[T] Zi, note that Zgum = In(Yprod)-
Our assumption in part 1 implies that Zg,, > Ing. Thus,

Y E[Z] = E[Zum] > Ing. (2)
1€[T)

On the other hand, by applying Claim 3.3, item 2, we find that
Y; —1)2
Z; < (Yi—1) —min{(’ﬁ),s} )

Taking expectations and using that E[Y;] < 1,
12
E[Zi] < -E [min {(YZ D ,.3}] .

Let p; := Pr[Y; ¢ [.99,1.01]]. Then

o {51 )]

AV
=

so that

17



Combining this with Eq. (2) gives

Zpi < —2%1ng = 2%1In(1/q) ,
i€|T

which implies that
216 1n(1
Pr [% ¢ [99,1.01] =f§ M,

i€ (T 1€[T]

as was to be shown.

(2) Note that if ¢ > .001, the assertion being made is trivial, since probabilities are always
nonnegative. So let us assume that ¢ € [0,.001]. Let (Y{,...,Y]) be random variables jointly
distributed as (Y1, ..., Y7) conditioned on the event [Y},10q > ¢]. That is, for any (yi,...,yr) € RT,
Pr[(Y{,....Y]) = (y1,...,yr)] = Pr[(Y1,....,Y7) = (Y1, y7)|Yprod > q]. Let ¢ :=1—(; our
assumption in part 2 implies that E[Y;] > ¢ - E[Y/], which gives E[Y/] < 1/c.

Now let Y/ := c¥/; we have Y” > 0 and E[Y;"] < 1. Let Y[ 4 = [[;c;nY;". We have

prod :
Y}ﬁ“o 4 > cl'q always. Thus we may apply item 1 to the sequence Y{’,...,Y] to find that
216 1n (i)
99 1.01 cTyq
Pr |Yie|— —|| = Pr[Yyel99,101] >1——rn—~. 3
B[] - Eptetonon > - — @

Then it follows from our definitions that

Pr [Yie [99,101” > c- Pr [Yile {99,101” .
i€, [T c c i, [T) c c

Next, note that our assumption ¢ € [.999, 1] implies that [.99/¢,1.01/c] C [.99, 1.012], and also that
1/e=1/(1—¢) <1+ 1.01¢. Using these facts and Eq. (3), we derive the bounds

Pr [Y; €[99,1.012]] > Pr [Yie [99’1.()1”
ie,[T) i [T] c .

1— 4216 o <0Tq)

> c-
2161 ( )
> 1-(—
> ¢ T
9161, ((1+1-014)T>
q
> 1-C—
> ¢ T
_ ¢ 2167 . In (1 4+ 1.01¢)  2'%1n(1/q)
B T T
16
> 1_1_1.2164_L(1/q) ’
T
where in the last step we used the bound In(1 + z) < z. This proves part 2. ]
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3.3 Behavior of the a, f sequences

Lemma 3.5. Fiz n,d,t € NT. Let f: {0,1}" — {0,1}? be a function, and let C : {0,1}"*t —
{0,1}%%* be a probabilistic circuit. Let q € (0,1] and ¢ € [0,1] be given.
1. Suppose that C is a (1 — (, q)-input-confident direct-product solver for f® with respect to an
input distribution D over {0,1}"*L.
Let X = (x',...,x!) ~ D. Let ag,...,as Bo, ..., B—1 be as in Definition 3.2, defined with
respect to C and D. Let j €, [t] be sampled independently of X. Then with probability at least
. 916 ]nt(l/Q) _ 218( ’

we have

Bi—1

51

) € [99,1.012] , and (O‘J) € [99,1] . (4)

Oéjflaﬁjfl > 07 ( B‘]f

2. Now suppose instead that C is a worst-case q-direct-product solver for f&. Let V be a finite set
and let {Dy}vey be a set of distributions indexed by V, with each distribution over {0,1}"*t.

Let ©,9’ be two distributions over V X [t], with the following properties:

(a) If (v,j) ~ D, then v,j are independent and j is uniform over [t];

(b) 1D — D/|| <, for some 7 € [0,1).
Consider the following experiment Expt(D’):

(i) Sample (v',j') ~D';

(ii) Sample X = (x!,...,x!) ~ Dy/;
(ii3) Let the sequence o, . .. , i, Boy -+, Be—1 as in Definition 3.2 be defined with respect to

D, and X.

Then with probability at least
_2%In(1/q)
t

1

over Expt(®'), we have

(5“> € [99,1.02] and (g‘“) e [99,1] . (5)

Qj-1 j—1

Part 1 of Lemma will be applied to prove Theorem 6.1, our DPT for sampleable distributions,
and also to prove part 2. Part 2 of our Lemma will be applied in the proof of Theorem 4.1, our
DPT for worst-case direct-product solvers.

Proof. (1) Let T := 2t, and define random variables Y7,...,Yr as follows: for each ¢ € [T}, if
¢ =2k + 1 then let

Y, — {,Bk/ak: if g, #0,

1 otherwise.
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If £ = 2k, let

1 otherwise.

Y, = {%/5%1 if Br—1#0,

To illustrate the pattern, if all «y., 8 are nonzero in some outcome then we have

_ (B _ _ [ _ (B _ (o
}/1 - <a0> - 17Y2 - (BO) )}/3 - <CM1> 3 "'7YT - <Bt1> .

Observe that if oy > 0, then all of ag, ..., 1, Bo, ..., Bt—1 are also positive, so that the product
Yorod = HEG[T] Yy equals oy /g = . By the definition of oy and the input-confidence property of
C, it follows that

Pr[Yprod ZQ] > 1_C .

For the even indices, we have Y3, < 1 always. Also, we claim that E[Y2;11] = 1. To see this,
just observe that for k € [t(n)] we have the identity E [Bx|ax] = g, which tells us that Yo;41 has
expected value 1 conditioned on any nonzero value of ay; and if we condition on [ay = 0], then
Yor+1 = 1 with certainty.

We have verified that the assumptions of Lemma 3.4, part 2 are satisfied by (Y1,...,Yr); we
infer that if i €, [T,

1
Pr[Y; ¢ [.99,1.012] < +1.1-2'%¢ = t(> +1.1-2%¢ .

Recall that T' = 2t is even. If we instead choosei €, {1,3,5,...,T—1}, and then select i’ €, {i,i+1},
then i’ is uniform over [T] and we get the same bound for Pr [Y;, ¢ [.99,1.012]]. It follows that

216 1n (1
n(1/)

Pr [Yl ¢1.99,1.012] v Y;,, ¢ [.99,1.012]] < 1.1-2Y7¢

Now, note that j := i/2 is distributed as a uniform element in [t], and that the relations

Bi—1 Q;j
LBl >0, Vo= (52} v, o= (-
-1, Bj-1 i (Oéj—1 i+1 Bi_1

hold whenever oy > 0, which happens with probability at least 1 — (. Finally, if oy > 0 then
Bj—1 > 0 and (ﬁ?jl) < 1. So Eq. (4) holds with probability at least

2161 (1/q)
ALY

1 —218¢ .

This proves part 1 of the Lemma.

(2) First, suppose we run the alternative experiment Expt(®), which samples (v’,j’) according
to © rather than ®©’. Now, after conditioning upon any outcome [v’ = v] of the first component,
the index j remains uniform over [¢t] (by property (a) of ®). Also, C is a (1, g)-input-confident
direct-product solver for f®! with respect to the input distribution D,,. Thus we may set D := D,
and ¢ := 0, and apply Lemma 3.5, part 1 to find that the probability that Eq. (5) holds is at least
1 — 2°I0/9)  Thyg in Expt(D), BEq. (5) holds with probability at least 1 — 2-120/@),

- pt(D), Eq p y ;

Now let I, I’ be the indicator variables for the events that Eq. (5) holds in Expt(®), Expt(D’)
respectively. Note that the two experiments are identically defined, except that the first draws a
single sample from © while the second draws a sample from ®’. Thus, |[I —T|| .. < [|D —D||u <

7, using property (b). This proves part 2 of the Lemma. O
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3.4 Analysis of worst-case direct-product solvers: the key experiment

Lemma 3.6. Fiz n,d,t, M € N* and q € (0,1],¢ € [0,1]. Let f:{0,1}" — {0,1}% be a function,
and let D be a distribution over {0,1}"™. Suppose the probabilistic circuit C' is a worst-case q-direct-
product solver for f& with respect to the product input distribution D) gyer {0, 1}t Consider
the following experiment Expt*(D):

1. Let u € {0,1}"™ be sampled according to D, and let j €, [t];
2. For each j € [t]:
(i) let sj €, {2,3,...,M +1};
(i1) Define a multiset S; over {0,1}", obtained by drawing s; independent samples from D;
(iii) Let S'j =S, U{u} if j=]j; otherwise let S'j =5j;
(iv) Letyl €, S;;
(v) Let y7 :=u if j=j; otherwise let §7 := y7.

3. Define the random variables

Qp, 1, ..., 0 ﬂ()v/Bl)"'?ﬁt—la &07&17"'7dt) 1807/817"'7515—1 )

by the rules

aj = Pr [C(yl,...,yt) 18 j—valid‘ Sl,SQ’...,St,y17...7y‘j:| ,
Qj = Pr[

ciy, ... ¥9h isj—valid‘ Sl,SZ,...,St,yl,...,yj] ,
Bj = Pr [C(yl,...,yt) is j-valid ‘ 5’1,5’2,...,St,yl,...,yjH] ,

B; = Pr {C(f,...,grt) is j-valid ‘ Sl,gg,...,S’t,yl,,”’yjﬂ]

216 1n(1
72( /a) _ ﬁ, we have

Bi1 %
(ajl) € [.98,1.02] and (5}—1) € [.99,1] . (6)

Proof. We aim to apply part 2 of Lemma 3.5 to the sequences ézo,...,dt,ﬁg, e ,Bt. Let S,S
denote the random tuples (S*,...,S*) and (S, ..., S5%) respectively. Let ® denote the distribution
governing the tuple (S, j), and let ®" denote the distribution governing (S,j). Each ¢-tuple B =
(Bi, ..., By) of multisets over {0, 1}" naturally defines a distribution D3 over elements (z',...,z") €
{0,1}™** namely, the product distribution that independently chooses z’ €, Bj for each j.

The random variable j is uniform over [¢] and independent of S, so condition (a) of Lemma 3.5,
part 2 is satisfied by ©. For condition (b), note that S is not fully independent of j. However, we

~

will show that (S, j) is quite close in distribution to (S, j):

Then with probability at least 1 —
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Claim 3.7. H(Sl,...,ét,j)—(Sl,...,st,j)H < L.

stat

Proof. We use a coupling argument. First, we generate a Eandom multiset Sy consisting of 2
independent samples from D. Now define a random multiset S by letting

& Sy ifs; < M+1,
So ifs; = M+1.

Note that |S| is uniform over {2,3,..., M + 1}, and its elements are distributed as independent
samples from D. Thus, if we form the random tuple

(S15--,85-1, 5, Sit1s -5 S, 3)

we see that it is identically distributed to (Si,...,Sj,...,5:j). Also, we have S = S'j unless
sj = M + 1, which happens only with probability ﬁ; and we always have S’j = §j for all j # j.
This proves our Claim. O

Thus condition (b) is satisfied by D, D’ with v := 7.

Observe that, after conditioning on S, the sequence (y!,...,y?) sampled in Expt*(D) is dis-
tributed precisely according to Ds. Similarly, after conditioning on S, the sequence (y!,...,y) is
distributed according to ﬁg. We can therefore combine part 2 of Lemma 3.5 with Claim 3.7 to find

that, with probability at least 1 — w — ﬁ over Expt* (D), we have

(?j‘l> € [.99,1.012] and (fij ) e .99,1] .
Q-1 Bj—1

Next we will need the following simple but important claim:

Claim 3.8. With probability 1 we have

“ 1 ﬁA T Sj
a-i — —_—— . s . a-i .
-l 55+ 1 ! 85+ 1 -1

Proof. Consider any outcome of Expt* (D), which is fully determined by the values of the random
variables

(Slv~~-7St7y17"'7yt7j7u) = (Sik7"'7S£kay17"'7yt7j7u) .

Under these conditionings, observe that &;_; equals the probability that the output of the compu-
tation C(y!,...,y7 "1 27,27 .. 2!) is (j — 1)-valid, where

(), 27", ... 2") & ((S;uf{u}) x Siyx...x5)).
This distribution on (z7,2/!, ..., 2z!) can be equivalently realized as follows:
L. First, let a €, [s; + 1] (noting here that s; = [S¥|);
2. If a = s; 4+ 1, let 2/ := u and sample (2/*!, ... 2") €, (574 x ... x 5F); otherwise choose

- . ]
(2,271, 2") € (87 x Sty x ... x Sf).
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On the other hand, Bj—l equals the probability that C(y!, ..., /=1 u, 2/ 2742 .. 2%)is (j — 1)-

valid, where (z/t1,... 2!) €, (S}kﬂ x...xS7); and aj_1 equals the probability that C(y!, ...,y 71,

z), 271, 2') is (j — 1)-valid, where (27,...,2") €, (S} x ... x S}). Combining these facts with
our observations about &;_; yields the Claim. O

Now, suppose that
Bi—1 = 99-aG5-1,

which, as we have seen, occurs with high probability. Using Claim 3.8, this implies that

B L 5
> B 4 IR
99 T s+1 Ain si+1) N7

RIS AN S
.99 Sj+ 1 a1 Sj + 1 ’

Bj_l 9955
aj—1 — \100s; +1
This is greater than .98. By a similar calculation, if BJ <
Bio1 _ (10125 |

-1 1000$j —12

which is less than 1.02 since s; > 2. Combining our work, we conclude that with probability at
least 1 — w — ﬁ, Eq. (6) is satisfied. This completes the proof of Lemma 3.6. O

so that

which simplifies to

1.012 - @j—1 then

4 The main DPT for worst-case direct-product solvers

In this section, we prove:

Theorem 4.1. Let n,d,t € N*, with t > 100. Let q € (0,1], and let f : {0,1}" — {0,1}% be
a function. Suppose there is a probabilistic circuit C : {0,1}"*t — {0,1}%*t, such that C is a
worst-case q-direct-product solver for f&t. Assume that

t
¢ = exp <_3105> :

Then, there is a nondeterministic mapping circuit C* with n input bits and d output bits, such that
Fo«(u) = {f(u)} for every u € {0,1}", and for which

size(C*) < poly(size(C)) .

Theorem 1.2 from the Introduction follows from this more general result:
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Proof of Theorem 1.2. Let f = {f,} satisfy the hypothesis of Theorem 1.2. Suppose for contradic-
tion’s sake that there is a family of probabilistic circuits {C,} of size at most n* for some k > 0,
such that for all sufficiently large n and all z € {0,1}™*"),

0 = PCa) = @) = e (5 )
Then by applying Theorem 4.1, to sufficiently large values of n, we find that there is a family {C}}
of nondeterministic mapping circuits on n input bits, each with a single output bit, such that for
all w e {0,1}",

Fop(u) = {fa(w)},

and satisfying

size(C) < poly(size(Cy)) = poly(n¥) = poly(n) .
By Proposition 2.3, we conclude that f € NP/poly N coNP/poly. This contradicts our initial
hypothesis, proving the Theorem. O

Proof of Theorem 4.1. Let § := w. Note that § < .49 by our assumption on ¢g. As our main
technical effort in this section, we will prove the following lemma:

Claim 4.2. For any distribution D over {0,1}", there is a nondeterministic mapping circuit C' =
> that (1 — 6)-defines f with respect to D, and for which size(C") < size(C)* for some a > 0.

We defer the proof of Claim 4.2. Our Theorem follows from this Claim by a standard type
of minimax argument (following [Yao77]), which we give next. Consider the following two-player,
simultaneous-move, zero-sum game G:

e Player 1: Chooses an input u € {0, 1}";

e Player 2: Chooses a nondeterministic mapping circuit C’ with n input bits and d output
bits, for which size(C”) < size(C)%;

e Payoff to Player 2: A reward of 1 if Fev(u) = {f(u)}, or 0 otherwise.

By our Claim, for every mixed strategy u ~ D Player 1 may use, there is a pure strategy C7,
for Player 2 that gives expected payoff greater than .51 for Player 2. By the minimax theorem,
there exists a single mixed strategy C for Player 2 that achieves expected payoff at least .51 against
every pure strategy u for Player 1. This is a distribution over circuits of size at most size(C)®.
Fix any v € {0,1}". By Lemma 2.1, if we take H = O(n) large enough, and sample C1,...,Cy
independently from C, then with probability greater than 1 — 27", we have F¢,(u) = {f(u)} for at

least .505 - H indices i € [H]|. By a union bound, there exists a possible outcome C7,...,C}; for
which this occurs for every u € {0,1}".%

Let w, ..., wf denote the nondeterministic gate-sets for Cf, ... , C7; respectively (their lengths
may differ). We define C*, with input u € {0,1}" and nondeterministic gates w = (w', ..., w"), as

follows. C* first evaluates C (u,w’) for each i € [H]. If there is some z € {0, 1} such that at least
505 - H of the circuits C} accept with output value z, then C* accepts and outputs z; otherwise,
C* rejects. It is immediate from our construction that Fe«(u) = {f(u)} for each u € {0,1}", and
clearly we can achieve size(C*) < O (H - size(C)%) < poly(size(C)).'° O

9We remark that this step is an instance of the “strategy sparsification” technique of [LY94, Alt94].
10Recall here that size(C) > max{nt, dt}, since we count input and output gates towards the circuit size.
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Proof of Claim 4.2. Fix any distribution D over {0,1}". Our construction of the circuit ¢/ = C%,
will require some preliminary work. First, refer to the experiment Expt* (D) of Lemma 3.6, defined
with respect to D, C, n,d,t, f, and with M := [t/In(1/q)]. With the random variables «;, &;, 5;, ﬁj
as defined in that experiment, let us fix outcomes to the random variables

. 1 t
S1y---,5t, 817"'75757 by, .-y

that maximize the probability that Eq. (6) holds, where the probability is now taken over u ~ D.
Let A denote the collection of random variables whose values we are fixing, and let [A = )] denote
the particular setting we are making. When in Expt*(D) we condition on [A = A], Eq. (6) holds
. . 2161n(1/q) 1 (2'641)In(1/q) b i

with probability at least 1 — ——- — 57 > *=———-, which is > 1 — ¢ by our setting. Also,
under our conditioning, u remains undetermined and is distributed according to D.

Note that our settings determine outcomes to ao,...,as, Bo,...,B—1. The value aj+_1 > 0
in particular will be useful to us in defining our circuit. Abusing notation somewhat, we now
let s1,...,8¢51,...,5¢ ag,...,a¢, Bo, - .., PBt—1 denote the fixed outcomes to these variables. Let
j* € [t] denote the fixed outcome to j. For each j € [t], let

S; = { v beepsy

be an indexing of S; (with some elements possibly appearing multiple times, according to their
multiplicity in S;). We define a mapping ¢* : [t] — NT by the relation that, for our outcomes to
vy, ..., y!, we have

vyl = yjl*(j) )
As another important piece of non-uniform data in our construction, we will need to know the
values taken by f on yb ¢ . 4 LG For j e [7% — 1], we let

o= fpt Oy

Next we make some further definitions and observations. Suppose the probabilistic circuit C
uses R bits of randomness (we may assume R > 0, or else we would have ¢ = 1 and the Claim
would be a triviality). Recall that C9*(z!, ... at;7) : {0,1}"*E — {0,1} denotes C considered
as a deterministic circuit with random string r as part of its input. For any string u € {0,1}", we
define a wviable certificate for u as a tuple

w = (mj*+1,mj*+2, co, My, ’r‘) € [Sj*+1] X ... X [St] X {0, 1}R
for which the first (j* — 1) length-d output blocks of the computation

(et (yl,e*u),,”7yj*71,1f*(j*71)’ w, i Fmga gt 7,) (7)

equal (2%,...,29"~1). For such a w and z € {0,1}%, we say that w is a viable z-certificate for u if
the (%) output block of the computation in Eq. (7) equals z, i.e., if in this computation C' makes
the “guess” that f(u) L.

We fix some natural encoding of [sj+41] X ... x [s¢] x {0,1}® in which each element w has a
unique representation as a binary string in {0,1}"; here, we may take N < R + O(tlogy M) <
poly(size(C)). Let Vi, C {0,1}" denote the set of viable certificates for u, and for z € {0,1}%, let
V.7 C V,, denote the viable z-certificates for u. The sets V7 form a partition of V;,.
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Claim 4.3. Let us condition on [A = \] as above in Expt*(D). Then,

1. For the random variable u over {0,1}", the equality

t

Val = 2% T 5] B (8)
j=*+1
holds with probability 1.
2. Also, we have the equality
¢
‘VJ(“)) =22 I s a5 9)
j=j*+1
and therefore
f(a)
W
= = (10)
‘Vu‘ /6j*—1

Proof. (1) Condition further on any possible outcome [u = u] in Expt* (D). Together with our
prior conditioning [A = )], this determines the values of Si,...,S5,d1,..., &, P1,..., 0. Under
this conditioning, we see from the definition that

By = Pr {C(yl,...,yt) is (j* — 1)-valid ’ Sl,SQ,...,ﬁt,yl,...,yf*] (11)
= Pr [C(yu*(l), .. ,yj**l’é*(j**l), u, v ,vl) is (5% — 1)-valid } , (12)

where we sample (v/"*1 ... vl) €, Sj-11 x ... x S; (and where validity is with respect to f).
Here, Sj«41,...,S; are our fixed values under [A = )], and the probability in Eq. (12) is taken over
vi"+1 . vt and over the random bits r used by C.

Let us calculate the probability in Eq. (12). The selection of (vZ *1, ..., v!) may be equivalently
performed by choosing (mjri1,...,m¢) € [Sj+41] X ... X [s¢], and setting v/ := y?™i for j €
{j*+1,...,t}. There are (H;‘:j*+1 sj> - 21 possible outcomes to (mj«41,...,my, ), each one
equally likely. The outcomes that cause the computation indicated in Eq. (12) to be (5% — 1)-valid
are, under our definition, precisely those for which

(Mjeg1,...,me,1) € Vi .
Thus, under our conditioning [u = u] we have

t
Vi . R

- L ul , ie., V| = 2F H si | Bix—1 .
2 <Hj=j*+1sj> j=3"+1

As u was an arbitrary outcome to u, we have proved part 1 of the Claim.

Bjr—1 =
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(2) Condition again on any possible outcome [u = u] in Expt*(D). Then we have

aj- = Pr [C(yl, YY) s jrvalid | 81,8, ..., 8,3 yj} (13)
= Pr [C(yl’e*(l), oy TEGTED T ,vl) is (j* — 1)-valid } , (14)
where again (v/" 1 ... vt) €, Sjx11 x ... x S;. Let these v/ be generated by (mj«i1,...,m;) just

as in part 1. The outcomes that cause the computation in Eq. (14) to be j*-valid are exactly those
for which the following two conditions hold:

L (mjeq1,...,mg,7) € Vi

2. The (5%)" output block of Cdet(yLt* (M) g™ =LEG" =1 gy vi™+1  vtr) equals f(u).

These outcomes are exactly those for which (mj«i1,...,my,7) € Vuf @ Then by a calculation
following that in part 1, we can verify that Eq. (9) holds under [u = u]. As u was arbitrary, Eq. (9)
holds identically. Combining this with part 1 gives Eq. (10). O

We have chosen the settings [A = A] so that Eq. (6) holds with high probability over u ~ D.
Using Claim 4.3, this implies that ‘VJ (u
certificates for u correctly guess f(u). Furthermore, by both parts of Claim 4.3 and the first

>‘ ~ |Va| with high probability, ie., almost all viable

condition of Eq. (6), both of v, |Va| are (with high probability) approximately equal to p :=
2R <H§'=j*+1 sj) aj«_1; this latter quantity is determined by the setting [A = A], and does not

depend on u.

This motivates our strategy for building a nondeterministic mapping circuit to compute f on an
input u sampled from D. First, we choose a random hash function h from a strongly universal hash
family with domain U := {0,1}*" (identified with F'), and with a range space of size determined
by p. We consider an element of U “dead” unless it maps to the all-0 vector under h; our aim
is to “kill off” all of the viable certificates making incorrect guesses for f(u), while leaving alive
some viable certificate that makes a correct guess. Corollary 2.7, combined with our control on the
sizes of |V, ’V.f(u)
Nondeterminism will then allow us to guess and verify a live, viable certificate.

To make this strategy succeed with the required probability, we will perform repeated trials,
selecting multiple hash functions and taking a majority vote over the trials. In the end we will
remove the randomness in these trials and apply Lemma 2.8 to obtain our final nondeterministic
circuit.

Let

, makes it possible to ensure this outcome with reasonable success probability.

K := [logyp—4] ,
and let
HNE = { hA,viFéV _>F§ }AefoN,UEFg

be the strongly universal hash family given by Proposition 2.5. Note that K = O(R + Mt) =
O(R+t?) < poly(size(C)). Under our setting [A = )], say that ha, € HVK is good for u € {0,1}"
if

0% € haw (V)| U haw (%)
(W)
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Say that a string u € {0,1}", contained in the support of D, is favorable, and write u € Fav, if
Eq. (6) holds under [A = A\, u = u]. By our choice of A we have Pry.p[u € Fav] > 1 — 0.

Claim 4.4. Suppose u is favorable. If (A,v) €, FfXN X Iﬁ‘é(, then
Prlha, is good for u] > .75 .

Proof. Define the set
e = ) Ve
z#f (u)

Under the conditioning [A = A\, u = u] in Expt*(D), which defines outcomes to Bj*,l, G, part 2
of Claim 4.3 tells us that

f(w)
Vu B d]*
[Vl Bjx—1
As u is favorable, this implies
Vuf(u) lvwrong
€ [99,1], andso  ——— < .01. (15)

Next, part 1 of Claim 4.3 combined with Eq. (6) tells us that

1% v, 3 u_
Val _ t Val = BJ' L ¢ [98,1.02] . (16)
’ 2% <Hj=j*+1 SJ'> Qjx—1 @gr-1
Define real numbers 6, 6" by the relations
’Vu‘ — H'QK, ’Vuwrong’ — 9/'21( .

By Egs. (15)-(16) and our setting K = [log, p — 2], we have the bounds
6 > 8-98 > 7, 0 <16-1.02 < 17, o < .016 .

We apply Corollary 2.7, with U := F)',Uj;y := V,, and Ug;y := Vi "¢ (there is no requirement that
Uy, Uiy be disjoint) to find that

(Er) (0% € haw (Vi) \ hay (V™€) > 1-6071—.10 > .75,

where we used the fact that 1 —2~1 — .01z > .75 for « € [7,17]. Thus hay is good for u with
probability greater than .75. This proves the Claim. O

Let T := 40n. We consider T-tuples
E = (hAl?vl, . 7hAT,'UT) € (HN’K)XT .

Suppose we select the functions (A% v?) independently as (A% v') €, F 5 XN FX. For any u €
{0,1}™, let
XT(u) = Z 1 [h i i is good for u]
i€[T]
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Fix attention to any favorable u. By using Claim 4.4 and applying Lemma 2.1 to X+ (u), we find
that with probability at least 1 — exp(—2(.15)%-T) > 1 — 272",

Xi(u) > 6T . (17)

Taking a union bound, we conclude that with probability at least 1 — 2" - 272" > 0, Eq. (17) holds
for every favorable u € {0,1}". Thus there exists a choice

h = (hi,...,h3) = (hai g, har 1)

such that Eq. (17) holds for every u € Fav.

We are now ready to construct our circuit C’ promised in the statement of Claim 4.2, by
appealing to Lemma 2.8. First, each hash function A} is determined by the values (N, K) and
the pair (A%, v%), which can be specified by O(KN) bits. Using this description, we can directly
compute h}(w) for a given w € {0, 1}V using O(KN) gates, as needed.

Let us next consider the problem of testing membership in the sets V,, V;?. Our encoding of
elements of [s;«y1] % .. x [s¢] x {0, 1}¥ as strings in {0, 1} can be explicitly defined given the values
Sj*41,-..,5¢, and these are specifiable with O(tlog, M) = O(tlogy t) bits. The multisets Si,...,S;
we used, and the distinguished elements y>¢ (... ¢yt ) are specifiable with O(tMn) = O(t?n)
bits; given these sets, we can efficiently determine whether w is a well-formed representative of an
element of [sj+41] % ... x [s¢] x {0, 1} and, if so, map it to the input to C9° it represents under the
correspondence presented in Eq. (7). By performing this mapping, evaluating C9°* on the resulting
input, and comparing its output to the hard-coded values 2',...,27" "1, we can determine which
set V.7 (if any) contains a given w € {0, 1}"V. This can be performed by a circuit Cyies;(w, u) with
at most size(C') + poly(n + d + t) < poly(size(C)) gates.

Thus, we may apply Lemma 2.8 to obtain a nondeterministic mapping circuit CT on n input
gates, of size size(C') < poly(size(C)), such that Fot(u) = {f(u)} for every u € Fav. Recall that
Pry.plu € Fav] > 1—6. Thus CT (1 — §)-defines f with respect to D. So we may choose CT as our
desired circuit C’, finding that size(C') < size(C)® for an appropriately large a > 0. This proves
Claim 4.2, completing the proof of Theorem 4.1. O

5 The success probability of SAT solvers

For k € N*, a k-CNF is a Boolean formula ¢ of the form ¢ = A, D;, where each D; is a disjunction
of exactly k terms; here, a term is a literal or negated literal.
In this section we prove:

Theorem 5.1. [Theorem 1.5, restated] Let v € (0,1). Suppose there is a PPT algorithm Psoyer
that, when given as input a description of a satisfiable 3-CNF formula ®, of description length
|(®)| = N, outputs a satisfying assignment to ® with probability at least q(N) := 27N,

Then, NP C coNP /poly.

We will need the following straightforward lemma.

Lemma 5.2. There is a deterministic polynomial-time algorithm M that takes as inputs descrip-
tions of 3-CNF formulas ¥, 0%, ..., ¢t and a value s > 0, and outputs a 3-CNF formula U'®) that
is satisfiable if and only if at least s of the v;’s are satisfiable. Moreover, U contains designated
variables y = (y1,...,y;) such that for each j € [t], if U has a satisfying assignment with y; set

to 1, then 17 is satisfiable. If 17 has m; clauses, then ¥) has O (t =+ Zje[t} mj> clauses.
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Proof. Consider Boolean strings y of length ¢. It is a standard fact that for any s > 0 we can
explicitly (in polynomial time) construct a fanin-two Boolean circuit G*)(y) over {A,V,—} with
O(t) gates, that accepts exactly if the Hamming weight ||y||; is at least s.

Next we rename the variables of each ¢7 if necessary to ensure that for j # 5/, 17 and ¢/7’ contain
disjoint sets of variables. Let 7/ denote the input variables to ¥/. Then for each j we construct a
circuit H7(z7,y;) that accepts exactly if [y; = 0V 17(27) = 1]. This H’ can be implemented with
O(m;) gates.

Define a circuit F) (!, ...zt y) which outputs G (y) A (/\je[t] Hj(mj,yj)). Using Cook’s

reduction again, we derive from F(*) a 3-CNF formula W) (y;, ... 5, 21, ..., z7), such that &) (y, )
is satisfiable exactly if there are settings to z!,. .., 2! such that F(®) (x!,... 2, y) = 1. This is the
case exactly if [||y|[1 > s] A [Vj with y; = 1, ¢’ is satisfiable]. We have established the correctness
of our reduction. The number of clauses in ¥(*) is bounded by a constant factor times the number
of gates in F®), which is O (t + Zje[t} mj>, so ¥®) obeys the required size bound; and ¥(*) can

be constructed in polynomial time as needed. ]

The next lemma connects the task of satisfying 3CNFs to direct-product computations for
3SAT.

Lemma 5.3. Let Psover be a PPT algorithm that takes as input a description of a 3-CNF formula
®. Assume that there is a nonincreasing function

q:N—(0,1],

such that, whenever ® is a satisfiable 3-CNF of description length N, Pioyer((¥)) outputs a satis-
fying assignment to ® with probability at least q(N).

Then there is a PPT algorithm Piecider that takes as input an arbitrary-size list ((1), ..., (¥?))
of descriptions of 3-CNFs, and oulputs a length-t Boolean string v = (v1,...,v), giving guesses
for the satisfiability status of each ', i.e., for the values (X3SAT(<¢1>)7 .. ,ngAT(<1/Jt>)).

Pyecider has the following property: if each ¢’ has description length |(¢7)| = n, then for some
N = O(nt - logy(nt)), we have

q(N

Pr [(v1,...,v) = (xsar((®h), ..., xsar((¥"))] > i

~—

~+

Proof. Pyecider first guesses a value s €, {0,1,...,t}. It then constructs the formula ¥(*) defined
by (', ...,1% s) as in Lemma 5.2, and applies Psolyer tO (‘I/(S)>. If Psolver Teturns a satisfying
assignment to ¥ with setting (y1,...,y) to the y-variables, then Pyeciger outputs (vi, ..., v;) :=
(y1,-.-,yt). Otherwise Pyecider S€ts v1, ..., vy arbitrarily.

Piccider is clearly polynomial-time. We analyze its success probability when given as input
descriptions of 3-CNFs !, ... 4!, each of description length n. Let S C [t| denote the set of
indices j for which v/ is satisfiable. With probability at least t%, Piecider sets s := |S|. Let us
condition on this event. Now W(®) is satisfiable, and (by our guarantee on the y-variables from
Lemma 5.2) is satisfiable only by assignments for which ||y|[; > s while y; = 0 for all j ¢ S. For
such assignments, we have (y1,...,y) = (XssAT(Wl)), R ngAT(Wt})).

Thus, Pjecider Succeeds provided that Piojyver finds a satisfying assignment to \Il(s); by the success
property of Psver Occurs with probability at least g(N), where we define N as an upper bound
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on the description length [(¥(®))|. (Here we are using that ¢(-) is nonincreasing.) We may take
N = O(nt - logy(nt)), since ¥() has O(nt) clauses. Overall, our success probability is at least
q(N)/(t+1). This proves Lemma 5.3. O

Proof of Theorem 5.1. We apply Lemma 5.3 to Pilver, ¢(-) to obtain a second PPT algorithm
Pyccider as described in that Lemma. Fixing any values of n,{, we can construct a probabilis-
tic Boolean circuit Cp 4 : {0,1}"** — {0,1}" such that on input ((11),..., (®%)) € {0,1}"*¢ the
circuit C,; simulates an execution of Pyecider 0on input ((¥1),..., (!)). Here, we may ensure
size(Cp¢) < poly(n + t) by using any standard translation of algorithms to circuits. From the
property of Piecider guaranteed by Lemma 5.3, we find that C,,; is a worst-case ¢’-direct-product
solver for (yssaT|=n)®", where

q/ _ Q(Kntt' }ng(nt)) _ 2—(nntlogQ(nt)’V)'Y—logQ(t+1)’ (18)

for some absolute constant x > 0.
Let p := 27/(1 — 7); we now fix ¢ := [n”]. Then (nt -logy(nt))? = O (n(1+P)7 - log,(nt)7) =
0 (n7(1+7)/(1_“’) -logy(nt)7) = o(n”). Also, logy(t + 1) = O(logyn) = o(nf). Thus, for sufficiently

large n we have

t
(knt - logy(nt))” +logy(t+ 1) < 3105’

so that, using Eq. (18), we have

/ —t/(3-10° —t

g >27 )ZeXp<w)-
We can therefore apply Theorem 4.1 to Cp ¢, with f := x35aT|=n, to obtain a nondeterministic
mapping circuit Cj; on n input bits, such that Fo:((¢))) = {xssar({(¢))} for all formulas v of
description length n, and for which size(C*) < poly(size(Cyt)) < poly(n +t) < poly,(n). It
follows from Proposition 2.3 that 3SAT € coNP/poly. As 3SAT is NP-complete, this proves the
Theorem. O

6 The DPT for sampleable distributions

In this section we prove:

Theorem 6.1. Let n,d,t € Nt with t > 100. Let f : {0,1}" — {0,1}¢, and let ¢ € (0,1]. Let
D be a distribution over {0,1}" sampleable by a probabilistic circuit Cp _samp. Suppose there is a
probabilistic circuit C : {0,1}"** — {0,1}, such that C is a q-direct-product solver for f' with
respect to D®?.

Let e € (0,1), and assume that

312/
q > exp (— o (19)

then, there is a nondeterministic mapping circuit C¥ on n input bits that (1 — €)-defines f with
respect to D, and such that

size(C7) < poly (size(C) + size(Cp-samp)) -
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In the size bound on C} above, there is no hidden dependence on €. This result readily implies
Theorem 1.3:

Proof of Theorem 1.3. Let f = {f,} satisfy the hypothesis of Theorem 1.3. Suppose for contradic-
tion’s sake that there is an infinite set S C N, and a family of probabilistic circuits {C),} of size at

most nF for some k > 0, such that for all n € S and all x ~ Df?t("),

53/2 n
¢ = PriCu(x) = [ (x)] > exp (mst()> -

Let {Csamp,n} be the polynomial-sized sampling circuit family, assumed to exist, for which Csamp,n
samples D,,. Suppose size(Csamp,n) < n¥'. Then by applying Theorem 6.1 to each n € S, we find
that there is a family {C}; . }nes of nondeterministic mapping circuits on n input bits, each with
a single output bit; for each n € S, Cy; . is a circuit that (1 — &,,)-defines f,, with respect to D,
and satisfies

size(Cy, ., ) < poly(size(Cy) + size(Csampn)) = poly(n* +n*') = poly(n) .

This contradiction to our hypothesis proves the Theorem. O

6.1 A “confidence-building” lemma

Our first step toward proving Theorem 6.1 will be to give a reduction which converts a direct-
product solver into an input-confident direct-product solver. This will occupy us in Section 6.1,
where our goal is to prove the following lemma.

Lemma 6.2. Fiz n,d,t € N* and q € (0,1]. Let D be a distribution over {0,1}", sampleable by
a probabilistic circuit Cp samp with s non-output gates. Let f: {0,1}™ — {0,1}¢, and suppose the
deterministic circuit C' is a q-direct-product solver for f&' with respect to the input distribution D"
over {0,1}"%¢,

Fiz any t' € [t]. Let k:= |t/t'], and let ¢ == \/(2In2)logy(1/q)/k. Assume that ¢ < 1. Then
there is a probabilistic circuit

C:{0, 1} = {0,1}* |
satisfying

size(C) < size(C) + st ,
such that C is a (1 — ¢, .5q)-input-confident direct product solver for & with respect to the input
distribution D®'' .

Note the requirement that the reference input distribution be efficiently sampleable.

If D is the uniform distribution on {0, 1}", then for Cp _samp We may take a circuit all of whose
n gates are designated both as random gates and as output gates. Then s = 0, and for the circuit
C obtained from Lemma 6.2 we have size(C) = size(C). The added efficiency of the reduction in
such cases is not important for our main results; we merely point it out.

For our work in proving Lemma 6.2 we will need some additional definitions and facts. Suppose
B is a finite set, k > 0 is an integer, and 7 is a (possibly non-product) distribution over B**. For
i € [k], let 7)) denote the distribution over B governing the it coordinate of 7. Also, if A C B*¥
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is assigned nonzero probability by v, we let 74 denote the distribution of a random variable u ~ v
after conditioning on [u € A]. If 7(A) = 0 then 74 is left undefined.

We will use the following well-known, non-symmetric measure of difference between random
variables (see [CT06] for more information).

Definition 6.3 (KL divergence). The (binary) Kullback-Leibler divergence, or KL divergence
between two distributions R, R’, denoted Dy, (R||R’), is defined as follows. If supp(R) C supp(R'),
set

DrL(RIIR) = 3 Riz)-log, <77§<é>)>

zesupp(R)

otherwise set Dy, (R||R') := +o0.

Fact 6.4. [Raz98, Special case of Lemma 3.3] Suppose u is a distribution over a finite set B. Let
k>0, and let 7 be any distribution over B**. Then,

Dk, (fHum) > > Dxr (f(i)llu) -
1€[k]

Fact 6.5. [Raz98, Lemma 3.5] Let B be a finite set, k > 0, and suppose T is any distribution over
B>k Suppose that V C B** satisfies w(B) > 0. Then,

Dy (Tal[™) = —logy(m(A4)) -
The next corollary follows a similar use of Lemmas 6.4 and 6.5 in [Raz98].

Corollary 6.6. Let p be a distribution over the finite set B, and k > 0. Suppose that A C B**
satisfies p®*(A) > q > 0. Let us use the notation U := (u=*) 4. If we let

% = DkL (f(i)HM) ;
e L (i)
k i€[k] e k ‘
Proof. First, Lemma 6.5, applied to 7 := u®*, tells us that
Dxr (?Hum) = Dxu (Tal[T) = —logy(u®(4)) < logy(1/q) .

Next, Lemma 6.5 tells us that Zie[k] ~v; < Dx1, (ﬂ| \u®k). Combining these facts gives the result. [

We will also use the following important relation between KL divergence and statistical dis-
tance [CT06] (see Lemma 11.6.1, p. 370).

Lemma 6.7 (Pinsker’s inequality, stated for binary KL divergence). For any random variables
YAVAR

2
DENZ) 2 s 17 = 2
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Lemma 6.8. Let B be a finite set, and p a distribution over B. Let k > 2 be an integer and let
A C B**. Suppose that A is “large” according to the product measure p®*; that is, u®*(A) > q for
some q € (0,1].

Consider the following experiment Expt!(y):

1. Sample b = (b',... bF) ~ u®*;
2. Fori € [k], define 7i, a random variable in [0,1] determined by b, by

b |

7 = Pr [(bl,...,bk) €A

For i € [k], let {; := Pr[r; < .5q]. Then,

%Zg < \/(21n2)w.
1€[k]

In particular, there exists an i € [k] with ¢; < \/(21n2)logy(1/q)/k.

Proof. We will prove that for any i € [k],

G < /(2n2) D, (7] |1) .

It will follow that

X6 < Y Venapa () < S D (90 < \flenn el
1€[k]

ic[k] i€[k]

where in the last two steps we used Jensen’s inequality and Corollary 6.6. This will establish the
Lemma.

So fix attention to some i € [k]. For notational simplicity, let us assume ¢ = 1; the other cases
are handled identically. Define

o ) 2 k r_ 1 kY .ol )
B : {beB.(bQWb]};zM@(M (b,b2,...,b )eA} <.5q}, A= AN{(bY,...,b") bt € By},

and observe that we have
G = u(Bgy) -

Also, it follows from the definition of 7 = (u®*) 4 that we have

,U«®k (A/)

_
7 (B) = WER(A)

(20)

The numerator on the right-hand side of Eq. (20) is at most u(By)) - (:5¢) by definition of By,
while the denominator is at least ¢, by our assumption on A. Thus,



which implies that
7Y — pllstar > Su(By) - (21)

On the other hand, Lemma 6.7 tells us that

||ﬁ(1) — ptlfstat < 9

\/ln2 - Dk, (ﬁ(Z)HM)

Combining this with Eq. (21) gives

G = ulBy) < /2 Dk, (79]|) |
as claimed. This proves Lemma 6.8. 0

Proof of Lemma 6.2. First we make a definition. Let (x!,...,z") denote the t blocks of input
variables to C, with each 27 consisting of n bits. Given a pair U,V of disjoint subsets of [t], with U
nonempty, and given a mapping ® : V — {0,1}" describing an assignment to the blocks (z7 )jev,
define a probabilistic circuit

CU,V,<I> : {O, 1}”X|U| — {0, 1}‘U| ,

obtained from C, as follows. First, each input block 2/ with j € V is fixed to the assignment ®(j).
Next, if the designated output gates of C are

{ g;':e }jE[t},eE[d] )

where g7 tries to compute the et bit of f(z7), then the output gates of Cyy.¢ are {9} e tievecla)-
Finally, for each of the blocks (z7) jel\(Uuv), We construct a separate copy of Cp _samp, and identify
x? with the output gates of the corresponding copy of Cp_samp. The inputs to each such copy of
Cp _samp are regarded as random gates in Cyy,¢; the blocks (mj) jeu are left as the designated input
gates of Cyv,e.

Our plan is to take C := Cy+ v+ o+, for suitably chosen (U*, V*, ®*). As a first step, note that
we may write ¢t = kt’ + ¢, for some 0 < £ < t'. Set V* := {j : kt' < j < t}, a possibly-empty
set. For any ® : V — {0,1}", let go € [0,1] be the maximal value such that Cypy+ v+ o is a
go-direct-product solver for f®(t*£) with respect to the input distribution D®t0. By averaging
over settings to ® induced by outcomes of D% to (27) jev+ and applying our assumption on C, we
conclude there exists a ® such that gp > ¢. Let us fix ®* as any such mapping.

Next, for ¢ € [k], let U; be the interval {(i — 1)k +1,..., (i — 1)k + '}, so that |U;| = ¢’ and the
sets Uy, ..., U, V* form a partition of [t]. We will choose U* as one of our sets U;, and will apply
Lemma 6.8 to find a choice of i with good properties. Define the finite set B := {0, 1}””/, and the
distribution p := D®! over B. Define

A=z = 2™) € {0, 11N Cpye v 00 (@) = (fla),en o f@))

Note that, as ([t] \ V*) U V* = [t], the circuit Cp\y+y+ o+ is deterministic (no copies of Cp_samp
are introduced), so that A is well-defined. We may regard A as a subset of B; by our choice of ®*

we have
pEr(A) > q.
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Lemma 6.8 tells us that there is an i* € [k] for which, if we choose (b!,...,b*) ~ u®¥ then with
probability at least 1 — y/(2In2)log,(1/q)/k = 1 — ¢, we have

Pr|(b',...,bF)e A

bi*] > .5q .

Thus, if we modify Cjy\ v« v+ ¢+ by supplying all blocks (27) j¢U«uy+ With an independent random
sample from D (not considered as part of the input), and by using {9;,e}jeUi*,ee[d] as the designated
output gates, we obtain a (1 — (,.5¢)-input-confident direct-product solver for 2 with respect
to the input distribution D over the remaining input blocks (z7 )jeu,.. Now observe that the
modification we have just described is precisely implemented by Cy,, v+ o+. This circuit has at
most size(C) + st gates, since we have obtained it from C' by fixing some input gate values, adding
fewer than t copies of Cp_samp (With output gates of these copies identified with gates in C), and
changing the designated type of other gates. This proves Lemma 6.2. O

6.2 A DPT for input-confident direct-product solvers

In the previous section we showed how to endow direct-product solvers with the input-confidence
property; in this section we will show how to exploit this property. The DPT we show here for
input-confident direct-product solvers may also be of interest in its own right. We prove:

Theorem 6.9. Fiz n,d,t' € NT and ¢ € [0,1),¢' € (0,1]. Let D be a distribution over {0,1}",
sampled by the circuit Cp samp- Let f:{0,1}" — {0,1}2. Suppose the probabilistic circuit C' is a
(1 = ¢, q)-input-confident direct-product solver for f®t/ with respect to the input distribution Dt
over {0,1}"%,

Let § := % + 218¢. Then there is a nondeterministic mapping circuit C' : {0,1}" —
{0,1}? that (1 — §)-defines f with respect to input distribution D, and such that

size(C") < poly(size(C) + size(Cp_samp)) -

Proof. Let X = (x!,... xP) ~ D Let ag,...,ar, Bo,...,Bv_1 be as in Definition 3.2, defined
with respect to C, f, and X. Let j €, [t'] be sampled independently of X. Now let us fix a j* € [t/]
and settings

=75 x' =y =y (22)

that maximize the probability that Eq. (4) holds. Let A denote the collection of variables whose
values we are setting, and let [A = A] denote the event described in Eq. (22).!! By Part 1 of
Lemma 3.5, Eq. (4) holds with probability at least 1 — § after conditioning on [A = A]. Our
setting [A = A] determines the value of aj+_1 > 0, but (in general) do not determine fj«_1, cjx.
Also, under our conditioning, x7", ..., x" remain undetermined and are distributed as independent
samples from D.

For j € [j* — 1], let

"Note, here and in what follows, that our notation indicates a similarity with our work in the proof of Claim 4.2,
but that significant differences are also present. For example, our setting [A = A] here plays an analogous role to the
setting [A = )] in that proof, but the random variables being fixed are different.
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Suppose that the circuit C' has R random gates, and that the sampling circuit Cp _samp uses Rsamp
random gates; we may assume R, Rgamp > 0. For any u € {0,1}", we define a viable certificate for
u as a tuple

for which the first (j* — 1) length-d output blocks of the computation

CdEt <y17-'~7yj*717 u, CD-samp(Tj*Jrl)w--7CD-samp(Tt/); T) (23)
equal (2',..., 27" ~1). Set
N = Remp- ' —7")+R.

We let V,, € {0,1}"V denote the viable certificates for u. For z € {0,1}¢, we say that w € V, is a
viable z-certificate for u if the (5*)! output block of the computation in Eq. (23) equals z. Let V.?
denote the viable z-certificates for w.

Claim 6.10. Let us condition on [A = A] as above. Then,

1. Defining the random variable u := x3 over {0,1}", the equality

Val = 2% 8- (24)
holds with probability 1.
2. Also, we have the equality
V™| = 2V, (25)
and therefore .
I o
Vi = B 2

Proof. (1) Condition further on any possible outcome [u = w]. Under this conditioning, we see
that

Bj+—1 = Pr [C(Xl, CxP) s (55 = 1)-valid | x', ... ,Xj*:| (27)
= Pr [C(yl,...,yj*_l, w, v VY s (5 — 1)-valid } , (28)
where validity is defined with respect to f, and where we sample v7" 1, .. vt independently from

D. Equivalently, in Eq. (28) we may regard vJ"t1, ... v! as being sampled by independent copies
of Cp_samp- Now we may regard the probability in Eq. (28) as being taken over uniform random

seeds 7" F1 .1t to (' — j*) copies of Cp_gamp, and over a uniform setting r € {0,1}% to the
random gates in C.

There are 2fsampx(t'=i")+1 oqually-likely outcomes to (77"t ... r¥ r). The outcomes that
cause the computation indicated in Eq. (12) to be (5% — 1)-valid are, under our definition, precisely
those for which (r/"+1 ..., ' r) € V. Thus, under our conditioning [u = u] we have

PR |7 B |
71 T SReampx(V—j*)+R 9N -
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This proves part 1 of the Claim.

(2) Condition again on any outcome [u = u|. Under this conditioning, we see that

aj« = Pr [C(xl, . ,Xt,) is j*-valid | x!, ... ,Xj*:| (29)

= Pr {C(yl,...,yj*fl, u, vj*H,...,vt,) is j*-valid } , (30)

where we sample vJ 1 .. ,vt/ independently from D; these may again be regarded as sampled
by independent copies of Cp _samp, With random gate-sets ri L . rt. Again let r denote the
random gates of C. The settings to (r/ *1, .. .,rt/,r) that cause the computation in Eq. (12) to
be j*-valid are exactly those for which (r/" 1, ... ¢t r) € Vi@, Thus, conditioned on [u = u| we
have o« = |V, |/2V. This proves part 2. O

Next, let K := [(IN —4) +logy(aj+—1)], and let

NEK . =N K
HOR = haw By o By} cpoon e

be the hash family given by Proposition 2.5. Under the setting [A = )], say that ha, € HME is
good for w € {0,1}™ if

0 € hay (VIO U b (V)
z#f (u)
Say that a string u € {0,1}", satisfying D(u) > 0, is favorable, and write u € Fav, if Eq. (4)
holds under [A = \,x?" = u]. By our choice of \, we have Pry.p[u € Fav] > 1 — 4.

Claim 6.11. Suppose u is favorable. If (A,v) €, IF?XN x FI, then
Prlha, is good for u] > .75 .

Proof. Define
vyrens = ) vz
z#f(u)

Under the conditioning [A = A, x/" = u], which defines outcomes to 3j+_1, o+, part 2 of Claim 4.3
tells us that

flu)
[Vl Bj—1
As u is favorable, this gives
f(u)
e € [.99,1] and so M < .01
[Vl S Vol 7

Next we combine part 1 of Claim 6.10 with Eq. (4) to find that

Vul B
2N . Qg1 Qjx 1

€ [.99,1.012] ;
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we also have 25 € 274 . 2Vqy 1,273 . 2V 4], so that

|4 Ve

6= Si € [8-.99,16-1.012) C [7.17]  and ¢ =" < 016,

We apply Corollary 2.7 with U := IFQ] Uy = Vi, and Ugyy == Vo '°"8: by the same calculations
used to prove Claim 4.4, we find that

(Er) (05 € hay (Vi) \ hay (V™008)] > .75

This proves Claim 6.11. O

Let T' := 40n. Suppose we select T hash functions (ha1 1,...,h AT’vT) independently, with
i i € HN. For any u € {0,1}™, let

X (u) = Z 1 [h i i is good for u] .
1€[T]

Consider any favorable u. By using Claim 4.4 and applying Lemma 2.1 to X (u), we find that
with probability at least 1 — exp(—2(.15)% - T) > 1 — 2727,

X*t(uw) > 67T . (31)

Then with positive probability, Eq. (31) holds for every favorable u € {0,1}". Thus there exists
some choice

h = (hi,....,h}) = (hAlﬂ)l,...,hAT’,UT)

such that Eq. (31) holds for every favorable u.

We can now apply Lemma 2.8, just as in the proof of Claim 4.2. We note that under our current
settings, N, K, T < poly(size(C')+size(Cp_samp)), and each hash function A} can be evaluated using
O(KN) gates. The one novel element is that to check whether a string w € {0,1}" lies in the
set V,, (as defined here), and if so to determine which V,? contains it, now requires the evaluation
of Cp_samp on (t — j*) given random seeds, as in Eq. (23). The total number of gates needed for
Cvtest is polynomial in size(C') + size(Cp-samp). We obtain a circuit C' of size < poly(size(C) +
size(Cp -samp)), such that Fgi(u) = {f(u)} for every u € Fav. As Pry.plu € Fav] > 1 -0, we
conclude that CT (1 — §)-defines f with respect to D, and is a suitable choice for C’. This proves
Theorem 6.9. O

6.3 Proof of Theorem 6.1

Theorem 6.12. [Theorem 6.1, restated] Let n,d,t € N*, with t > 100. Let f : {0,1}" — {0,1}¢,
and let ¢ € (0,1]. Let D be a distribution over {0,1}" sampleable by a probabilistic circuit Cp _samp-
Suppose there is a probabilistic circuit C' : {0,1}"*t — {0,1}, such that C is a g-direct-product
solver for f®' with respect to D®t.

Let e € (0,1), and assume that




then, there is a nondeterministic mapping circuit CF on n input bits that (1 — ¢)-defines f with
respect to D, and such that

size(Cr) < poly (size(C) + size(Cp_samp)) -
Proof. Let us set
t = |(t-loga(1/a)"?] .

From Eq. (32), it easily follows that we have 1 < ¢ < ¢. Thus we may apply Lemma 6.2 with our
choice of #/, to obtain a probabilistic circuit

C:{0,1}"" = {0,1}",

satisfying

size(C) < size(C) + size(Cp-samp) - t ,

such that C'is a (1 — ¢, .5¢)-input-confident direct product solver for f® with respect to the input
distribution D®!’; here,

(21n2) logy(1/q) [2log,(1/q)t! 2logy(1/q)¥/3 - t1/3 /2 -logy(1/q)%/>
‘<" \/ Lt/t’J2 = % = \/ ; t B t12/3 '

Next, we apply Theorem 6.9 to C, with ¢’ := .5¢; we obtain a nondeterministic mapping circuit
C':{0,1}" — {0,1}¢ that (1 — §)-defines f with respect to input distribution D, where

216 1n (2/q)
t/

5-10° logy(1/¢)*/*
t1/3

5 = +218¢ <

(we have chosen ' so that the two terms in the expression for ¢ are equal up to constant factors).
From Eq. (32) it follows that § < €.
Also, as guaranteed by Theorem 6.9, we have

size(C') < poly(size(C) + size(Cp samp)) < poly(size(C) + size(Cp samp)) -

Thus we may take C’ as our desired circuit C¥. This proves Theorem 6.1. O
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